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MECHANISM OF ACTION OF
ANXIOLYTICS
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JOHN KEHNE

Drugs to reduce anxiety have been used by human beings
for thousands of years. One of the first anxiolytics and one
that continues to be used by humans is ethanol. A detailed
description of ethanol’s action may be found in Chapter
100. A number of other drugs including the barbiturates
and the carbamates (meprobamate) were used in the first
half of the 20th century and some continue to be used
today. This chapter focuses on current drugs that are used
for the treatment of anxiety and approaches that are cur-
rently under investigation.

CORTICOTROPIN-RELEASING FACTOR (CRF)

Corticotropin-releasing factor (CRF) is a 41 amino acid
peptide that plays an important role in mediating the body’s
physiologic and behavioral responses to stress (1). Figure
68.1 illustrates that this role of CRF may be mediated by
multiple sites of action. As a secretagogue, CRF stimulates
the release of adrenocorticotropic hormone (ACTH) from
the pituitary. In addition, CRF plays a neurotransmitter or
neuromodulatory role through neurons and receptors dis-
tributed in diverse brain regions (2). CRF neurons, localized
in the hypothalamic periventricular nucleus, are a major
mediator of stress-induced activation of the hypothalamic-
pituitary-adrenal (HPA) axis, whereas pathways innervating
limbic and cortical areas are thought to mediate the behav-
ioral effects of CRF.
There is a large body of both preclinical and clinical

literature implicating a key role of CRF in affective disorders
such as anxiety and depression. A significant clinical litera-
ture suggests that dysfunctions of CRF in its role as a hor-
mone in the HPA axis or as a neurotransmitter in the brain
may contribute to the etiology of a variety of psychiatric
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conditions, including anxiety and depression (3). The link
between CRF and depression is particularly strong, as nu-
merous clinical studies have demonstrated that depressed
patients show elevated cerebrospinal fluid (CSF) levels of
CRF, elevated plasma cortisol, and a blunted ACTH re-
sponse following intravenous CRF. Successful antidepres-
sant treatment was shown to have a normalizing effect on
CRF levels. A role of CRF in anxiety disorders has also been
postulated, though the clinical evidence is not as strong as
it is for depression (4).
Preclinical studies have demonstrated that CRF adminis-

tered exogenously into the central nervous system (CNS)
can produce behaviors indicative of anxiety and depression,
for example, heightened startle responses, anxiogenic behav-
iors on the elevated plus maze, decreased food consumption,
and altered sleep patterns. The anxiogenic effects of CRF
are not blocked by adrenalectomy, suggesting that they are
centrally mediated effects occurring independently of the
HPA axis (5). Other studies strengthening the link between
CRF and anxiety include recent work by Kalin et al. (6)
demonstrating that a ‘‘fearful’’ phenotype in monkeys is
associated with increased pituitary-adrenal activity and in-
creased brain CRF levels. Other studies have shown that
exposure to early postnatal separation stress in rat pups re-
sults in elevated levels of CRF messenger RNA (mRNA) in
brain regions including the paraventricular nucleus (PVN)
and the central nucleus of the amygdala (7,8).

Molecular Mechanism of Action

A substantial scientific effort has been directed toward char-
acterizing the molecular biology of CRF pathways (9). Per-
rin and Vale (9) first isolated CRF and identified it as a
secretagogue for ACTH in primary cultures of rat pituitary
cells. CRF activity is shared by two nonmammalian pep-
tides, sauvagine and urotensin I, which share a 50% homol-
ogy with CRF, and by a newmammalian peptide, urocortin,
which has a 45% sequence homology.
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FIGURE 68.1. The role of corticotropin-releasing factor.

CRF acts through two Gs-protein coupled receptors, the
CRF-1 and CRF-2 receptor subtypes (9,10). CRF-1 recep-
tors show homology to a number of other neuropeptide
receptors, including vasointestinal peptide (VIP) and calci-
tonin. Three splice variants of the CRF-2 receptor subtype,
the CRF-2�, CRF-2�, and CRF-2�, and two splice variants
of the CRF-1 receptor, have been identified (9). Molecular
characterization studies have demonstrated that there is ap-
proximately a 70% sequence homology between CRF-1 and
CRF-2 receptor subtypes. Cloning of the human CRF-2a
gene revealed that it is 94% identical to the rat CRF-2�
receptor and 70% identical to the human CRF-1 receptor.
There is currently no evidence of the existence of the CRF-
2� receptor in humans.
CRF-1 and CRF-2 receptors have different pharmacol-

ogy and different localizations in the brain and periphery. In
situ hybridization and receptor autoradiography techniques
been used to map the relative distributions of CRF-1 and
CRF-2 receptors in the rat brain (11,12). High expression
of CRF-1 receptors was seen in the pituitary, and in a num-
ber of brain regions including the PVN of the hypothala-
mus, cerebral cortex, olfactory bulb, cerebellar cortex, and
basolateral and medial amygdala. In contrast, high densities
of CRF-2 are found in more circumscribed regions, includ-
ing the lateral septum, ventromedial nucleus of the thala-
mus, and choroid plexus. Moderate densities of CRF-2 re-
ceptors were reported for the medial amygdala and dorsal
raphe nucleus. Further characterization has indicated that
the CRF-2� splice variant accounts for the brain localization
of CRF-2 receptors, whereas the CRF-2� accounts for cho-
roid plexus. Urocortin, rather than CRF, most closely maps
to CRF-2 receptors, leading to the suggestion that it may
be the endogenous ligand for CRF-2 receptors. Recent work
has shown that the distribution of CRF-2 receptors may
differ significantly in the nonhuman primate brain relative
to the rodent brain such that the CRF-2 subtype may play
a more significant role than previously thought (13).
CRF receptors utilize 3′,5′-cyclic adenosine monophos-

phate (cAMP) as a second messenger in the pituitary and
brain and can be regulated by chronic activation. Thus,

