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Abstract Neuropeptide systems have been considered a major opportunity for the
development of novel treatment approaches for anxiety disorders based on preclinical
evidence and neurochemical alterations seen in anxiety disorders. This excitement
was further facilitated by the fact that drugs acting at these systems, such as CRF1
antagonists, NK1 antagonists, NK3 antagonists or CCK2 antagonists, may have
unique properties not seen with drugs affecting more classical mechanisms involved
in anxiety. Consequently, there have been major efforts to develop such small-
molecule, nonpeptide receptor ligands. A number of these molecules have been
tested in the clinic, either in trials where levels of anxiety served as a secondary
measure, or in a few studies with patients suffering from anxiety disorders. But
unfortunately, and despite all the efforts of the field as a whole, we still lack con-
vincing clinical proof-of-concept for any of the neuropeptidergic approaches in
patients. It must, therefore, be concluded that neuropeptide targets remain a prom-
ising approach for the development of the next generation drugs to treat anxiety
disorders, but that they continue to be high-risk targets for drug development.
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1 Introduction

Drugs that target neuropeptide systems — antagonists, full or partial agonists,
positive allosteric modulators, or inverse agonists — could represent an alternative
approach to treat anxiety disorders. Characteristics that should make neuropeptide
systems attractive as drug targets are, first, their generally more discrete neuroana-
tomical localization when compared to monoamines and GABA and glutamate and,
second, their state-dependent effects, i.e., neuropeptides need conditions of rela-
tively high neuronal firing to be released at quantities which activate their receptors,
while classical neurotransmitters are released by low neuronal frequency bursts
(Hokfelt et al. 2003). Based on the latter, we can assume that antagonists, i.e.,
compounds that block binding of the endogenous peptide to the receptor recogni-
tion site, are more active under conditions of increased peptide release than under
basal conditions. In other words, antagonistic drugs could normalize pathological
anxiety associated with increased peptide release, while leaving normal physiology
in the absence of neuropeptide release relatively unaffected, thus minimizing
target-related side effect burden (Steckler 2008).

When it comes to agonists, the latter advantage of antagonists may be lost as
they may stimulate the neuropeptide receptor in the absence of the endogenous
ligand. Thus, full or partial agonists acting at the orthosteric (i.e., endogenous
ligand) binding site of the peptide receptor, will fully or partially mimic the effects
of the endogenous peptide. Nevertheless, there are a spectrum of anxiety disorders,
presumably with different underlying pathophysiology, and those drugs could be of
relevance if there is a decrease in peptide release and consequent peptidergic
hypoactivity associated with an anxiety disorder. Likewise, agonists may be of
use under conditions where the peptidergic system is not directly involved in the
pathophysiology of the anxiety disorder, but where it is known preclinically that
activation of the specific neuropeptide receptor will lead to a reduction in anxiety
and arousal, thereby providing an indirect treatment approach. However, the ability
of those compounds to stimulate the receptor in the absence of the endogenous
ligand imposes the inherent risk that the receptor is tonically overstimulated, as well
as the potential for the development of receptor desensitization and internalization,
and hence tolerance development to the drug after chronic treatment. Compared to
full agonists, this risk may be somewhat mitigated with a partial agonist leading to
submaximal receptor activation and hence reduced relative efficacy when com-
pared to a full agonist, but still exists.

