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ABSTRACT. This review provides an overview of preclinical and clinical evidence of a role for the
neuroactive peptides cholecystokinin (CCK), corticotropin-releasing factor (CRF), neuropeptide Y (NPY),
tachykinins (i.e., substance P, neurokinin [NK] A and B), and natriuretic peptides in anxiety and/or stress-
related disorders. Results obtained with CCK receptor antagonists in animal studies have been highly
variable, and clinical trials with several of these compounds in anxiety disorders have been unsuccessful so
far. However, future investigations using CCK receptor antagonists with better pharmacokinetic
characteristics and animal models other than those validated with the classical anxiolytics benzodiazepines
may permit a more precise evaluation of the potential of these compounds as anti-anxiety agents. Results
obtained with peptide CRF receptor antagonists in animal models of anxiety convincingly demonstrated that
the blockade of central CRF receptors may yield anxiolytic-like activity. However, the discovery of
nonpeptide and more lipophilic CRF receptor antagonists is essential for the development of these agents as
anxiolytics. Similarly, there is clear preclinical evidence that the central infusion of NPY and NPY fragments
selective for the Y; receptor display anxiolytic-like effects in a variety of tests. However, synthetic
nonpeptide NPY receptor agonists are still lacking, thereby hampering the development of NPY anxiolytics.
Unlike selective NK; receptor antagonists, which have variable effects in anxiety models, peripheral
administration of selective NK, receptor antagonists and central infusion of natriuretic peptides produce
clear anxiolytic-like activity. Taken as a whole, these findings suggest that compounds targeting specific
neuropeptide receptors may become an alternative to benzodiazepines for the treatment of anxiety disorders.
PHARMACOL. THER. 82(1):1-61, 1999. © 1999 Elsevier Science Inc. All rights reserved.

KEY WORDS. Anxiety disorders, cholecystokinin, corticotropin-releasing factor, natriuretic peptides, neuro-
peptide Y, tachykinins.

CONTENTS
1. INTRODUCTION '« ¢ v ¢ v o o o o o o oo oo BIOLOGICAL TECHNIQUES
2. EFFECTS OF NEUROPEPTIDE RECEPTOR IN ANIMAL MODELS OF
LIGANDS ON ANXIETY-RELATED ANXIETY &« ¢ v o o v oo 00w 22
BEHAVIORS . & ¢ v v v vt v v o v o ewoal 2.2.3. BEHAVIORAL EFFECTS OF
2.1. CHOLECYSTOKININ . ¢ & v ¢ v v o 0 o o 2 CORTICOTROPIN-RELEASING
2.1.1. BEHAVIORAL EFFECTS OF FACTOR RECEPTOR
CHOLECYSTOKININ ANTAGONISTS IN ANIMAL
FRAGMENTS IN ANIMAL MODELS OF ANXIETY AND
MODELS OF ANXIETY . . . . .. 3 STRESS « v ¢« ¢ e oo v o v e 39
2.1.2. BEHAVIORAL EFFECTS OF 2.2.4. CORTICOTROPIN-RELEASING
NONPEPTIDE FACTOR AND HUMAN
CHOLECYSTOKININ RECEPTOR STUDIES. + « «+ ¢ v o e 0o o v .. 40
LIGANDS IN ANIMAL 2.3. NEUROPEPTIDEY . ... ... ... 40
MODELS OF ANXIETY .. ... 19 2.3.1. BEHAVIORAL EFFECTS OF
2.1.3. CHOLECYSTOKININ CENTRAL APPLICATION OF
RECEPTOR LIGANDS IN NEUROPEPTIDE Y IN ANIMAL
HUMAN STUDIES .+ . .. ... 21 MODELS OF ANXIETY .. ... 40
2.2. CORTICOTROPIN-RELEASING 2.3.2. BEHAVIORAL EFFECTS OF
FACTOR « ¢ v e v o v o v o o0 oao. 21 NEUROPEPTIDE Y FRAGMENTS
2.2.1. BEHAVIORAL EFFECTS OF AND NEUROPEPTIDE Y
CENTRAL APPLICATION OF RECEPTOR LIGANDS IN
CORTICOTROPIN-RELEASING ANIMAL MODELS
FACTOR IN ANIMAL MODELS OF ANXIETY .« ¢ v oo ... 41
OF ANXIETY AND STRESS . . . 21 2.3.3. CLINICAL EVIDENCE FOR THE
2.2.2. BEHAVIORAL EFFECTS OF INVOLVEMENT OF
CORTICOTROPIN-RELEASING NEUROPEPTIDE Y IN
FACTOR INHIBITION OR ANXIETY DISORDERS . . ... 41
CORTICOTROPIN-RELEASING 2.4. TACHYKININS . . ¢ v v v v v v v o 41
FACTOR OVEREXPRESSION 2.4.1. BEHAVIORAL EFFECTS OF

USING MOLECULAR SUBSTANCE P, NEUROKININ



A, AND NEUROKININ B

ANALOGS IN ANIMAL MODELS

OF ANXIETY « v ¢ v o v o o o 41
2.4.2. BEHAVIORAL EFFECTS OF

NONPEPTIDE NEUROKININ

RECEPTOR ANTAGONISTS

IN ANIMAL MODELS OF

ANXIETY  « v v v v v e o v o 46

2.5. NATRIURETIC PEPTIDES . . . . . . . 46

2.5.1. BEHAVIORAL EFFECTS OF

NATRIURETIC PEPTIDES IN

G. Griebel

ANIMAL MODELS OF

ANXIETY © ¢ v v v v o o v oo 46
2.5.2. BEHAVIORAL EFFECTS OF

NATRIURETIC PEPTIDE

RECEPTOR LIGANDS IN

ANIMAL MODELS

OF ANXIETY « v ¢ v v v v v v 49
3. PERSPECTIVES AND SUMMARY . ... .. 50
4, CONCLUSION & ¢ v v v o o o o o o o o o s 51
ACKNOWLEDGEMENTS ¢ ¢ v v o v 0 s o o o 51
REFERENCES . . ¢ v v v v v vt e v oo oo us 51

ABBREVIATIONS. ACTH, adrenocorticotropic hormone; ANP, atrial natriuretic peptide; BNP, brain natri-
uretic peptide; BZ, benzodiazepine; CCK, cholecystokinin; CNP, C-type natriuretic peptide; CRF, corticotropin-
releasing factor; CSF, cerebrospinal fluid; GABA, y-aminobutyric acid; GAD, generalized anxiety disorder;
5-HT, 5-hydroxytryptamine, serotonin; NE, norepinephrine; NK, neurokinin; NP, natriuretic peptide; NPY,
neuropeptide Y; 8-OH-DPAT, 8-hydroxy-2-(di-n-propylamino)tetralin; OCD, obsessive-compulsive disorder;
PP, pancreatic polypeptide; PYY, peptide YY; PVN, paraventricular nucleus; SP, substance P; TK, tachykinin.