desensitization following exposure to CRF has been demon-
strated both in vitro (14) and in vivo (15). Furthermore,
chronic stress can down-regulate CRF receptors and de-
crease CRF-stimulated cAMP production in multiple brain
areas (16,17). Down-regulation of pituitary CRF receptors
following adrenalectomy presumably results from decreased
ACTH mediated inhibitory feedback, which produces ex-
cess CRF stimulation.
There are a number of pharmacologic agents available for

dissecting the functional significance of CRF-1 and CRF-2
receptors. Much work has been carried out using the peptide
antagonists �-helical-CRF (9–41) and D-Phe CRF
(12–41). However, these compounds have shortcomings in
that they do not penetrate the CNS and therefore have to
be administered intracerebrally. Furthermore, they do not
discriminate between CRF receptor subtypes and therefore
do not allow a determination of their relative contributions
to behavior. More recently, the development of selective,
nonpeptidic antagonists of the CRF-1 receptor such as CP
154,526 (18) have provided important pharmacologic tools
for the analysis of CRF-1 receptor function. Mutation stud-
ies have demonstrated that peptide and nonpeptide antago-
nists bind to different domains of the CRF-1 receptor (9).
To date, selective CRF-2 antagonists have not been de-
scribed, though recently, nonpeptide dual antagonists of the
CRF-1 and CRF-2 receptors have been described (19).
In addition to CRF receptor subtypes, another potential

target for pharmacologic manipulation of CRF is the CRF
binding protein (CRF-BP), a 322 amino acid peptide. CRF-
BP is a specific carrier for CRF and related peptides found
in human plasma and brain. CRF-BP is thought to be a
modulator of CRF activity. The CRF-BP is found in high
densities in the rat amygdala, cortex, and bed nucleus of
the stria terminalis.

Genetically Altered Mouse Models

Studies utilizing transgenic and knockout mouse models
have provided important information with regard to the
contribution of CRF and CRF receptor subtypes to pro-
cesses including energy balance, emotionality, cognition,
and drug dependence (20). This chapter focuses on the evi-
dence implicating CRF and CRF receptors in anxiety states.
Overexpression of CRF in transgenic mice produced an-

xiogenic effects using either the black-white box test (21)
or the elevated plus maze (22). The latter effect was reversed
by central administration of the CRF receptor antagonist
�-helical CRF, but not by adrenalectomy, supporting the
role of central CRF pathways independent of the HPA axis
(22). Studies using antisense directed against CRF in rats
have produced evidence of anxiolytic activity (23). Finally,
overexpression of CRF-BP is anxiolytic, whereas binding
protein knockout mice (in which free CRF levels are ele-
vated) display an anxiogenic phenotype in the elevated plus
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maze (24). These data generally support the link between
CRF and anxiety.
More recently, several studies have highlighted the im-

portance of the CRF-1 receptor subtype in anxiety. CRF-
1 knockout mice demonstrated a diminished anxiogenic re-
sponse on the elevated plus maze and decreased ACTH
and corticosterone responses to restraint stress (25). Similar
findings were reported by Timpl et al. (26), using the black-
white box anxiety paradigm. Furthermore, inactivation of
the CRF-1 receptor with an antisense oligonucleotide was
shown to reduce the anxiogenic effect of intraventricularly
administered CRF (23). Liebsch et al. (27) provided evi-
dence of anatomic localization by showing anxiolytic activ-
ity from CRF-1 antisense that was chronically infused into
the central nucleus of the amygdala, an area of the limbic
system shown by Michael Davis, Joe LeDoux, and others
to be important in mediating fear and anxiety processes.
Finally, CRF-2 knockout mice show anxiety-like behavior
and are hypersensitive to stress (28), indicating that the
CRF-2 receptor has an opposite functional role to that of
the CRF-1 receptor. Thus, it could be argued that CRF-2
agonists, rather than antagonists, might be potentially useful
as anxiolytic agents.
Another potential use for CRF antagonists is in the treat-

ment of drug abuse. Several lines of evidence suggest that
during the period of withdrawal from drugs of abuse such
as ethanol, morphine, and cocaine, there is an activation of
central CRF pathways. Anxiety is among the many physical
symptoms of drug withdrawal, and given the link that has
been made between CRF and anxiety, it is not surprising
that CRF-1 receptor knockout mice demonstrated de-
creased anxiety responses during withdrawal from alcohol
(26).

Current Drugs in Development

A number of nonpeptidic, small-molecule compounds that
show high selectivity for the CRF-1 receptor have been pro-
posed for the treatment of depression, anxiety, and stress
disorders (29–31). These include CP-154,526 (Pfizer), and
a methylated analogue, antalarmin (Pfizer); SC 241 (Du-
pont); NBI 30775 (aka R-121919; Janssen-Neurocrine);
and CRA 1000 and CRA 1001 (Taisho Pharmaceuticals).
An extensive preclinical literature has investigated potential
anxiolytic effects of these compounds. Studies using CP-
154,526 have demonstrated anxiolytic-like effects in some
(32–34) but not all (33,34) preclinical anxiolytic paradigms
evaluated. Griebel et al. (33) proposed that high-stress con-
ditions may be required to demonstrate efficacy of CRF-1
receptor antagonists. CP-154,526 produces an anxiolytic
effect in the separation-induced vocalization assay (35), an
animal model of anxiety in which a preweaning rat pup
separated from its litter emits a series of ultrasonic vocaliza-
tions that can be dose-dependently suppressed by either
benzodiazepine or nonbenzodiazepine anxiolytics (36).