Numerous selective and nonselective agonists acting at neuropeptide receptors
have been described. An example for a partial agonist is the drug diltiazem, an
atypical L-type calcium channel blocker used since long to treat cardiac arrhythmias,
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which has recently been discovered to also be a partial agonist at the ghrelin receptor
(Ma et al. 2007). Ghrelin is a 28-amino acid gastrointestinal peptide with orexigenic
properties. In the brain, ghrelin binds to the growth hormone secretagogue receptor
(GHS1A) (Dormonville de la Cour et al. 2001; Kojima et al. 1999; Tschop et al.
2000), where one of its functions, besides regulating food intake, may be to increase
anxiety-related behavior (Asakawa et al. 2001; Carlini et al. 2002, 2004; Kanehisa
et al. 2006). Interestingly, some anxiolytic efficacy has been reported for diltiazem
in panic disorder patients (Balon and Ramesh 1996), although this may be more
attributable to the calcium channel blockade than the partial ghrelin agonism (espe-
cially as the animal literature would suggest the latter would lead to an increase, not a
reduction, in anxiety).In contrast to the full and partial agonists, positive allosteric
small-molecule nonpeptidergic modulators (PAMs) bind at a site different from the
binding pocket of the endogenous ligand, thereby facilitating the effects of the
neuropeptide, but (assuming that there is no endogenous ligand for the allosteric
binding site) should have no effect on their own. Those molecules may overcome part
of the problems inherent to orthosteric agonism as they again lead to phasic effects
only in the presence of the endogenous neuropeptide ligand and not to tonic acti-
vation, and hence reduce the risk of overstimulation and tolerance development.
Examples for such allosteric drugs acting at neuropeptide systems have been
reported, e.g., again for the ghrelin receptor (Holst et al. 2005).

Yet another class of compounds is the inverse agonists. To understand this
concept, it must be acknowledged that some receptors can be constitutively active.
That means that the receptor signals in the absence of the endogenous ligand, i.e.,
there is a basal tone of receptor signaling that is further increased by phasic release
and binding of the peptide. Inverse agonists will reduce the tonic signaling of the
receptor in the absence of the endogenous peptide ligand. Once again using the
ghrelin system as an example, it is noteworthy that the ghrelin receptor is constitu-
tively active (Holst et al. 2003) and that inverse ghrelin agonists (albeit peptidergic)
have been described (Holst et al. 2006). Such inverse agonists could be particularly
useful under conditions where an anxiety disorder is caused by an increase in
constitutive firing rate of a neuropeptide receptor. They will also be of benefit if
there is increased peptide release associated with an anxiety disorder, but in contrast
to the antagonists, may lead to unintended hypoactivity of the system.

Other means to interact with peptidergic systems could be the inhibition of
peptide synthesis or breakdown. Zinc metallopeptidases, e.g., are enzymes that
rapidly degrade enkephalins in the brain. Consequently, blockade of these pepti-
dases increases extracellular concentrations of enkephalins (Nieto et al. 2005).
Enkephalins in turn reduce anxiety-related behavior in animals and, indeed,
anxiolytic-like effects were observed in mice following intraperitoneal administration
of a zinc metallopeptidase inhibitor (Nieto et al. 2005).

Yet another strategy to modulate neuropeptide systems could be to alter the
availability of the neuropeptide at its target by freeing it from its binding protein in
cases where such proteins exist. For example, it has been shown that corticotropin-
releasing factor (CRF) can be displaced from its binding protein by specific CRF
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binding protein inhibitors (Behan et al. 1995). In this specific example, of course,
one would not expect anxiolytic activity as CRF is well known to increase anxiety-
related behavior (e.g., Steckler 2008).

Thus, there are several strategies that would allow one to manipulate neuro-
peptide systems pharmacologically and to affect anxiety states. As a caveat,
however, it must also be recognized that at least some of these peptide systems
are centrally and peripherally involved in major homeostatic mechanisms, such as
the control of food intake and regulation of pituitary or cardiovascular function.
Thus, a close monitoring or safety and tolerability profiles of drugs that target
neuropeptides is warranted. Other issues that proved to be a challenge for the
development of compounds that act at neuropeptide systems relates to their
physicochemical properties. At least for some targets it has proved to be very
difficult to synthesize compounds that show good solubility, bioavailability, brain
penetrance, and metabolic stability while maintaining high efficacy and selectivity
(Steckler 2008). Nevertheless, the pharmaceutical industry has succeeded in
developing small molecule, nonpeptidergic compounds acting at various neuro-
peptide systems with acceptable drug-like characteristics and safety profile that
could be of benefit for the treatment of anxiety disorders, examples of which will
be discussed below.

2 Is there Clinical Proof-of-Concept with Compounds
Acting at Neuropeptide Systems?

No drug acting at neuropeptidergic systems has yet been approved for the treatment
of anxiety disorders. However, a number of compounds have been evaluated in
clinical trials.