1. INTRODUCTION

Since their introduction in the 1960s, benzodiazepines
(BZs) have been the most commonly prescribed drugs for
the treatment of anxiety (Lader, 1995). BZs produce their
pharmacological effects by allosterically and positively
modulating the fast inhibitory neurotransmission by y-ami-
nobutyric acid (GABA) at GABA, receptors (Squires et
al., 1979; Sieghart and Schuster, 1984). Although BZs re-
main the mainstay of drug treatment in anxiety disorders,
research in this area has examined the involvement of
other neurotransmitter systems over the past two decades.
Much attention has focused on serotonin (5-hydroxy-
tryptamine, 5-HT) neurotransmission and on the investiga-
tion of drugs that selectively interact with the 5-HT recep-
tors (Griebel, 1995). However, after extensive research,
only a few direct 5-HT-acting compounds have been
launched as anxiolytic agents (e.g., buspirone and tan-
dospirone) (Barradell and Fitton, 1996; Fulton and Brogden,
1997). In addition, only 5-HT reuptake inhibitors have
been used successfully in the chronic treatment of panic at-
tacks (Westenberg, 1996) and obsessive-compulsive disor-
ders (OCDs) (Billett et al., 1997). As a result, studies in-
volving 5-HT drugs and anxiety behaviors have decreased
within the past few years (Griebel, 1997). Nevertheless, the
treatment of anxiety disorders remains an active area of re-
search, and anxiolytic drug discovery focuses more and
more on the involvement of neuroactive peptides in the
modulation of anxiety behaviors. The rapid advances in un-
derstanding of gene structure and regulation of gene expres-
sion, the determination of peptide sequences, the charac-
terization of their receptors, and the successful synthesis of
both peptide and nonpeptide receptor ligands has increased
the attraction for neuropeptides (Betancur et al., 1997). As
illustrated in Fig. 1, preclinical research with neuropeptides
and anxiety has focused mainly on the behavioral effects of
cholecystokinin (CCK) and corticotropin-releasing factor
(CRF), but the involvement of other neuroactive peptides,

such as neuropeptide Y (NPY), tachykinins (TKs) (sub-

stance P [SP] and neurokinin [NK] A and B), and natri-
uretic peptides (NPs), has also been examined.

This article reviews the literature on the role of CCK,
CREF, NPY, TKs, and NPs in anxiety and stress-related be-
haviors. The focus is on a review of the results obtained
with neuropeptide receptor ligands in experimental models
of anxiety, but clinical findings are also considered.

2. EFFECTS OF NEUROPEPTIDE RECEPTOR
LIGANDS ON ANXIETY-RELATED BEHAVIORS
2.1. Cholecystokinin

CCK is a peptide neurotransmitter that was originally
found in the gut (Ivy and Oldberg, 1928), but which is ex-
tensively and abundantly distributed within the CNS (Van
der Haegen et al., 1975). It initially was identified as a 33
amino acid peptide (Mutt and Jorpes, 1971), but subse-
quent studies revealed the existence of multiple biologically
active forms of CCK, including CCKsg, CCKjy, CCKj3,
CCK,;, CCKg, (sulfated), CCKg, (unsulfated), CCKj,
CCKs, and CCK, (Eysselein et al., 1986). At present, CCK
is recognized as the most widely distributed neuropeptide in
the brain and the most promiscuous of the co-existing pep-
tides, living with dopamine, vasoactive intestinal peptide,
NPY, GABA, SP, and 5-HT (Fuxe et al., 1980; Somogyi et
al., 1984; Hokfelt et al., 1985; Boden et al., 1991; Van
Megen et al., 1996). High levels of CCK-like immunoreac-
tivity are present in the cerebral cortex, olfactory bulb, hy-
pothalamus, amygdala, hippocampus, striatum, and spinal
cord (Emson et al., 1982). The predominant forms of CCK
in the CNS are the CCK octapeptide (CCKg,), whose sole
tyrosine is sulfated, and the CCK tetrapeptide (CCK}), al-
though this latter exists in smaller concentrations (Dock-
ray, 1976; Beinfeld and Palkovits, 1981). Two forms of
CCK receptors have been characterized pharmacologically
for their responsivity to the sulfated (CCK,) or unsulfated
(CCKpy) forms of CCK (Moran et al., 1986). While CCK
receptors are expressed in the alimentary tract and discrete
regions of the brain (e.g., area postrema, posterior hypo-
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thalamus, nucleus accumbens), CCKj receptors are widely
distributed in the CNS, with high levels found in the cor-
tex, olfactory bulb, nucleus accumbens, amygdala, hippo-
campus, cerebellum, and hypothalamus (Pisegna et al.,
1992; de Weerth et al., 1993). The neuroanatomical distri-
bution of CCK has prompted speculation about its func-
tional role in anxiety disorders, and has fueled both basic
research and commercial interest in the CCK system, lead-
ing to numerous studies that investigated the behavioral ac-
tion of CCK fragments and CCK receptor ligands in animal
models of anxiety.

2.1.1. Behavioral effects of cholecystokinin fragments in
animal models of anxiety. The first report of a possible in-
volvement of CCK in the etiology of anxiety was published
nearly 20 years ago by Della-Fera and Baile (1979), who ob-
served that the synthetic peptide and CCKp receptor ago-
nist pentagastrin infused into the lateral ventricles of sheep
produced behavioral modifications (foot stamping and vo-
calization) interpreted as increased fear. Subsequent experi-
ments with pentagastrin and fractions of CCK confirmed
the anxiogenic-like effects of these compounds (Table 1).
However, as is made clear by Fig. 2, results have been
highly variable and sometimes contradictory. For example,
anxiogenic-like properties of CCKg, and CCK, have been
reported in 53% and 48% of the experiments, respectively,
with opposite (i.e., anxiolytic) and/or no effects in the re-
mainder. Although negative findings have been obtained
in a variety of anxiety models, including rodent conflict
tests and exploration procedures, it is noteworthy that anx-
iogenic-like effects have been reported, in the great part, in
models based on exploratory activity, suggesting that these
tests are more suitable for the investigation of CCK frag-
ments than tests based on punished responses. Moreover, it
has been suggested that the behavioral profile observed af-
ter CCK challenge depends on baseline anxiety levels (for
reviews, see Harro et al., 1993; Daugé and Roques, 1995).
For example, in African green monkeys, CCK, produced
behavioral changes indicative of fear (i.e., frozen immobil-
ity, crouching, cowering), mainly in subordinate animals

CCK CRF NPY

that were often excessively reactive to the environment
(Palmour et al., 1992). Furthermore, after local injection of
CCKg, in the posterior part of the nucleus accumbens, anx-
iogenic-like effects were observed in the elevated plus-maze
only when rats had not been habituated to the experimen-
tal room (Daugé et al., 1989a,b). Consistent with this idea
is the finding that caerulein, a peptide isolated from frog
skin that shares the characteristic CCK amino acid se-
quence, decreased exploratory activity in the elevated plus-
maze only when animals had not been isolated, gently
handled by the experimenter, or habituated to the experi-
mental environment (Vasar et al., 1997).

The heterogeneity of response produced by CCK admin-
istration can also be explained by the fact that in some
studies, CCK fragments have been infused in different brain
areas in order to delineate the anatomical substrate of
CCK-inducing anxiogenic-like effects. As an illustration,
the local application of CCKj in the basolateral amygdala
produced an increase in the startle response after acoustic
stimulation, while perfusion in the dorsal periaqueductal
gray matter, hippocampus, prefrontal cortex, or nucleus ac-
cumbens did not modify basal startle amplitude (Vaccarino
et al., 1997). However, studies with CCKg, yielded a some-
what different profile. Thus, local application of CCKg;, pro-
duced anxiogenic-like effects in the elevated plus-maze
when perfusion was performed in the amygdala (Belcheva
et al., 1994), posterior nucleus accumbens (Daugé et al.,
1989b, 1990), and dorsal periaqueductal gray matter
(Guimaraes et al., 1992), but not in the anterior nucleus ac-
cumbens (Daugé et al., 1989a, 1990). Although the reasons
for these differences are not clear yet, it is possible that the
different affinities of CCKg, and CCKj, for the two CCK
binding sites may account for this discrepancy. While
CCK 4 receptors display the highest affinity for the sulfated
octapeptide and have 100-fold lower affinity for CCK,,
CCKgj receptors show the same affinity for both CCK frac-
tions (Innis and Snyder, 1980).