Of the compounds listed above, the compound discov-
ered by Neurocrine Biosciences and licensed by Janssen
Pharmaceuticals, R-121919, has proceeded the furthest in
clinical evaluation. A recent report (37) describes results
from a phase II, open-label, dose-escalating trial in which
20 severely depressed (Hamilton Depression Score �25)
patients were administered R-121919 in one of two dose
ranges: 5 to 40 mg, or 40 to 80 mg. In the low-dose group,
50% of the patients responded positively to treatment as
indicated by a reduction in the Hamilton Depression Score
of at least 50%, and 20% were remitters (score �8). In
the middle-dose group, 80% responders and 60% remitters
were reported. In addition, no significant untoward side
effects were reported, and basal or stress-induced levels of
ACTH or cortisol where unaffected, suggesting that chronic
blockade of the HPA axis might not necessarily produce
untoward side effects. Although these preliminary data are
promising, it is important to bear in mind that they were
gathered using an open label design without placebo con-
trol. Firm conclusions regarding the efficacy and safety of
CRF-1 antagonists in depression and anxiety will require
more rigorous double-blind, placebo-controlled trials. R-
121919 is no longer under development because of reported
elevations in liver enzymes; however, Neurocrine Biosci-
ences has announced that further candidates are being pur-
sued for clinical evaluation.
As mentioned previously, selective CRF-2 antagonists

have not been described, though recently, nonpeptide dual
antagonists of CRF-1 and CRF-2 receptors have been de-
scribed (19). As there is contradictory evidence regarding
the role of CRF-2 receptors in mediating anxiety, careful
preclinical and clinical evaluation of these compounds will
be needed to validate the contribution of CRF-2 receptors.

Future Drugs and Directions

As indicated above, a number of drug companies have dedi-
cated significant efforts to identifying potent and selective
CRF-1 receptor antagonists suitable for clinical develop-
ment. To date, no compounds have completed phase II
evaluation. Clearly, a challenge for the future will be to
achieve this milestone and, in the process, validate with
carefully executed clinical trials the concept that CRF-1 re-
ceptor antagonists are novel anxiolytics and/or antidepres-
sants. Also, given increasing evidence of the importance of
CRF-2 receptors in the human brain, significant efforts
should be dedicated to evaluating this target for anxiety.
It will be of interest to determine if agonists, rather than
antagonists, of the CRF-2 receptor have anxiolytic profiles.
Finally, the prospect of identifying additional CRF receptor
subtypes, as well as other receptors for peptides, such as
VIP, that are involved in the regulation of stress, provides
fertile ground for future investigations.
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GABAA RECEPTOR MODULATORS
(BENZODIAZEPINES AND RELATED DRUGS)

A majority of the synapses in the mammalian CNS use the
amino acids l-glutamic acid, glycine, or �-aminobutyric acid
(GABA) for signaling. GABA is formed by the decarboxyl-
ation of l-glutamate, stored in neurons, and released, and
its action is terminated by reuptake; GABA’s action mimics
the naturally occurring inhibitory transmission in the mam-
malian nervous system. Because of these findings, it has
been accepted for over 20 years that GABA fulfills the char-
acteristics of a neurotransmitter (38). Along with l-gluta-
mate, acetylcholine, and serotonin, GABA possesses two
different types of receptor conserved across different species
and phyla that control both excitation and inhibition. Mo-
lecular biological studies of the receptors causing these ef-
fects have indicated that GABA’s effects on ionic transmis-
sion (ionotropic) and metabolism (metabotropic) are
mediated by proteins in two different superfamilies. The
first superfamily (GABAA receptors) is a set of ligand-gated
ion channels (ligand-gated superfamily) that convey
GABA’s effects on fast synaptic transmission (39). When a
GABAA receptor is activated, an ion channel is opened
(gated) and this allows chloride to enter the cell; the usual
result of chloride entry is a slowing of neuronal activity
through hyperpolarization of the cell membrane potential.
The second superfamily (GABAB) is slower, mediating
GABA’s action on intracellular effectors through a seven
transmembrane spanning receptor (serpentine superfamily)
that modulates the action of certain guanine nucleotide
binding proteins (G proteins) (40). Through their activity
on other effector systems, G proteins can change second
messenger levels, altering signal transduction and gene
expression, or open ion channels that are dependent on
the G-protein subunit activities (41). Both excitatory and
inhibitory activities are possible on a time scale that is longer
than GABAA receptor mediated events. There is extensive
heterogeneity in the structure of the GABAA receptor mem-
bers of the ligand-gated superfamily. These receptors are
the targets of a number of widely used and prescribed drugs
for sleep, anxiety, seizure disorders, and cognitive enhance-
ment; they may also contribute to mediating the effects of
ethanol on the body.

Structure and Molecular Pharmacology
of GABAA Receptors

It is well established that the GABAA receptors possess bind-
ing sites for the neurotransmitter GABA, as well as allosteric
modulatory sites for benzodiazepines, barbiturates, neuro-
steroids, anesthetics, and convulsants (42–44). The initial
cloning of complementary DNAs (cDNAs) coding for the
subunits of GABAA receptors indicated that the chloride
channel gated by GABA is intrinsic to the structure of the
receptor and that each of the binding sites also possesses

specific requirements for subunit composition (45,46). At
present, almost 20 different cDNAs have been identified
and classified into six classes based upon sequence homol-
ogy. Cloned from vertebrates, there are six �, four �, four
�, one �, one �, and two � subunits and some splice variants;
the subunits share a basic motif where the amino acids span
the membrane four times. This four transmembrane span-
ning motif is shared with subunits that form other receptor
members of the ligand-gated superfamily (39).
Extensive mutagenesis and structural examination has