2.1 CRF; Antagonists

Possibly, the neuropeptide target that received most attention over the last years is
the CRF; receptor. Several review articles have summarized the preclinical evi-
dence indicating potent anxiolytic-like properties of small molecule, nonpeptider-
gic CRF; antagonists in animals (e.g., Holmes et al. 2003; Landgraf 2005; Steckler
2005, 2008; Steckler and Dautzenberg 2006; Steckler and Holsboer 1999; Zorrilla
and Koob 2004) and the picture that emerges is that these compounds are particu-
larly efficacious in animals that are in states of heightened anxiety induced by
pharmacological or emotional stressors. Sites where CRF1 antagonists seem to
affect anxiety-related behavior in animals are the amygdala (Bakshi et al. 2002)
and the bed nucleus of the stria terminalis (Sahuque et al. 2006), key brain areas
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involved in anxiety (Canteras et al. 2009). But despite intense activity in the field
for many years, there are only a few published studies investigating the effects of
CRF, antagonists in man and none has been published on the effects of CRF,
antagonists in patients suffering from anxiety disorders. Those studies that inves-
tigated the effects of CRF1 antagonists in stress-related psychiatric disorders
focused on depression, which is another disorder where CRF1 antagonists may be
of benefit. Part of the reason for a focus on depression rather than anxiety may be a
strategic decision of the pharmaceutical industry based on indication sequencing,
because depression is generally considered to be commercially a more attractive
therapeutic indication.

Studying the effects of CRF; antagonism with NBI-34041 in 24 healthy male
volunteers, Ising et al. (2007) reported an attenuation of the psychosocial stress-
induced activation of the HPA axis. However, NBI-34041 failed to affect the
stress-induced increases in emotionality as measured by the State—Trait—Anxiety
Inventory (STAI-X1). In contrast, some beneficial effects of CRF; antagonism on
anxiety was suggested by data from an earlier study in depressed patients. In this
open label study in 20 patients, significant reductions in both depression and
anxiety scores were reported (Zobel et al. 2000). Of note, this study was primarily
designed as a safety, dose-escalation study and did not include a placebo group or
an active control. More recently, however, lack of efficacy was reported for the
CRF; antagonist CP-316,311 in a 6-week randomized, placebo controlled trial in
depressed patients, which used the Hamilton Depression scale as a primary end-
point but also included a secondary efficacy analysis on the Hamilton Anxiety Scale
(HAM-A) (Binneman et al. 2008). Based on these three clinical studies, evidence
for anxiolytic effects of CRF; antagonists in man is inconclusive at best, which
contrasts the substantial preclinical evidence supporting a role of CRF; antagonists
as anxiolytic drugs. However, it should also be noted that the entry criteria for
anxiety (based on HAM-A) were not high, suggesting that anxiety was moderate,
which may not be sufficient to detect potent anxiolytic effects

Therefore, a counter argument would be that no CRF, antagonist has been tested
in patients with primary diagnosis of anxiety disorder and that these compounds
may show efficacy in these patients. Indeed, there is evidence for abnormalities in
the CRF system in certain types of anxiety disorders: a relatively consistent finding
reported in several studies is an increase in cerebrospinal fluid (CSF) levels of CRF
and a blunted ACTH response to CRF challenge in post-traumatic stress disorder
(PTSD) (see Nemeroff et al. 2006; Steckler 2008, for reviews). A blunted response
to CRF challenge has also been reported in panic disorder patients (reviewed in
Gold et al. 1988; Holsboer et al. 1987; Steckler et al. 2008) and, more recently,
Smoller et al. 2003, 2005) found an association between the CRF gene and
behavioral inhibition in children at risk for panic disorder. Likewise, abnormalities
of the CRF system have been described in obsessive-compulsive disorder (OCD)
(Fossey et al. 1996). Taken together, this would suggest that drugs normalizing
CRF activity, such as CRF, antagonists, could be of benefit for the treatment of
PTSD and panic disorder, and possibly also in OCD. Until the relevant clinical
trials have been performed, the jury is still out.