Because CCK is co-localized with several neurotransmit-
ters, a few studies have examined their role in the anxio-
genic action of CCK. Using the elevated plus-maze test,
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Biré and colleagues (1993, 1997) showed that pretreatment
with inactive doses of the nonselective dopaminergic re-
ceptor antagonist haloperidol, the muscarinergic blocker at-
ropine, the opiate receptor antagonist naloxone, the nonselec-
tive CRF receptor antagonist a-helical CRFy_4;, but not the
B-adrenoceptor antagonist propranolol, the a-adrenoceptor
antagonist phenoxybenzamine, the GABA, receptor an-
tagonist bicuculline, and the nonselective 5-HT receptor
antagonist methysergide, blocked the anxiogenic-like ef-
fects of CCKg,. Furthermore, the anxiogenic-like action of
CCK, was prevented by the 5-HT; s receptor full agonist
8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT) (Rex
etal., 1997), but not by the 5-HT reuptake inhibitor citalo-
pram or the norepinephrine (NE) reuptake inhibitor de-
sipramine (Matto et al., 1997a). The finding that 8-OH-
DPAT blocked the CCK, potentiation of increase of 5-HT
release produced by exposure to the elevated plus-maze led
to the suggestion that CCK may interact with 5-HT;,
mechanisms via an influence on cortical 5-HT release (Rex
et al., 1997). Although these results do not permit us to
draw a clear picture of the precise mechanisms underlying
the anxiogenic-like activity of CCK, they indicate that
multiple neurotransmitter systems (i.e., dopamine, acetyl-
choline, opiate, 5-HT, and CRF) may participate in these
effects.

2.1.2. Behavioral effects of nonpeptide cholecystokinin
receptor ligands in animal models of anxiety. CCK phar-
macology is by far the leader in the development on non-
peptide receptor ligands, with an extreme degree of selec-
tivity between the two receptor subtypes. Although a few
CCK receptor agonists have been discovered, the develop-
ment of selective antagonists has been of much greater im-
portance (for reviews, see Bourin et al., 1996; Van Megen et

al., 1996; Betancur et al., 1997).
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In spite of the predominant role suggested for the CCKp
receptor in anxiety, numerous studies have investigated the
behavioral effects of CCK, receptor antagonists in anxiety
tests (Table 1). Figure 3 shows the most extensively studied
CCK receptor antagonists in animal models of anxiety.
They comprise several selective CCKjy receptor antagonists,
including the BZ derivative L-365,260, the peptoids CI-988
and PD 135158, and the diphenyl-pyrazolidinone LY288513,
and the CCK, receptor antagonist devazepide. As shown in
Fig. 4, results obtained with devazepide and L-365,260 have
been highly variable. Both compounds produced anxi-
olytic-like effects in about one-half of the experiments.
While devazepide was inactive in the remainder, it is note-
worthy that one study reported that L-365,260 displayed
anxiogenic-like activity in the elevated plus-maze after re-
peated treatment (Vasar et al., 1997). Although results ob-
tained with CI-988 in anxiety models have been less incon-
sistent, 26% of the experiments failed to reveal a significant
modification in the behavioral baselines after CI-998
administration. Importantly, the magnitudes of the anxi-
olytic-like effects reported with CI-988 and L-365,260 gen-
erally were smaller in comparison to BZs and were not dose-
dependent.

The reasons for this variability in drug effect remain
largely unknown, but certainly include many factors, such
as procedures, species, strain, gender, housing conditions,
prior handling, level of illumination, and scoring tech-
nique, that do not necessarily become clear, even with
close scrutiny of published reports (Bourin et al., 1996;
Johnson and Rodgers, 1996; Van Megen et al., 1996; Grie-
bel et al., 1997a). For example, it has been suggested that
models based on spontaneous or exploratory behaviors are
more suitable for the investigation of CCK receptor antago-
nists than tests based on punished responses (Bourin et al.,
1996; Van Megen et al., 1996). However, these compounds
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have been reported to have anxiolytic-like effects or no ef-
fect in both types of paradigms. These inconsistencies in
drug profiles prompted Johnson and Rodgers (1996) to
characterize fully the behavioral effects of several CCK re-
ceptor antagonists in the murine elevated plus-maze to de-
tect subtle or minor changes in behavior that cannot be ob-
served when only the usual spatiotemporal measures are
recorded. Particular attention was paid to behavioral mea-
sures such as risk assessment related to the defensive reper-
toire. This latter concept refers to a pattern of responses
(scanning, stretch attend, flat back approach) invariably
observed in potentially dangerous situations (Blanchard et
al., 1991). In the plus-maze, the most prominent risk assess-
ment measure is the stretched attend posture, a behavior
that has been of particular interest, as it has been shown to
be more sensitive to the effects of classical (i.e., BZ receptor
ligands) and atypical (i.e., 5-HT; receptor ligands) anxi-
olytics than are the traditional indices of anxiety (Rodgers

and Cole, 1994; Griebel et al., 1997b). Results showed that

G. Griebel

FIGURE3. Studies of CCK
receptor antagonists in anxiety
models.

LY288513

despite detailed analysis, no effects were found after the ad-
ministration of several CCK receptor antagonists (i.e.,
L-365,260, PD 135,158, or devazepide).

In this context, it was argued that classical animal mod-
els of anxiety are less sensitive to the action of CCK com-
pounds that may be involved in a type of anxiety that is not
assessed in these tests (Charrier et al., 1995; Jenck et al.,
1996; Johnson and Rodgers, 1996). Most of these tests have
been validated pharmacologically by BZs, which represent
the first-choice treatment in generalized anxiety disorders
(GAD:s), and this raises the question of whether routine
models are suitable to screen CCK receptor antagonists. As
a result, several novel test procedures have been developed
that claim to model anxiety disorders other than GAD,
such as panic disorder (Fontana and Commissaris, 1988;
Fontana et al., 1989; Graeff, 1991; Hendrie and Neill, 1991;
Martin, 1993; Jenck et al., 1995; Molewijk et al., 1995;
Griebel et al., 1996). For example, it was demonstrated that
rat-elicited flight responses in Swiss mice may serve as an
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experimental model for the screening of panic-modulating
compounds, as it meets criteria for face validity and predic-
tive validity, normally applied to such models (Griebel et
al., 1996). Furthermore, the aversion induced by electrical
stimulation of the dorsal periaqueductal gray matter has
been described as a realistic model of panic disorder, as it
produces behavioral reactions that are reminiscent of panic
signs (Jenck et al., 1996). The behavioral effects of several
CCKG receptor antagonists have been investigated in these
procedures. Results showed that L-365,260, PD 135158,
LY288513, but not CI-988, produced a profile that may be
consistent with an anti-panic-like action (Jenck et al.,
1996; Griebel et al., 1997a). The lack of effects observed
following administration of CI-988 was ascribed to the poor
brain penetration of this compound in rats (Jenck et al., 1996).

Taken together, the results observed with CCK receptor
antagonists in classical animal models of anxiety do not
convincingly establish the anxiolytic potential of these
compounds. Although procedures that may model certain
aspects of human panic appear to be more reliable tools
when screening these compounds, further studies evaluat-
ing the action of CCK receptor antagonists in these tests
are required. Information from clinical trials should permit
future experimental research in this area to focus more pre-
cisely on the behavioral tests that are particularly sensitive
to the effects of CCK receptor antagonists. However, as will
be discussed in the following section, in clinical studies, the
picture is even less clear.