been carried out with the GABA and acetylcholine family
of receptors (47,48). Acetylcholine receptors have been
shown to possess a pentameric subunit structure with a het-
erogeneous subunit composition; evidence for this conclu-
sion has been obtained through the use of monoclonal anti-
bodies and through direct electronmicroscopic visualization
of the densely packed receptor in the Torpedo eel. Similar
electron microscopic analysis of GABAA receptors has been
carried out (49). It is thought that the native GABAA recep-
tors also possess such a pentameric structure with general
composition of 2 �, 2 �, and one � subunit forming the
majority of the GABAA receptors in vertebrates. Evidence
of this has beenmore circumstantial, generated bymolecular
biological and pharmacologic inferences, described below,
and by the behavior of solubilized recombinant complexes
on sucrose gradient centrifugation in the presence and ab-
sence of different subunit specific antibodies (50). The natu-
ral receptor in endogenous tissue appears to be also pen-
tameric (51).
Evidence from studies of acetylcholine receptors has also

indicated that the second transmembrane spanning se-
quence forms the actual ion channel of acetylcholine recep-
tors, and that mutations of amino acids at the inner (cellu-
lar) side of the membrane are responsible for the ability of
specific cation ions to pass through the channel pore (48).
The ionic selectivity can be changed by altering the charge
of some of these specific amino acids, and the acetylcholine
receptor can be forced to gate chloride, rather than sodium,
by such changes. Thus, a relatively firm case for the involve-
ment of this spanning region in the formation of the ion
channel can be made. Because the core ion pore is highly
conserved among the large number of GABAA receptor sub-
types, a number of drugs that interact nonspecifically with
all the members of the GABAA receptor family were identi-
fied in the past. These include anesthetic barbiturates, picro-
toxin, neurosteroids, and some organic insecticides
(42–44). More recently, because the ion channel shows lit-
tle variation between GABAA receptor subtypes, it has not
been as active a target for pharmaceutical discovery as the
convenient allosteric modulatory site for benzodiazepines,
drugs discovered by chance almost 40 years ago.
Originally, two subunits of the GABAA receptor family

were cloned and, when expressed in oocytes, were capable
of forming a receptor that would gate chloride in response
to GABA (45). At that time, some responses were seen to
barbiturates, toxins, and benzodiazepines. It is now known
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that a full response to the benzodiazepines requires the in-
corporation of a third subunit, the � subunit (52). One of
the major forms of native GABAA receptor in vertebrates
probably has the structure �1�2�2, most likely in a 2:2:1
stoichiometry. The �1 subunit contains the major site that
is photoaffinity labeled with the benzodiazepine 3H-fluni-
trazepam at His 101 (53). For the functional modulation
of GABAergic activity by benzodiazepines, in addition to
the � subunit, a � subunit must be incorporated into the
complex. Thus, there is reasonable evidence that benzodi-
azepines and related drugs stimulate GABA activity without
opening channels directly; depending on their ability to po-
tentiate GABA activity, they are called full or partial ago-
nists. The binding site for these drugs incorporates a binding
site composed of components of both � and �. Other drugs
(called inverse agonists) may occupy the same site to nega-
tively modulate the action of GABA, such as �-carboline
derivatives. Yet a third class of compounds exist, drugs such
as flumazenil, may occupy the site as antagonists of both
agonist and inverse agonists. By themselves, these antago-
nists have no affect on GABAergic activity and are behavior-
ally silent. The important allosteric modulatory effects of
drugs at the benzodiazepine site were recognized early and
the distribution of activities at different receptor subtypes
has been an area of intense pharmacologic discovery for
many years (39,42–44). The details of some of these find-
ings are described later.
Because the expression of an � or � subunit by itself

does not form a functional receptor (54), but expression of
both together constitute a functional GABAA receptor, the
binding sites for GABA could be associated with the combi-
nation of the two subunits. Systematic mutagenesis of �
and � subunits have identified a number of amino acids on
both subunits that appear to contribute to the ability of
GABA to bind to the GABAA receptor and modulate chlo-
ride conductance (53). Thus, the GABA binding sites are
also complex, composed of a binding pocket that is made
up of amino acids from both subunits; there are two GABA
binding sites per receptor [located at the two identical (or
homologous in the case of heterogeneous mixtures of sub-
units) �� interfaces], and electrophysiologic studies indicate
that both must be occupied for the chloride channel to
open.
Perhaps the most interesting aspect of these mutagenesis

studies is the observation that the GABA binding site (two
per ��� complex) and the benzodiazepine binding site (one
site per ��� complex) are structurally related to one an-
other; homologous amino acids that contribute to binding
in each case are found at similar positions in each subunit.
They represent in the case of the GABA binding site ��
interfaces and in the case of the benzodiazepine binding site
the �� interface (Fig. 68.2). By binding to the benzodiaze-
pine binding site, the drugs clearly give a positive allosteric
signal to the receptor and/or to the GABA binding sites;
this is reflected in a change in affinity at a low-affinity GABA

binding site (43). This signal is analogous to the signal that
a single GABA molecule binding to one of the GABA bind-
ing sites gives to the receptor and second GABA binding
site. The original finding relating GABA and benzodiaze-
pines allosterically showed evidence of a similar signal being
transmitted from the occupied GABA binding site to the
benzodiazepine site, resulting in a higher affinity state at
the benzodiazepine binding site in the presence of GABA
at its binding site (55). This type of pseudosymmetric bind-
ing site is characteristic of allosteric protein binding interac-
tions and is found also in acetylcholine and in glycine recep-
tors (46,56,57). The theoretical details of such interactions
allow one to rationalize how a set of drugs like benzodiaze-
pines could stabilize a channel open state but not be able
to open the channel directly. Variations in these binding
sites that are dependent on different �, �, and � subunit
amino acid sequences, particularly � and � as the compo-
nents of the benzodiazepine binding site, underlie the heter-
ogeneity of GABAA receptors and point to the possibilities
for GABAA receptor subtype–specific drugs.