420 T. Steckler

2.2 NK; Antagonists

Another target that received substantial interest in the past is the neurokinin 1
(NK) receptor for which the endogenous ligand is substance P. This interest was
strongly triggered by a seminal paper published in 1998, where it was shown that
the NK, antagonist aprepitant (MK-869) had anxiolytic-like properties in a guinea
pig pup model measuring separation-induced distress vocalizations comparable to
the anxiolytics diazepam (a benzodiazepine) and buspirone (a 5-HT;, agonist)
(Kramer et al. 1998). The amygdala has also been suggested to be the site of action
where NK1 antagonists elicit anxiolytic-like effects in animals (Rupniak et al.
2003). Aprepitant was as efficacious as the selective serotonin reuptake inhibitor
(SSRI) paroxetine in improving scores on both the Hamilton Anxiety (HAM-A)
and Depression (HAM-D) scales in depressed patients with comorbid anxiety
(Kramer et al. 1998). Subsequently, an improvement in HAM-A score was also
reported with another NK; antagonist, LY-759274, in depressed patients (Kramer
et al. 2004). Interestingly, in a human positron emission tomography (PET) study,
aprepitant at the dose that was efficacious in depression also blocked more than
90% of the NK; receptors and also displaced the NK; ligand [F'®]SPA in the
amygdala (Hargreaves 2002). However, in five subsequent Phase III studies,
aprepitant failed to significantly improve HAM-A (and HAM-D) scores in de-
pressed patients. In two of those studies, paroxetine was used as active comparator
and showed a significant benefit on HAM-A scores in one (Keller et al. 2006),
which casts some doubts on the therapeutic benefit of NK; antagonism in the
treatment of anxiety symptoms in depressed patients and in the treatment of
depression in general. These data also raise more general questions about how
predictive preclinical animal models and Phase II data are of efficacy in Phase III
studies (Steckler et al. 2008).

As for CRF,; antagonists, it could be argued, however, that the real value of
NK, antagonists for the treatment of anxiety disorders would only become
apparent once such compounds have been tested in the appropriate patient popu-
lation. A recent study reported that fear provocation in individuals with specific
phobia was associated with a decreased uptake of a NK; PET ligand in the
amygdala, possibly because of an increase in endogenous substance P release
triggered by the fear-provoking stimuli (Michelgard et al. 2007). This hypothesis
is corroborated by preclinical findings, showing that stress exposure leads to
increased substance P release in the medial nucleus of the amygdala and that
direct injections of a NK; antagonist into the medial nucleus attenuated stress-
induced anxiety-related behavior in rats (Ebner et al. 2004). These findings argue
in favor of a role for NK; antagonists in the treatment of at least some types of
anxiety. In fact, the NK; antagonist GR205171 has been reported to improve
social phobia comparable to the SSRI citalopram in patients. In this study,
symptom improvement was paralleled by a reduction in regional cerebral blood
flow in response to a psychosocial stressor in the rhinal cortex, parahippocampal—
hippocampal regions, and also in the amygdala (Furmark et al. 2005). These are
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encouraging results, but experience with NK; antagonists in the field of depres-
sion should be taken as a note of caution. Certainly, one would like to see con-
firmation of these findings in patients suffering from social phobia or other phobias
in other studies (ideally Phase III trials) before efficacy of NK; antagonism in these
disorders is taken for granted.

2.3 NKj; Antagonists

Compared to the NK receptor antagonists, far less information has been released on
the potential anxiolytic properties of NK, and NK5 antagonists in man, although these
two NK receptor subtypes have also been suggested to play a role in the modulation
of anxiety. Only one study reported failure of the NKj; antagonist osanetant to
improve panic symptoms in panic disorder patients challenged with cholecystokinin
tetrapeptide (CCK-4), a peptide frequently employed to elicit panic-like symptoms
in healthy volunteers and panic disorder patients (Kronenberg et al. 2005).