2.1.3. Cholecystokinin receptor ligands in human
studies. Although there is some evidence that systemic ad-
ministration of CCK agonists elicits panic-like symptoms in
healthy volunteers and patients with social phobia, and po-
tentiates the occurrence of panic attacks in panic disorder
patients, and that CCKjy receptor antagonists are able to
block these effects (Bourin et al., 1996; Van Megen et al.,
1996; Van Vliet et al., 1997), the clinical trials that have
been undertaken with L-365,260 and CI-988 in panic and
CI-988 in GAD have been unsuccessful. Although the
drugs were well tolerated, these studies failed to detect clin-
ically significant differences between drug and placebo
(Adams et al., 1995; Kramer et al., 1995; Pande, 1997). The
authors of these publications discussed several possible rea-
sons that may account for these negative findings, such as
the poor pharmacokinetic characteristics of the drugs tested
or the use of inadequate dosage. Clearly, further clinical tri-
als with CCKjy receptor antagonists are needed before any
definitive conclusion can be drawn regarding the potential
of these compounds in the treatment of anxiety disorders.
In conclusion, despite intensive preclinical research ef-
fort, the role of CCK in the modulation of anxiety remains
controversial, with inconsistent and sometimes conflicting
effects observed in animals, and with a lack of anxiolytic
activity of CCKp receptor antagonists reported in humans.
Reasons for such discrepancies are not fully understood, but
certainly include many factors, such as animal models and
inappropriate pharmacokinetics of the drugs. In addition, it
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is unlikely that stimulation of CCK receptors by itself is the
final common pathway leading to anxiety. More probably,
CCK induces its effects on anxiety by interactions with
other neuronal systems.

2.2. Corticotropin-Releasing Factor

CREF is a 41-residue peptide originally isolated from ovine
hypothalamus by Vale and colleagues (1981). Sequences
for human and rat CRF subsequently were determined and
found to be identical to each other, and they differed from
ovine CRF in 7 of the 41 amino acid residues (Rivier et al.,
1983). Two nonmammalian CRF-related peptides, sau-
vagine and urotensin I, have been isolated from the caudal
neurosecretory system of three species of teleost fishes and
from the skin of the frog Phyllomedusa sauvagei, respectively
(Erspamer and Mechiorri, 1980; Ichikawa et al., 1982; Led-
eris et al., 1983; McMaster et al., 1988). Both peptides share
a considerable sequence homology (50%) with CRF. CRF
is widely distributed in the brain, with highest concentra-
tions found in the hypothalamus, where it is produced and
secreted by the parvocellular neurons of the hypothalamic
paraventricular nucleus (PVN). It is the major hypophysio-
tropic factor regulating basal and stress-induced release of
adrenocorticotropic hormone (ACTH), B-endorphin, and
other proopiomelanocortin-derived peptides (Vale et al.,
1981, 1983). Moderate and low levels of CRF are also
present in cortical and limbic structures, respectively (Orth,
1992).

The effects of CRF are mediated by two specific G-pro-
tein-coupled seven-transmembrane domain receptors called
CRF, and CRF, (Chalmers et al., 1995; De Souza, 1995).
Recently, two splice variants of the CRF, receptor (CRF,,
and CRF,s) have been characterized in the rat brain
(Lovenberg et al., 1995). Tissue distribution analysis
showed that CRF, receptor expression is most abundant in
neocortical, cerebellar, and limbic structures, whereas CRF,
receptor expression is generally localized in subcortical
structures, notably in the lateral septum and various hypo-
thalamic areas (Chalmers et al., 1995). Examination of
CREF, receptor splice variants indicates that CRF,, is prima-
rily expressed within the brain and the CRF,g variant is
found in both the CNS and periphery (Lovenberg et al.,
1995). This anatomical information provided a basis for
functional hypotheses related to CRF receptor subtypes,
and suggested that CRF may contribute significantly both
to behavioral responses to stress and to emotional behavior

itself (Koob, 1991).

2.2.1. Behavioral effects of central application of corti-
cotropin-releasing factor in animal models of anxiety and
stress. A vast literature indicates that intracerebroventric-
ular administration of CRF, which presumably increases the
concentrations of CRF in the CNS, produces physiological
and behavioral alterations virtually identical to those ob-
served in laboratory animals in response to stress, including
increases in heart rate and mean arterial pressure, changes
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in gastrointestinal function, suppression of exploratory be-
havior, induction of grooming, reduction of feeding and
food intake, and disruption of reproductive behavior. Fur-
ther actions of centrally administered CRF include the po-
tentiation of acoustic startle responses, the facilitation of
fear conditioning, and the enhancement of shock-induced
freezing and fighting behavior (Table 2). Importantly, these
effects are not observed after systemic administration of
CRF (Sutton et al., 1982; Britton et al., 1984; Sherman and
Kalin, 1986; Bueno and Gué, 1988; Insel and Harbaugh,
1989; Takahashi et al., 1989; Becker and Hennessy, 1993)
and are not blocked by hypophysectomy (Morley and Le-
vine, 1982; Lenz et al., 1988b; Berridge and Dunn, 1989;
Gué et al., 1991; Adamec and McKay, 1993; McKay and
Adamec, 1993), vagotomy (Lenz et al., 1988a; Monnikes et
al., 1992a), adrenalectomy (Hagiwara et al., 1986; Lenz et
al., 1988a), or pretreatment with dexamethasone (Britton,
D. R. et al., 1984, 1986; Britton, K. T. et al., 1986a), sug-
gesting that these actions of CRF do not involve activation
of the pituitary-adrenal axis, but are mediated by CRF re-
ceptors present in the CNS. This idea is further supported
by the finding that the nonselective CRF receptor antago-
nists a-helical CRFy_4; and D-Phe CRF,, 4; were found to
reverse the behavioral effects of exogenously administered
CRF (Table 2).

As part of an effort to delineate the neural circuitry un-
derlying intracerebroventricular CRF effects, several studies
have examined the action of direct administration of CRF
into local brain areas and the influence of specific brain le-
sions on the effects of CRF. Several of the effects of CRF
seem to be mediated by activation of the central NE system.
Microinjection of CRF directly into the locus coeruleus of
rats has been found to produce defensive withdrawal re-
sponses from a novel environment (Butler et al., 1990), to
reduce drinking behavior in a brightly illuminated area
(Weiss et al., 1994), and to disrupt gastrointestinal function
(Monnikes et al., 1992b). Similarly, intra-amygdala infu-
sion of CRF has been reported to produce anxiogenic-like
behavior in the open-field test and increase grooming in
rats (Liang and Lee, 1988; Lee and Tsai, 1989; Elkabir et al.,
1990). However, increases in anxiety-related reactions
have not been obtained systemically, as was shown by the
lack of effect of intra-amygdala infusion of CRF in the
acoustic startle test in rats (Liang et al., 1992a). Moreover,
lesion of the amygdala failed to block the anxiogenic-like
effects of intracerebroventricular CRF in the acoustic star-
tle test (Lee and Davis, 1995, 1997b), whereas it com-
pletely antagonized these effects in the fear-potentiated
startle procedure (Liang et al., 1992b). To explain these dis-
crepancies, it was suggested that the use of different lesion
techniques (electrolytic vs. chemical) may be important
(Lee and Davis, 1997b). Alternatively, it was proposed that
the acoustic startle test may relate to a type of anxiety that
does not primarily involve the amygdala (Lee and Davis,
1997b).

The hypothalamic PVN has also been suggested to be
implicated in the anxiogenic-like effects of CRF. Injection

G. Griebel

of antibodies to CRF in the PVN has been found to block
the increase in anxiety-related responses in the elevated
plus-maze produced by social defeat (Menzaghi et al.,
1992). In addition, injection of CRF into the PVN has
been reported to increase self-grooming (Krahn et al.,
1988). However, in another study, lesions of the PVN
failed to block the anxiogenic-like effects of CRF in the
acoustic startle test (Liang et al., 1992a). Taken together,
these results do not allow a precise delineation of the neural
mechanism that may underlie the anxiogenic-like effects of
intracerebroventricular CRF. The reasons for this variabil-
ity remain unclear. It is possible that the use of different ex-
perimental procedures (e.g., acoustic and fear-potentiated
startle reflex, open-field) may explain, at least in part, these
discrepancies. In these tests, different facets of anxiety-
and/or stress-oriented reactions (e.g., startle, grooming, de-
fensive withdrawal, decrease in exploratory activity, and
colonic transit) can be measured. Hence, it is conceivable
that different neural circuits may be involved in these re-
sponses.