Genomic Organization of GABAA

Receptor Subunits

The natural association of ��� compositions of GABAA
receptors is also underscored by the genomic organization
of the subunits. There is a cluster of the genes coding for �1,
�2, and �2 subunits on chromosome 5 and similar clusters of
other subunits on other chromosomes such as 4 and 15 (58,
59). They point to the phylogenetic age of GABAA recep-
tors, and similarities in organization point to the possibility
that ancestral GABAA receptor gene cluster duplications
spawned some of the different clusters coding for unique
GABAA receptor isoforms, whereas mutations in individual
subunits may have created additional diversity. Such an or-
ganization also points to probable coordinated control of
subunit production and many interesting aspects of cellular
and brain regional regulation of expression yet to be exam-
ined. Regional diversity also can mean functional diversity
and drugs that affect certain aspects of behavior, but not
others.

Functional Activities of Therapeutics at
Individual Recombinant Constructs

One reason for the diversity of subtypes of GABAA receptors
is that this is how neurons integrate information and change
the behavioral status of the animal. Whereas GABAA recep-
tors are found on many neurons, particularly local in-
terneurons, some GABAA receptor subtypes are selectively
localized to specific brain regions, specific cell layers within
those regions, and even specific parts of cells (60–62). Each
subtype has a unique set of electrophysiologic and pharma-
cologic properties. A number of factors can determine the
response properties of GABAA receptor subtypes. The most
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FIGURE 68.2. �-Aminobutyric acid (GABA) binding site �� interfaces.

important determinant is subunit composition. Secondar-
ily, these receptor subtypes can have unique profiles of mod-
ulation driven by membrane potential, ion gradients, bio-
chemical conditions, and, last but not least, drugs.
Attempts have been made to categorize GABAA receptors

pharmacologically in terms of responses to specific drugs
that interact with the benzodiazepine binding site. Thus, in
the original nomenclature, two subtypes of GABAA receptor
were described (63). They were called type 1 and type II
receptors and were defined in terms of differential affinity
for CL 218,872 and a number of other compounds. We
now know that type I GABAA receptors contain the compo-
sition �1�x�2 and are responsive to CL 218,872, a related

compound zaleplon, and zolpidem (64). Both zaleplon and
zolpidem are marketed hypnotics. Type II receptors are a
mixed heterogeneous class containing �2�x�2, �3�x�2, and
�5�x�2. �4- and �6-containing �x�2 subunit combinations
are generally agreed to constitute a separate category of
GABAA receptors due to their lowered affinity for classic
benzodiazepine site ligands (65). For example, flumazenil
has a very low affinity for these �4- and �6-containing
GABAA receptor recombinant constructs compared to �1-,
�2-, �3-, or �5-containing GABAA receptors (100 nM ver-
sus 0.5 nM). The differences in amino acids between the
� subunits pointed to the mutagenesis studies described
above to delineate GABA and benzodiazepine binding sites.
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Thus, affinity differences in the benzodiazepine binding site
have been a primary method for differentiating GABAA re-
ceptor subtypes. In contrast to the affinity models of benzo-
diazepine binding sites, it is not clear that a simple molecular
biologically based efficacy model will emerge to simplify our
understanding of �1-, �2-, �3-, or �5-containing GABAA
receptors.
The GABAA receptor subtypes with their benzodiazepine

receptor sites are an example of a unique situation in biol-
ogy. Compounds have been synthesized that can allosteri-
cally modulate GABA response over a wide range through
this site. Modulation of GABA responses has spanned the
range of �700% increase in response amplitude to inhibi-
tion as great as 60%. Control of efficacy by drugs with
subunit specificity can be achieved. One approach of drug
companies has been to develop drugs that increase GABA
responses less than 100% and develop selectivity for some
subunits without increasing responses at other subunit com-
binations. These have been called subtype-selective partial
agonists and will probably represent the next generation
of GABAergic modulators to enter the clinic and become
drugs.
A number of studies suggest, by circumstantial evidence

such as message distribution, genomic localization, and bio-
chemical study, that the major subtype combinations in
brain are �1�2�21, �2�3�21, �3�3�21, and �5�3�21. �1 has
been implicated in sedation by virtue of the fact that zolpi-
dem, a marketed hypnotic under the trade name Ambien,
is a type I (�1) selective compound and can cause cognitive
deficits (see next subsection). An ideal anxiolytic drug might
have limited effects on this subtype while increasing re-
sponses at �2- and �3-containing subtypes, as they are lo-
cated in the limbic parts of the brain directly implicated in
generation and reduction of anxiety. The full examination
of subtype selective drugs in humans is in the near future,
and it will be interesting to see how these hypotheses fare
in clinical trials.

Involvement of GABAA Receptors in
Human Disease and Transgenics

The extensive investigation of the amino acids involved in
the binding of GABA and benzodiazepines allows a specific
and elegant approach to be made to the in vivo investigation
of the involvement of GABAA receptor subtypes with spe-
cific neural pathways and specific behavioral activities. This
approach can be made either through the examination of
chromosomal deletions, the use of specific knockouts of
subunit genes, or knock-ins of particular point mutations.
These techniques naturally complement the development
of drugs with specific activities at GABAA receptor subtypes.
Some naturally occurring chromosomal deletions of par-

ticular GABAA receptor subunits showed phenotypes of cra-
niofacial deficits, mental retardation, and epilepsy. Deletion
of large areas of human chromosome 15, containing �5, �3,

and �3 subunit genes, results in this phenotype, which
causes a human genetic disorder called Prater Willi/An-
gelman syndrome (66). In a targeted study in mice, animals
with the specific deletion of the �3 subunit shows a similar
syndrome with cleft palate and neurologic abnormalities.
These studies point to the importance of certain GABAA
receptors in neuronal development (67,68). It is also clear
that the deletion of an entire subunit does not result in the
rescue of function by substitution of other subunits (69).
Other rare genetic disorders of GABAA receptor function
are likely to emerge as our knowledge of the genomic basis
of neurologic disorders evolve. A very elegant approach,
based on the molecular biological studies described above,
has been taken to examine the significance of GABAA recep-
tor subtypes by replacing an important amino acid for ben-
zodiazepine binding (histidine) found in �1, �2, �3, and
�5 with an arginine characteristic of �4 and �6. Through
this conservative mutation, GABA sensitivity is retained, so
the receptors function normally, but drug sensitivity is lost
(70,71). From these studies, it appears that the �1-contain-
ing subtypes are important in mediating the anticonvulsant,
sedative, and amnestic effects of benzodiazepines, but to a
smaller degree the muscle relaxant and anxiolytic effects.
These animals are still susceptible to the development of
tolerance to the sedative effects. In the near future, we may
learn the consequence of deletion of the specific benzodiaze-
pine modulatory sites from the other � subtypes. Thus,
from a mechanistic point of view this class of drugs has a
well-defined mode of action.