2.4 CCK, Antagonists

Based on challenge studies with CCK-4 or with the cholecystokinin receptor
2 (CCK,) antagonist pentagastrin (a synthetic analogue of CCK-4), linkage studies,
measurements of CSF levels of CCK and preclinical data obtained from animal tests,
the CCK system has also been suggested to play an important role in anxiety
disorders, in particular in panic disorder (see Steckler et al. 2008, for review). A
number of CCK, antagonists have been tested in both healthy volunteers and patients
suffering from panic disorder or generalized anxiety disorder, but evidence for
anxiolytic activity is conflicting. Although initial studies with the CCK, antagonist
L-366,260 suggested antipanic effects, based on studies in healthy volunteers receiving
an intravenous challenge with pentagastrin (Lines et al. 1995), or in panic patients
challenged with CCK-4 (Bradwejn et al. 1994), those findings were not confirmed
by others (Kramer et al. 1995; Sramek et al. 1994—1995). Likewise, lack of efficacy
was reported for the CCK, antagonist CL-988 in a number of studies in healthy
volunteers following CCK-4 or lactate challenge (Bradwejn et al. 1995, Cowley
et al. 1996) and in patients with panic disorder (Pande et al. 1999; Van Megen et al.
1997) or generalized anxiety disorder (Adams et al. 1995; Goddard et al. 1999). Part
of the issue here may be the fact that these compounds in general show relatively low
bioavailability. Unfortunately, and unlike to the situation in the NK1 field, no PET
ligand exists that could be used to demonstrate central occupancy of CCK4 receptors
in human to come to real conclusions. However, as it stands one has to assume that
CCK,; antagonists are not clinically effective for the treatment of anxiety disorders.

In addition to these small molecule approaches, anxiolytic-like activity has been
seen following administration of some peptidergic compounds in man.
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3 Atrial Natriuretic Peptide and Oxytocin

Intravenous infusions of panic disorder patients with atrial natriuretic peptide
(ANP) resulted in anxiolytic effects following challenge with CCK-4 (Strohle
et al. 2001; Wiedemann et al. 2001), although it is unclear how this effect was
mediated as peripherally administered ANP is not brain penetrant. It has been
suggested that the effects of CCK challenge could be peripherally or centrally
mediated; e.g., via activation of CCK receptors expressed at vagal nerve endings
or vasodilatation of cerebral arteries, both leading to secondary central effects, or in
brain areas lacking a tight blood—brain barrier (Cano et al. 2003; Crawley and
Corwin 1994; Rinaman et al. 1995; Sanchez-Fernandez et al. 2003). Likewise, ANP
could alter measures of anxiety by either peripheral or central effects, thereby
counteracting the effects of CCK-4.

Ancxiolytic effects were also reported following intranasal administration of
oxytocin to healthy volunteers following psychosocial stress (Heinrichs et al.
2003). Moreover, an increase in trust was seen following oxytocin administered
via this route (Kosfeld et al. 2005). Intranasal administration has been suggested
to result in brain penetration of a number of peptides in humans (Born et al.
2002), although direct proof in man is lacking for oxytocin. In fact, plasma
oxytocin levels also increase markedly after intranasal application (Landgraf
1985), raising the possibility that the anxiolytic-like effects of oxytocin might
be peripherally mediated. But in support of — primary or secondary — central
effects, functional magnetic resonance imaging (fMRI) studies showed that the
fear-induced activation of the amygdala (Kirsch et al. 2005) and the amygdala
response to emotional faces (Domes et al. 2007) were reduced in volunteers
receiving intranasal oxytocin. Clinical trials of intranasal oxytocin treatment in
social phobia are underway.

A number of other small-molecule, nonpeptidergic compounds with potential for
the treatment of anxiety disorders have been proposed, including vasopressin Vy,
neuropeptide Y Y,, melanocortin MCy, angiotensin AT, galanin GAL3, bombesin
BB, melanin-concentrating hormone MCH, and orexin OX antagonists, as well as
oxytoxin, & opiate and orphanin FQ OFQ, agonists, but those compounds have only
been tested preclinically yet. Even more neuropeptide systems have been associated
with anxiety-related behavior preclinically for which at present no small molecule,
nonpeptidergic compounds with anxiolytic-like properties have been reported
(reviewed in Steckler 2008). A detailed discussion of these data would be beyond
the scope of this chapter.