2.2.2. Behavioral effects of corticotropin-releasing factor
inhibition or corticotropin-releasing factor overexpression
using molecular biological techniques in animal models of
anxiety. Two recent studies using CRF transgenic mouse
lines overexpressing CRF further emphasized the anxio-
genic properties of CRF, since these mice exhibited a be-
havioral state resembling that produced by anxiety (Sten-
zel-Poore et al., 1996; Koob and Gold, 1997). In another
study with CRF knock-out mice, no difference in the anxi-
ety-like behaviors was observed between mutant and wild-
type mice. However, compensation by other peptidergic
and aminergic mechanisms may have occurred (Miczek,
1997). Central injection of an antisense oligonucleotide di-
rected against the CRF gene in rats has been reported to in-
crease exploratory activity in the open-field test and dis-
criminative avoidance responses in the shuttle-box, effects
that may be consistent with an anxiolytic-like action (Sku-
tella et al., 1994; Wu et al., 1997). Molecular biological
techniques have also been used to examine the importance
of each of the CRF receptor subtypes in the anxiogenic-like
effects of CRF. Based on the findings that the endogenous
peptides urocortin and urotensin, which display high affin-
ity to both CRF, and CRF, receptors, but bind preferen-
tially to the CRF, subtype, mimicked the effects of CRF in
animals (Spina et al., 1996; Jones et al., 1997; Moreau et al.,
1997), it was proposed that the anxiogenic-like effects of
CRF may primarily involve CRF, receptors. However, in-
tracerebroventricular injection of mRNA antisense oligo-
nucleotides to the CRF,, but not to the CRF,, receptor has
been shown to produce anxiolytic-like activity in the de-
fensive withdrawal test in rats (Heinrichs et al., 1997).
Moreover, reductions in anxiety-related behavior were ob-
served after chronic infusion of CRF; receptor antisense
oligonucleotides into the central nucleus of the amygdala
(Liebsch et al., 1995). Taken together, these latter findings
suggest that the CRF, receptor subtype might represent the
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primary target involved in the mediation of the anxiogenic-

like effects of CRF.
.3
2 £ = 2.2.3. Behavioral effects of corticotropin-releasing factor
s 3 receptor antagonists in animal models of anxiety and
g % E stress. Several peptide agd nonpepFide CRF receptor an-
g £ = tagonists have been studied extensively in experimental
= & 2 models of anxiety (Table 2). For example, central applica-
tion of the CRF fragment and competitive CRF receptor
antagonist a-helical CRF,_4; was reported to reduce anxi-
ety-related responses in rodents in the elevated plus-maze,
hole-board, potentiated startle, Geller-Seifter conflict, and
conditioned emotional response tests (see Fig. 5). More-
over, a-helical CRFy_4; was found to prevent behavioral
2 (i.e., defensive withdrawal, decrease in exploratory behav-
< ior, freezing) and physiological (i.e., colonic transit, in-
g crease in paradoxical sleep) changes following exposure to
B stressors such as restraint, inescapable footshocks, social de-
feat, or immersion in cold water. However, negative results
T + have also been reported with this compound in the acoustic
= startle, elevated plus-maze, Geller-Seifter conflict, and
open-field tests. In addition, the drug failed to block freez-
ing behavior and gastrointestinal disturbances produced by
the application of footshocks or restraint. Furthermore,
2 . a-helical CRFy_4; may exert anxiogenic-like effects in the
S elevated plus-maze test in rats and may increase arousal in
g 9 squirrel monkeys. Although the reasons for these inconsis-
tencies are not fully understood, at least some of the nega-
tive results may be due to the use of limited dose ranges. In
E ;:-% addition, it was suggested that a-helical CRF;_,; may pro-
g 3 duce anxiogenic-like activity in nonstressed animals when
2 9 the endogenous tone of CRF is apparently low and may

produce anxiolytic-like effects in stressed animals when
CREF levels are increased (Menzaghi et al., 1994). To illus-
trate this idea, two studies have shown that a-helical CRFy_4;
produced anxiolytic-like effects in the elevated plus-maze
only after animals had been stressed by exposure to conspe-
cific aggression (Heinrichs et al., 1992; Menzaghi et al.,
1994). Moreover, findings from Adamec and colleagues
(1991) have revealed that repeated handling altered the
anxiolytic-like effects of a-helical CRFy_4; in the elevated
plus-maze. In line with these results is the report of Conti et
al. (1994), who showed that a-helical CRF,_,; was more ef-
ficacious and more potent in BALB/c mice, which are de-
scribed as “emotional” animals, than in three “nonemo-
tional” strains (i.e., NIH Swiss, CF-1, CD) in the elevated
plus-maze.

Studies with other CRF receptor antagonists further sup-
port the hypothesis that baseline levels of stress are of cru-
cial importance when investigating the behavioral actions
of such compounds. For instance, the peripheral adminis-
tration of the nonpeptide CRF antagonist CP-154,526 pro-
duced anxiolytic-like effects in the rat elevated plus-maze
only when mean baseline levels of exploration of the aver-
sive parts of the apparatus were low (Lundkvist et al., 1996;
Griebel et al., 1998). Similarly, in BALB/c mice, CP-
154,526 was found to reduce anxiety-related responses in

BALB/c mice (10
weeks)
Wistar rats

Social interaction
test

Elevated plus-maze

Open-field
, anxiogenesis; (4 ), antagonism of anxiogenic-like effects; (—), antagonism of anxiolytic-like effects.

DPAG, dorsal periaqueductal gray; FR, fixed ratio; i.c.v., intracerebroventricular; ODN, oligonucleotide; VI, variable interval.

ligand
antagonist

Endogenous
CRF,
CRF,

diazepam (0.1-1)

Urotensin

14 anxiolysis; o, inactive;

Urocortin +
YY941
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FIGURE 5. Illustration of the outcome of the peptide receptor
antagonists a-helical CRF,_; in animal models of anxiety.

the light/dark test, but only weakly affected these behaviors
in a free-exploration test, which represents a less stressful
situation than the former (Griebel et al., 1998). Moreover,
CP-154,526 reduced defensive behaviors of isolated Swiss
mice confronted with a rat, a situation that appears to be
particularly stressful for animals since they have no possibil-
ity to escape from the test apparatus and confrontation with
the threat stimulus is unavoidable (Griebel et al., 1998).

2.2.4. Corticotropin-releasing factor and human studies.
Although there is no direct evidence that CRF or CRF re-
ceptor ligands may modulate anxiety in humans, clinical
data suggesting a role for CRF in anxiety disorders have
been accumulating over recent years. Thus, cerebrospinal
fluid (CSF) levels of CRF have been shown to be elevated
in patients suffering from OCD (Altemus et al., 1994),
post-traumatic stress disorder (Stout et al., 1995), but not
panic disorder (Jolkkonen et al., 1993). However, in the
last case, a blunted effect of intravenously administered
CRF on ACTH levels has been reported (Roy Byrne et al.,
1986). Similarly, hypersecretion of CRF in the brain may
be involved in OCD, since a blunted ACTH response to
intravenously administered CRF in OCD patients has been
observed (Servant, 1997).

In conclusion, the last few years have seen important ad-
vances in the understanding of CRF and its mechanisms of
action in modulating responses to stress. Particularly, the
findings that CRF stimulation increases anxiety-related be-
haviors in a variety of animal models suggest that agents
acting at CRF receptors may have therapeutic effects in
anxiety- or stress-related disorders. The development of
nonpeptide and lipophilic CRF receptor antagonists as
novel anxiolytics is being actively pursued by a number of

G. Griebel

major pharmaceutical companies, and data on the thera-
peutic potential of these compounds should become avail-
able soon.