SEROTONIN RECEPTOR MODULATORS AND
REUPTAKE INHIBITORS

Preclinical Studies

Serotonin has long been viewed as a neurotransmitter in-
volved in regulating emotional states. Of the 14 or so mam-
malian serotonin receptor subtypes that have been described
in the literature, at least four have been implicated in anxiety
in various animal models (72). As reported by Lucki (72) the
original hypothesis implicating serotonin in anxiety surfaced
from observations that reduced levels of serotonin can pro-
duce anxiolytic effects. One of the receptor subtypes impli-
cated in anxiety is the serotonin 1A receptor subtype (5-
HT1A), which is an autoreceptor located presynaptically on
serotonin neurons. When stimulated, this receptor inhibits
the synthesis and secretion of serotonin. The 5-HT1Arecep-
tor agonist buspirone exhibits anxiolytic effects in animals
and was approved by the Food and Drug Administration
(FDA) in 1986 for human generalized anxiety disorder.
Other serotonin receptors potentially involved in anxiety
include the 5-HT2A, 5-HT2C, and 5-HT3 receptors. Antag-
onists for the 5-HT2Areceptor, like ritanserin, exhibit anxio-
lytic effects in some animal models (73,74). Likewise, block-
ade of the 5-HT2C receptor produces anxiolytic effects in
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animals (75) and prevents the anxiogenic effects of m-CPP
(76). Finally, the 5-HT3receptor antagonist ondansetron
was reported to be anxiolytic in some animal models (77).
Recent advances in molecular biology has led to the de-

velopment of serotonin receptor gene knockout methodol-
ogy, which generates mice lacking the 5-HT1A receptor,
allowing for the evaluation of this receptor subtype in a
variety of measurable behaviors. Ramboz et al. (78) reported
results consistent with the 5-HT1A agonist’s data cited
above. Mice lacking this receptor displayed less exploratory
activity in an open field and more anxious behavior than
the wild types in the elevated plus maze. According to the
serotonin hypothesis of anxiety (79), removing the negative
feedback control of 5-HT with the 5-HT1A receptor knock-
out animals should result in increased levels of 5-HT in
the synaptic cleft, which would be expected to lead to the
anxiogenic behavior. However, Ramboz et al. (78) reported
normal levels of 5-HT, which confuses the issues related to
anxiety modulation and serotonin levels. As David Julius
(80) points out, the interpretation of standard gene knock-
out experimentation is complicated by the possibility of
long-term development changes and this is true with the 5-
HT1Aknockout animal. So despite the apparent consistency
between the 5-HT1A knockout animal and 5-HT1A agonist
studies in terms of the behavioral outcomes of each manipu-
lation, the exact role of the 5-HT1Areceptor in anxiety is
not absolutely clear at this time.

Clinical Studies

In 1986, the FDA approved the 5-HT1A partial agonist
for generalized anxiety disorder. This drug was the first to
challenge the benzodiazepines for this patient group and
was generally perceived as an improvement because of the
lack of benzodiazepine side effects. The efficacy of buspir-
one, however, was not the same as that of the benzodiaze-
pines in terms of its delayed onset of action, and it is gener-
ally accepted that when buspirone offers clinical benefit to
generalized anxiety disorder (GAD) patients, it takes 3 to
4 weeks to match the efficacy of benzodiazepines such as
diazepam and alprazolam (81). The 5-HT1A partial agonist
properties of buspirone are believed to account for its clini-
cal effects, but it should be noted that the drug is also a
D2 antagonist and is extensively metabolized. One of the
major metabolites, 1-pyrimidinylpiperazine (1-PP), may
contribute to the pharmacologic activity of buspirone (82).
In a double-blind, placebo-controlled study of buspirone in
GAD patients (83), the drug was reported to be as effica-
cious as lorazepam at the end of a 4-week treatment period.
After the drugs were discontinued, however, the lorazepam-
treated patients worsened whereas the buspirone-treated
subjects maintained clinical improvement. Thus, there con-
tinues to be evidence that buspirone is effective in GAD.
The development of selective serotonin reuptake inhibi-

tors (SSRIs) in the 1980s and 1990s widely expanded the

treatment for depressive disorders, and these drugs (fluoxe-
tine, sertraline, venlafaxin, paroxetine) have recently made
inroads in treating anxiety disorders such as panic, obsessive-
compulsive disorder, social phobia, and GAD. Successful
treatment of GAD with a class of drugs working through
the serotoninergic system will come from the SSRIs (84).
Obsessive-compulsive disorder (OCD) is a chronic, disa-

bling anxiety disorder. In a review of the diagnosis and
treatment of OCD, Goodman (85) states that the backbone
of pharmacologic treatment for OCD is a 10- to 12-week
trial with an SSRI in adequate doses. It is clear from a review
of the role of the 5-HT1A receptor (86) in OCD that partial
agonists such as buspirone are generally ineffective in treat-
ing OCD. The authors also note that in studying the poten-
tial to augment efficacy of the standard OCD medication,
buspirone was not different from placebo as an augmenting
agent. Drugs that work through other serotonin receptor
subtypes also appear to be ineffective in treating OCD.
Thus, drugs modifying the 5-HT1A, 5-HT1D, and 5-HT3
receptors appear ineffective in treating OCD symptoms and
rule out a critical involvement of these receptor subtypes in
OCD (87,88).
In the past, tricyclic antidepressants (TCAs) and mono-