4 Is Efficacy Enough?

Summarizing the clinical trial data, one has to conclude that the evidence for
neuropeptide-based therapies for anxiety disorders is still very limited, despite
major efforts by the pharmaceutical industry for more than 20 years. The only
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class of small molecule, nonpeptidergic compounds that showed a preliminary
clinical proof-of-concept is the NK; antagonists, but more studies with positive
outcome need to be published before firm conclusions can be drawn. Moreover,
requirements are already or can be expected to increase and just showing efficacy
may not be sufficient to bring a new anxiolytic to the market in the future. What
will be required is the demonstration of superiority! This might be superior
efficacy in particular anxiety disorders where efficacy of current medication is
limited, e.g., in specific phobias or PTSD. It can be faster onset of action, for e.g.,
in obsessive compulsive disorder, where benzodiazepines do not work and the
onset of efficacy with antidepressant drugs is delayed. It can also be an improved
side effect profile, i.e., lack of cognitive impairment, sedation, ataxia, dependency,
or withdrawal complications as is the case with the benzodiazepines, or lack of
nausea, sexual dysfunction and weight gain, as is seen with the SSRIs (Steckler
et al. 2008). However, none of these have so far been convincingly demonstrated
in clinical trials with compounds targeting neuropeptide systems in patients
suffering from an anxiety disorder. Moreover, given the involvement of many
peptide systems in major homeostatic mechanisms, as mentioned above, there is a
risk that other, mechanism-based side effect profiles will occur. For example,
nephrotoxic and hepatotoxic effects were seen with the CRF, antagonist antalar-
min in a 90-day toxicity study in rats (Horn et al. 2008). It is unclear whether these
findings are structurally related to the molecule or mechanistically to CRF;
receptor blockade, but from these findings kidneys and liver must be considered
target organs for antalarmin toxicity in humans (Horn et al. 2008). Of note,
elevated liver transaminases were also reported in 3 out of 20 patients treated
with the CRF; antagonist R121919 (Zobel et al. 2000), which is structurally
relatively close to antalarmin. Moreover, implantation loss of rat fetuses has
been reported following treatment of pregnant rats with antalarmin during the
early stages of pregnancy, which may be related to the mechanism of action, i.e.,
CRF1 receptor-mediated (Makrigiannakis et al. 2004). Likewise, adverse effects
can be expected with some other neuropeptide targets, such as weight gain with
MC, receptor antagonists (Kask et al. 1998; Skuladottir et al. 1999), blood
pressure lowering effects with AT, antagonists, or proconvulsive properties with
brain penetrant 3-opioid agonists (Comer et al. 1993; Yajima et al. 2000), to name
just a few.

Clearly, this is not meant to devalue the potential of neuropeptidergic targets as
novel therapeutic approaches to treat anxiety disorders, because the points men-
tioned above are not unique to the peptide field, but it points to the fact that one
might be faced with new issues when developing novel drugs that act on these
targets, some being more obvious than others, and that are not necessarily seen with
current anxiolytic medication. The importance of this is the fact that novel anxio-
lytic drugs would be expected to have a clean side effect profile as possible, making
a close evaluation of this profile mandatory.
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5 Conclusion

Coming back to the initial question: Is the challenge still ahead when developing
small molecule nonpeptidergic drugs for the treatment of anxiety disorders? From a
review of the literature the answer is clearly “yes.” It is evident that neuropeptide
systems represent a major opportunity for the development of novel treatment
approaches for anxiety disorders as drugs acting at these systems may have unique
properties not seen with other targets. There is a huge literature providing evidence
for an important role of neuropeptides in the mediation of anxiety-related behavior,
both in animals and man. It is also evident that drugs acting at those targets
might overcome some of the problems inherent in today’s anxiolytic medication.
However, the approach remains a high risk and, unless there is unambiguous
proof-of-concept in patients, highly speculative.
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