2.3. Neuropeptide Y

NPY is a 36 amino acid peptide of the pancreatic polypep-
tide (PP) family that includes PP and peptide YY (PYY)
(Tatemoto et al., 1982). It is one of the most abundant pep-
tides within the body (Hunt et al., 1981; Allen et al., 1984;
Dawbarn et al., 1984; Gray and Morley, 1986). Binding
studies with NPY fragments or analogues and the related
peptides PYY and PP have permitted the identification of
at least three NPY receptor types classified as Y,—Y; (Wahl-
estedt and Reis, 1993). While the Y, and the Y, receptors
are members of the seven-transmembrane G-protein-cou-
pled superfamily of receptors, the characterization of the Y;
receptor has not been completed (Herzog et al., 1992; Lar-
hammar et al., 1992; Rose et al., 1995). NPY is widely dis-
tributed throughout the peripheral nervous system and the
CNS. In the periphery, NPY is found both in peripheral
nerves and in the circulation, where it is an important co-
transmitter with NE (Pernow et al., 1989; Lundberg et al.,
1990). In the brain, significant NPY levels are found in
most brain regions, including cerebral cortex, hippocampus,
thalamus, and brainstem (Gray and Morley, 1986). While
the Y; receptor has been identified only in the brainstem
(Wahlestedt and Reis, 1993), high densities of Y, and Y,
receptors have been described in a variety of brain regions.
Y, receptors are predominant in the cerebral cortex, thala-
mus, and certain nuclei of the amygdala, whereas Y, recep-
tors are found mainly in the hippocampus, substantia nigra-
lateralis, hypothalamus, and brainstem (Dumont et al.,
1995). The presence of NPY and NPY receptors in brain re-
gions known to be activated in stress (e.g., amygdala, hypo-
thalamus) has provided the rationale for studying NPY and
related peptides in animal models of anxiety.

2.3.1. Behavioral effects of central application of neuro-
peptide Y in animal models of anxiety. A number of stud-
ies in rats have shown that intracerebroventricular injec-
tion of NPY or PYY produces a behavioral profile that is
consistent with an anxiolytic-like action (Table 3). Impor-
tantly, these effects were observed in a variety of anxiety
models, including the elevated plus-maze test (Heilig et al.,
1989; Broqua et al., 1994, 1995; Heilig, 1995; Kirby et al.,
1995), the Vogel (Heilig et al., 1989) and Geller-Seifter
(Heilig et al., 1992, 1993; Britton et al., 1997b) conflict
procedures, and the fear-potentiated startle test (Wettstein
et al., 1994; Broqua et al., 1995). Moreover, in the study of
Britton and colleagues, NPY and PYY produced anxiolytic-
like activity comparable with that observed with the refer-
ence anxiolytic chlordiazepoxide. The findings that the
anti-conflict effects of NPY were completely reversed by
the «,-adrenergic receptor antagonist idazoxan (Heilig et
al., 1989), but not altered by the BZ receptor antagonist
flumazenil, and only partially blocked by the GABA recep-
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tor ligand isopropylbicyclophosphate (Britton et al., 1997b),
suggest that NE, but not the GABA/BZ receptor complex,
may be involved in the anti-anxiety effects of NPY. This
idea is consistent with the co-localization of NPY with NE
cell bodies in many brain regions.

2.3.2. Behavioral effects of neuropeptide Y fragments
and neuropeptide Y receptor ligands in animal models of
anxiety. A series of studies have shown that intracere-
broventricular infusion of high-affinity Y, agonists, includ-
ing [Gly$, Glu26, Lys?9, Pro*]-NPY, [Leu?!, Pro¥]-NPY, but
not [Cys”21, Pro*]-NPY, yielded anxiolytic-like activity in
the Geller-Seifter conflict test (Heilig et al., 1993; Britton
et al., 1997b), the elevated plus-maze (Broqua et al., 1994,
1995), and/or the fear-potentiated startle procedure in rats
(Wettstein et al., 1994; Broqua et al., 1995). The reasons
that may account for the negative findings with [Cys?2L,
Pro*4]-NPY are unclear. It has been suggested that the com-
pound may act on a yet uncharacterized subclass of Y, re-
ceptors in the brain (Kirby et al., 1995). Alternatively, it
was speculated that the path of degradation or elimination
of this peptide in the brain (i.e., an alteration of the cystine
crossbridge) may yield a less effective Y, binder (Kirby et
al., 1995). Recently, a highly selective nonpeptide Y; re-
ceptor antagonist, BIBP3226, was found to produce anxio-
genic-like effects in the elevated plus-maze in rats (Kask et
al., 1996, 1997), thereby confirming the involvement of Y,
receptors in the modulation of anxiety-related behaviors.

Unlike Y, receptor agonists, NPY analogues that bind se-
lectively to Y, receptors, such as [Glu232, d-Ala®, d-Dpr?7,
Lys?8]-NPY or the C-terminal fragment of NPY NPY ;_s,
generally have been found to be inactive in anxiety models
(Heilig et al., 1989; Broqua et al., 1994, 1995; Wettstein et
al., 1994; Britton et al., 1997b). One study revealed posi-
tive effects of NPY 3 35 in the Geller-Seifter conflict test
(Heilig et al., 1993). However, in this study, NPY ;_s¢ pro-
duced only a marginally significant increase of punished
responding. Together, these results suggest that the anxi-
olytic-like effects of NPY may be mediated primarily by
activation of Y, receptors. This idea is further supported
by the finding that antisense inhibition of Y, receptor
expression itself produced anxiogenic-like effects (Wahle-
stedt et al., 1993) and blocked the anxiolytic-like action of
bilateral NPY administration in the amygdala (Heilig,
1995).

2.3.3. Clinical evidence for the involvement of neuro-
peptide Y in anxiety disorders. There are a few studies
that showed that NPY might be involved in human anxi-
ety. For example, Widerlov et al. (1988) found that the
lowest CSF NPY concentrations among depressed patients
were in those individuals with the most severe anxiety
symptoms. Furthermore, Boulenger et al. (1996) observed
higher plasma NPY-like immunoreactivity in patients with
panic disorder as compared with healthy volunteers. How-
ever, these findings are at variance with those of Stein and
co-workers (1996). These authors reported that basal and
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stress-stimulated plasma levels of NPY in patients with
panic disorder and social phobia did not differ from levels
in healthy volunteers. The reasons underlying these dis-
crepancies are unknown, but underscore the need for fur-
ther study in this area.

In conclusion, the robust anxiolytic-like effects observed
with Y, receptor agonists in a variety of anxiety models sug-
gest that these compounds may have the potential to be-
come an alternative to BZs for the treatment of anxiety dis-
orders. However, to date, only synthetic peptide NPY
agonists have been developed and, as mentioned in Section
2.2, the usefulness of peptides as therapeutic agents is lim-
ited. Future search for selective nonpeptide Y, receptor ago-
nists hopefully will provide new drugs for the treatment of
anxiety disorders.

2.4. Tachykinins

The mammalian TKs are a group of neuropeptides that in-
cludes SP, NK-A, and NK-B. The biological actions of TKs
are mediated via the activation of three G-protein-coupled
seven-transmembrane domain receptors designated as NKj,
NK,, and NKj (Regoli et al., 1994). Both NK; and NKj; re-
ceptors are widely distributed in the CNS, while the NK,
receptor is found mainly in smooth muscle of the gas-
trointestinal, respiratory, and urinary tracts, with consider-
ably lower levels located in the CNS (Otsuka and
Yoshioka, 1993; Maggi, 1995). Brain areas traditionally im-
plicated in the control of fear and anxiety, such as the hy-
pothalamus, amygdala, hippocampus, and periaqueductal
gray matter, all express significant densities of TK NK re-
ceptors (for a review, see Otsuka and Yoshioka, 1993).