amine oxidase inhibitors, as well as high potency benzodi-
azepines, have been used to treat patients with panic disor-
der. The SSRIs have also been added to the list of effective
agents for the disorder. In reviewing the pharmacotherapy
of panic disorder, den Boer (89) notes that antidepressants
are more effective than benzodiazepines in reducing associ-
ated depressive symptomatology and are at least as effective
for improving anxiety, agoraphobia, and overall impair-
ment. Bell and Nutt (90) remark that SSRIs improve 60%
to 70% of panic patients, a similar percentage to those seen
with the TCAs.
Like OCD, panic disorder is well treated by SSRIs but

does not appear to be effectively treated by receptor specific
compounds. Copland et al. (86) reviewed the role of 5-
HT1Adrugs such as buspirone in panic disorder and re-
ported that buspirone does not significantly treat panic in
several well-controlled studies. Using the 5-HT1A receptor
agonist flesinoxan, van Vliet et al. (91) reported a worsening
of symptoms in panic patients treated with high doses of
the drug. It has also been reported that the 5-HT2A/2C an-
tagonist ritanserin had no effects on panic attacks or phobic
avoidance, and a similar negative finding has been reported
with the 5-HT3 antagonist ondansetron.

NEUROKININ RECEPTOR ANTAGONISTS

Rationale

There is an extensive literature demonstrating that the pep-
tide tachykinins such as substance P and their associated
receptors have a widespread distribution in the brain, spinal
cord, and periphery, and may play important roles in
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chronic pain and inflammation processes (92–96). In addi-
tion, anatomic and physiologic evidence has also indicated
that these peptides may affect limbic structures that are in-
volved in the regulation of mood and affect, such as the
amygdala, hypothalamus, and periaqueductal gray (97).
This notion is supported by early positive clinical findings
using a selective neurokinin-1 (NK-1) antagonist for the
treatment of depression and anxiety (98).

Molecular Mechanism of Action

Tachykinins collectively refer to small peptides that include
substance P (SP), neurokinin A (NK-A), and neurokinin B
(NK-B). These peptides show preferential affinity for three
receptors, designated NK-1, NK-2, and NK-3, respectively,
which are members of the seven-transmembrane, G-pro-
tein–coupled family. Of these three receptors, NK-1 and
NK-3 are found in the brain, whereas NK-2 is primarily
localized peripherally in smooth muscle of the respiratory,
urinary, and gastrointestinal tracts. Neurokinin receptors
are localized in a number of different brain areas that are
implicated in anxiety, including the amygdala, hypothala-
mus, and locus coeruleus.
Studies assessing the effects of direct administration of

neurokinin agonists such as substance P into the nervous
system are complicated by the findings that, depending on
factors such as the site and dose, opposite effects on behavior
may be achieved.

Current Drugs in Development

Numerous NK-1 antagonists have been described in the
literature, including MK-869 (Merck) and an analogue, L-
760,735 (Merck), SR140333 (Sanofi), CP-122,721
(Pfizer), RP67580 (Rhone-Poulenc), FK-888 (Fujisawa),
SDZ NKT 343 (Novartis), and PD 154075 (Parke-Davis).
NK-1 antagonists have been reported to demonstrate anxio-
lytic effects in animal models such as social interaction (99),
though these effects are not consistently seen across all com-
pounds (34). Researchers from Merck have reported that
vocalizations elicited by maternal separation in guinea pigs
are robustly blocked by NK-1 antagonists such as MK-869,
an effect that is shared by a range of antidepressant and
anxiolytic agents (98).
Of the compounds listed above, the primary indication

has been for the treatment of conditions such as pain,
chemotherapy-induced emesis, and migraine (94). MK-
869, which progressed to phase III trials for emesis, has also
been evaluated in a phase II depression trial in which it was
reported that, in addition to showing a significant antide-
pressant effect, MK-869 also showed significant anxiolytic
activity that emerged over the course of the 6-week study
(98). The data supported the conclusion that NK-1 antago-
nists might be useful for the treatment of depression and
anxiety. Further development of MK-869 for depression

was discontinued, but these early clinical data will undoubt-
edly lead to further clinical evaluation of NK-1 antagonists.
NK-2 antagonists include SR48968 (Sanofi). Preclinical

studies have shown that NK-2 antagonists such as
GR159897 and SR48968 have also demonstrated activity
in social interaction and exploration anxiolytic models, and
activity has been reported in the marmoset monkey using
the human ‘‘threat’’ test. Good therapeutic ratios were de-
scribed for these agents.
NK-3 antagonists described in the literature include os-

netant (Sanofi-Synthelabo), talnetant, PD-161182, and
PD-157672 (Parke-Davis). The latter two have been desig-
nated for the treatment of anxiety disorders, though there
have been no reports of clinical trials with any NK-3 antago-
nist for this indication. It should be noted that preclinical
data described to date are sparse, and there is some sugges-
tion that NK-3 agonism may produce an anxiolytic profile.
Thus, intraventricular administration of the NK-3 agonist
senktide produced anxiolytic effects in mice that could be
blocked by administration of the NK-3 antagonist SR
142801, and SR 142801 was found to have some anxiogenic
activity (100).

Future Drugs and Directions

Further depression and anxiety clinical trials with centrally
active NK-1 antagonists are needed to provide further vali-
dation of the role of NK-1 receptors in treating depression
and anxiety disorders. In addition, further assessment of the
role of NK-2 and NK-3 subtypes is needed to determine
the possible relevance, if any, of these receptor subtypes.