2.4.1. Behavioral effects of substance P, neurokinin A,
and neurokinin B analogs in animal models of anxiety.
The behavioral effects of the preferential NK; receptor ago-
nist SP have been investigated in several studies using the
elevated plus-maze and the social interaction tests (Table
4). The administration of picomolar concentrations of SP
into the lateral ventricles, the region of the nucleus basalis
magnocellularis, the bed nucleus of stria terminalis, or the
basolateral nucleus of the amygdala produced anxiogenic-
like effects in the elevated plus-maze (De Lima and Ribeiro,
1996; Jentiens et al., 1996; Teixeira et al., 1996). However,
anxiolytic-like effects were observed in the social interac-
tion test after the application of 1 ng of SP in the nucleus
basalis magnocellularis (Hasenohrl et al., 1996; Jentiens et
al., 1996). Moreover, the intraperitoneal administration of
50 pglkg of SP produced anxiolytic-like effects in the ele-
vated plus-maze, while the 500 pg/kg dose was anxiogenic
(Hasenohrl et al., 1996; Jentiens et al., 1996). Although
these findings provide evidence for a role for SP in anxiety,
it is important to note that the effects of SP in anxiety
models may be dependent on dose and specific brain region.

While the central administration of the preferential NK,
receptor agonist NK-A and/or the selective NK, receptor
agonist [B-Ala8]NK-A-(4-10), a fragment of NK-A, has
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been reported to produce anxiogenic-like effects in the mu-
rine elevated plus-maze (De Lima et al., 1995; Teixeira et
al., 1996), studies on the action of the NKj receptor agonist
NK-B are still lacking. However, the intracerebroventricu-
lar application of the NK-B analog senktide was found to
induce anxiolytic-like activity in the elevated plus-maze in
mice (De Lima et al., 1995), suggesting that the central TK
NKj receptor may also play a modulatory role in anxiety.

2.4.2. Behavioral effects of nonpeptide neurokinin receptor
antagonists in animal models of anxiety. Recently, several
classes of nonpeptide antagonists at NK; and NK, receptors
have been identified (Mills, 1997). Studies using a range of
NK; receptor antagonists have indicated that these com-
pounds display anxiolytic-like activity in exploration models
and in social interaction procedures (Table 4). For exam-
ple, CGP 49823 has been reported to have anxiolytic-like
effects in the rat social interaction test (Vassout et al.,
1994; File, 1997) and to increase social investigation in ger-
bils (Cutler, 1994). However, the picture is less clear with
other selective NK; receptor antagonists such as FK 888.
Although the drug produced anxiolytic-like activity in the
mouse elevated plus-maze (De Lima et al., 1995; Teixeira et
al., 1996), these effects were not confirmed in a subsequent
experiment in rats (De Lima and Ribeiro, 1996). The rea-
sons for these differences are unclear, but it is important to
note that in the two studies where FK 888 was found active,
significant effects were observed at nonconsecutive doses
and only on one index of anxiety (i.e., open arm time),
thereby suggesting weak anxiolytic-like activity. In con-
trast, studies on the effects of selective NK, receptor antag-
onists in anxiety models have invariably reported that these
compounds display anti-anxiety activity. The most studied
drugs in this group are GR159897 (Beresford et al., 1995)
and SR 48968 (Edmonds-Alt et al., 1992). In rodents, anxi-
olytic-like effects have been reported for both compounds
in the light/dark exploration, social interaction, and ele-
vated plus-maze procedures (Stratton et al., 1993b, 1994;
Bernatzky and Saria, 1995; De Lima et al., 1995; Walsh et
al., 1995; Teixeira et al., 1996). Moreover, GR159897 and
SR 48968 significantly increased the time spent by marmo-
sets at the front of the cage following confrontation with a
human “threat,” an effect that is consistent with an anxi-
olytic-like action (Walsh et al., 1995). Interestingly, the
magnitude of the anxiolytic-like effects of GR159897 and
SR 48968 was generally similar to that produced by the clas-
sical anti-anxiety agents diazepam or chlordiazepoxide, but
unlike these latter, the NK, receptor antagonists did not
produce behavioral suppression at higher doses. In fact,
GR159897 and SR 48968 produced positive effects over a
wide dose range, with minimum dose levels in the micro-
gram range.

In summary, the above data suggest that SP may play a
physiological role in the modulation of anxiety and that
this peptide is released by aversive environmental stimuli.
However, the findings that NK; receptor ligands have vari-
able and sometimes contradictory effects in anxiety models

G. Griebel

clearly demand further investigation. Although the anxi-
olytic-like effects of NK, receptor antagonists are compel-
ling, it is important to note that these effects have been ob-
tained only in exploration tests and social investigation
procedures. Clearly, additional work with conflict tests
needs to be done in order to compare further the anxiety-
reducing potential of NK; receptor antagonists with that of
classical anxiolytics.

2.5. Natriuretic Peptides

The NP system consists of the atrial (ANP), brain (BNP),
and C-type (CNP) NPs. NPs act as natriuretic hormones in
the periphery and play a role in the regulation of the ho-
meostasis of body fluid, electrolytic balance, and blood
pressure in the CNS (Nicholls, 1994), where specific NP-
binding sites have been identified (Imura et al., 1992).
Polymerase chain reaction and in situ hybridization analysis
demonstrated that NP mRNAs are co-expressed in the
periventricular and paraventricular hypothalamic nuclei,
indicating an involvement in the regulation of the adreno-
cortical and neurohypophyseal axes (Herman et al., 1993).
Consistent with this idea is the finding that intravenous in-
jection of ANP inhibits the CRF-stimulated secretion of
ACTH and cortisol in humans (Kellner et al., 1992). NP
receptors have also been found in the septum, the locus co-
eruleus, and the central nucleus of the amygdala, brain areas
that are supposed to be involved in the modulation of emo-

tional processes (Skofitsch et al., 1985; Bianchi et al., 1986).

2.5.1. Behavioral effects of natriuretic peptides in animal
models of anxiety. Intracerebroventricular administration
of ANP, BNP, and CNP was found to increase exploratory
activity in the elevated plus-maze test in rats (Biré et al.,
1995, 1996; Bhattacharya et al., 1996a), and ANP dis-
played anxiolytic-like effects in the open-field test, the so-
cial interaction procedure, and in a model based on food
consumption in a novel environment (Bhattacharya et al.,
1996a) (see Table 5). In contrast, ANP failed to alter pun-
ished responding in the Geller-Seifter conflict test in rats
(Heilig et al., 1992). This discrepancy cannot be attributed
to differences in rat strains (Wistar rats were used in both
studies) or to administration route and pretreatment (simi-
lar in all studies). However, the use of different experimen-
tal procedures may account for this variability, since there
is now growing evidence that different animal models of
anxiolytic activity actually may be measuring different fac-
ets of anxiety (Rodgers, 1997; Ramos and Mormede, 1998).

In an attempt to understand the mechanisms underlying
the anxiolytic-like activity of NPs in the elevated plus-
maze, a few studies have examined a possible interaction
between these peptides and several neurotransmitter sys-
tems. Results showed that the anti-anxiety action of ANP
and CNP was prevented by haloperidol, phenoxyben-
zamine, and propranolol, but not by atropine, bicuculline,
methysergide, and naloxone (Biré et al., 1995, 1996; Bhat-
tacharya et al., 1996a). In addition, the effects of ANP in
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Neuropeptide Receptor Ligands and Anxiety 49

the elevated plus-maze were unaffected by flumazenil
(Bhattacharya et al., 1996a). These findings suggest that
the anxiolytic-like action of ANP and CNP presumably in-
volve dopaminergic, a-, and/or B-adrenergic neurotrans-
mission, and that there is little likelihood that these effects
involve the GABA/BZ, 5-HT, cholinergic, and opiate sys-
tems. However, interaction experiments with BNP yielded
somewhat different results. Thus, the anxiolytic-like activ-
ity of BNP was antagonized by pretreatment with atropine
and propranolol, whereas phenoxybenzamine, haloperidol,
bicuculline, methysergide, and naloxone did not prevent
these effects (Bird et al., 1996). These differences between
ANP and BNP are surprising as they share substantial
amino acid sequence homology and have similar potency in
their natriuretic, diuretic, vasorelaxant, and behavioral
(i-e., they produced delayed extinction or response in the
active and passive avoidance tests, respectively) effects
(Bidzseranova et al., 1992; Lang et al., 1992). Direct com-
parisons between ANP and BNP have indicated that their
Il T T | 7 cardiovascular, renal, and behavioral effects are indistin-
guishable from each other (Bidzseranova et al., 1992; Lang
etal., 1992; Wigle et al., 1992). Clearly, further studies are
warranted in order to have a more complete understand-
ing of the mechanisms underlying the anxiolytic-like ef-
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and to the open-field tests in the absence of significant ac-
tion on spontaneous locomotor activity, thereby suggesting
that the compound displayed specific anxiogenic-like ef-
fects (Bhattacharya et al., 1991, 1996b; Bhattacharya and
Acharya, 1993). In contrast, in another study, isatin failed
to modify significantly the behavior of rats in the elevated
plus-maze (Bhattacharya et al., 1996a). However, this dif-
ference is readily explained by the fact that in the latter
study, the authors used only a subanxiogenic dose (i.e., 10
mg/kg) of isatin. Moreover, in socially isolated rhesus mon-
keys (Macaca mulatta) removed from a familiar environ-
ment and restrained artificially, isatin produced a range of
behavioral changes that were proposed to be somewhat
similar to those seen in clinical anxiety (Palit et al., 1997).
For example, the compound decreased approach behavior,
body contacts, and increased aggressiveness, vigilance, vo-
calization, and respiratory rate. Finally, isatin reduced the
time spent in social investigation by paired rats in the social
interaction test, an effect that was mimicked by the anxio-
genic agent and ay-adrenoceptor antagonist yohimbine.
The likely mechanisms involved in the anxiogenic-like ef-
fects of isatin have been investigated in two studies. Bhatta-
charya and colleagues (1996a) showed that isatin antago-
nized the anxiolytic-like effects of ANP, thereby confirming
its interaction with ANP binding sites. The same authors
demonstrated in another study that pretreatment with the
nonselective 5-HT receptor antagonist metergoline, the se-
lective 5-HTj; receptor antagonist zacopride, the 5-HT neu-
rotoxin 5,6-DHT, and the mixed D,/D, dopamine antago-
nist pimozide, but not propranolol, flumazenil, and the
5-HT,;, receptor partial agonist buspirone, attenuated the
effects of isatin in the elevated plus-maze test. In addition,
the anxiogenic-like action of a sub-effective dose (i.e., 10
mg/kg) of isatin was potentiated by the 5-HT reuptake in-
hibitor fluoxetine and to a lesser extent by the nonselec-
tive 5-HT, receptor agonist quipazine (Bhattacharya and
Acharya, 1993). These data indicate that in addition to its
action on ANP receptors, isatin may also interact with the
5-HT and the dopaminergic systems. More exactly, it was
suggested that the anxiogenic-like effects of isatin may be due
to stimulation of 5-HTj; receptors, which are known to func-
tion as heteroceptors modulating mesolimbic dopaminergic
activity (Bhattacharya and Acharya, 1993; Bhattacharya et
al., 1996a). However, it is worth mentioning that the re-
sults from the latter interaction study appear not to be con-
sistent with the lack of effect of isatin at 5-HT; , D}, and D,
receptors, and on the 5-HT reuptake system, as revealed by
the above-mentioned binding study (Glover et al., 1995).
The reasons for this inconsistency are not clear yet. Further
studies with isatin are required to characterize more fully
the mechanisms underlying its behavioral effects in anxiety
models.

In conclusion, it is clear from the above studies that NPs
display anxiolytic-like activity. However, caution is war-
ranted as these effects have been obtained in a limited
number of anxiety models. Clearly, the anxiety-reducing
potential of these compounds must be evaluated in tests
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other than the elevated plus-maze. This test has been
shown to be particularly remarkable for the variability in
the pattern of results that has been reported for a wide
range of psychoactive drugs (Griebel, 1995; Hogg, 1996).
Moreover, these results will need to be confirmed by labora-
tories other than that of Bhattacharya and Biré’s groups,
which investigated in great part the effects of these drugs.

3. PERSPECTIVES AND SUMMARY

The synopsis of preclinical findings involving CCK, CRF,
NPY, TK, NPs, and their receptor ligands in animal models
of anxiety or stress strongly suggests that the pharmacologi-
cal manipulation of these neuropeptides may provide novel
avenues for the treatment of anxiety disorders.

Although results obtained with CCK receptor antago-
nists have been highly variable in animal studies, and clini-
cal trials with some of these agents in GAD and panic dis-
order have been unsuccessful so far, it is much too soon to
draw negative conclusions about their potential in the
treatment of anxiety disorders. Experimental models phar-
macologically validated by BZs appear to be of limited util-
ity when investigating the effects of CCK receptor antago-
nists. The development of test procedures that may model
aspects of anxiety other than those seen in GAD should al-
low a more precise evaluation of the anxiety-reducing prop-
erties of these compounds, and possibly indicate in which
anxiety disorder they may be used. It is also worth mention-
ing that the drugs tested in clinical trials had poor bioavail-
ability and brain penetration. Clinical investigations using
CCK receptor antagonists with better pharmacokinetic
characteristics will hopefully permit us to draw a clearer
picture of the potential of these compounds as anxiolytics.

The clear evidence that exogenously administered CRF
produces physiological and behavioral modifications resem-
bling those observed in animals in response to stress, taken
together with the observation that CSF levels of CRF are
elevated in patients with OCD and post-traumatic stress
disorder, indicate that CRF receptor antagonists may repre-
sent novel anxiolytic and/or anti-stress drugs. While stable
peptide antagonists may be considered, their usefulness is
limited because of inappropriate pharmacokinetics. How-
ever, random screening of large chemical libraries and
structural modification has enabled the identification of
several classes of nonpeptide CRF receptor antagonists that
offer clear advantages over the peptide antagonists, as they
are metabolically stable and capable of crossing the blood-
brain barrier (Christos and Arvanitis, 1998). These com-
pounds should be considered to be highly promising in the
treatment of anxiety disorders manifesting hypersecretion
of CRF.

Whereas there is little clinical evidence so far indicating
that NPY might be involved in human anxiety, the anxi-
olytic-like effects observed after central administration of
NPY or related fragments in a variety of animal models are
compelling. However, the discovery of nonpeptide NPY re-
ceptor agonists is a prerequisite for a better understanding
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of the pathophysiological role of this neuropeptide in the
CNS and, ultimately, for the development of NPY anxi-
olytics.

Results obtained with NK, receptor antagonists and NPs
in animal models of anxiety provide some evidence that
TKs and NPs might be involved in the modulation of anxi-
ety-related behaviors. However, these results must be con-
firmed with tests other than those based on exploratory be-
havior. Furthermore, while several selective nonpeptide
NK receptor antagonists are now available, nonpeptide NP
receptor ligands are still lacking, thereby hindering the de-
velopment of NP ligands as anxiolytics.

4. CONCLUSION

The above findings strongly suggest that synthetic neu-
ropeptide receptor ligands may have the potential to be-
come an alternative to BZs for the treatment of anxiety dis-
orders. However, the challenge of devising new drugs based
on these peptides is difficult and requires much research ef-
fort in rational drug-design strategies and screening of large
compound libraries.
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