GLUTAMATE RECEPTOR AGONISTS AND
MODULATORS

Rationale

Glutamate is the major mediator of excitatory neurotrans-
mission in the CNS. Despite this ubiquity, the elucidation
of numerous glutamate receptor subtypes with differential
localizations in the brain, and the development of selective
pharmacologic agents, has led to the realization that gluta-
mate receptors might be viable targets for a number of dif-
ferent neurologic and psychiatric disorders, including anxi-
ety and depression (101–103).

Molecular Mechanism of Action

The molecular biology of glutamate receptors has been the
subject of numerous reviews (101,102). Glutamate recep-
tors are classified as either ionotropic or metabotropic. Iono-
tropic receptors, which mediate fast synaptic transmission,
are coupled to cation-specific ion channels and bind the
agonists N-methyl-D-aspartate (NMDA), �-amino-3-hy-
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droxy-5-methyl-4-isoxazole propionic acid (AMPA), and
kainic acid (KA). These receptors gate both voltage-depen-
dent and voltage-independent currents carried byNa�, K�,
and Ca�.
NMDA receptors, which are selectively activated by

NMDA, form a receptor/channel complex that is allosteri-
cally regulated by several sites. Receptor activation results
in depolarization and Ca� influx. Allosteric binding sites
include a strychnine-insensitive glycine site, a polyamine
site, a zinc site, and a channel site that binds agents such
as MK-801 or phencyclidine to block channel opening. The
NMDA receptor has been cloned and has two families of
subunits, the NR1, with seven splice variants (1A–1G), and
NR2, with four splice variants (2A–2D). NR1 receptors
possess the receptor/ion channel complex, whereas the NR2
receptors lack the ion channel and appear to be modulatory.
NR2 receptors, however, can form functional heteromeric
channels by combining with NR1 subtypes. NMDA antag-
onists include competitive antagonists at the NMDA recep-
tor such as AP5, CPPene, and CGS 19755; noncompetitive
antagonists at the ion channel site such as MK-801 and
phencyclidine; and noncompetitive antagonists that bind
to the glycine site such as 5,7-dichlorokynurenic acid,
L689,560, ACEA 1021, and MDL 105,519 (104).
‘‘Non-NMDA’’ receptors refer to the class of ionotropic

glutamate receptors activated by kainic acid or AMPA, ago-
nists that activate voltage-independent channels that gate a
depolarizing current mediated primarily by Na� ions.
There are four AMPA subunits (GluR1–GluR4) and five
KA subunits (GluR5–GluR7 and KA-1–KA-2). Functional
channels can be produced by homomeric expression of
GluR5 or GluR6 subunits, or by heteromeric expression of
KA-1 or KA-2 with GluR5 or GluR6. KA sites are found
in the hippocampus, cortex, and thalamus, whereas AMPA
receptors are additionally localized in septal and cerebellar
sites. Pharmacologic agents for blocking non-NMDA recep-
tors include the competitive antagonists CNQX, DNQX,
and NBQX, and the noncompetitive antagonist GYKI
52466.
Metabotropic glutamate receptors (mGluRs) mediate

slower synaptic transmission and utilize phosphatidyl inosi-
tol (PI) and cAMP as second messengers. Opposite effects
on cAMP may be mediated by either Gi or Gs stimulation.
Agonists include a conformationally restricted glutamate
analogue, 1-aminocyclopentane-trans-1,3-dicarboxylic acid
(trans-ACPD). Metabotropic receptors have been classified
into three subgroups: group I (mGluR1, mGluR5), which
stimulate PI hydrolysis; and two groups that inhibit adenyl-
ate cyclase, group II (mGluR2, mGluR3) and group III
(mGluR4, mGluR6). Metabotropic receptors are widely
distributed throughout the brain, in areas such as the hippo-
campus, cerebellum, thalamus, olfactory bulb, and striatum,
though the precise distribution varies considerably between
groups. In addition to the agonist trans-ACPD, other ago-
nists that are more specific for receptor subtypes include

LY354740 (group II), L-AP4 (group III), and L-CCG-I
(mGluR2). Pharmacologic agents for antagonizing metabo-
tropic glutamate receptors are currently limited.

Genetically Altered Mouse Models

Site-directed mutagenesis studies have indicated that point
mutations in the glycine binding site of the NR1 subunit
result in mice that have reduced glycine affinity and have
an anxiolytic profile as seen by decreased natural aversion
to an exposed environment (105). These data supported
other pharmacologic lines of evidence (see below), indicat-
ing that blockade of the glycine site can have anxiolytic
actions.

Current Drugs in Development

LY354740 is an orally active group II metabotropic receptor
agonist (106) currently in clinical development. Preclini-
cally, the compound has anxiolytic activity in fear-poten-
tiated startle (107), the elevated plus maze (107), conflict
testing (108), the four-plate test (108), and in a lactate-
induced panic attack model (109). LY354740 has also been
shown to decrease withdrawal signs seen during naloxone-
precipitated morphine withdrawal (110).

Future Drugs and Directions

Competitive and noncompetitive NMDA antagonists have
primarily undergone clinical evaluation for the treatment
of stroke and trauma (103). Unfortunately, clinical develop-
ment for many of these compounds was halted because of
severe side effects, including psychotic-like symptoms. The
potential for these side effects has been a major deterrent for
using NMDA antagonists for the treatment of psychiatric
disorders. Although there are currently no drugs reported
to be in development, preclinical studies have suggested that
selective antagonists of the strychnine-sensitive glycine site
can have anxiolytic properties with reduced side-effect po-
tential relative to competitive and noncompetitive NMDA
antagonists such as AP5 and MK-801 (36,111). Recent
work has supported such a profile (112,113).
Antagonists of AMPA receptors have also been proposed

to have anxiolytic actions in preclinical models. Thus,
LY326325 was shown to have anxiolytic activity in the ele-
vated plus maze and in a conflict test (punished drinking)
in rats (114), and CNQX injected directly into the peria-
queductal gray produced anxiolytic effects on the elevated
plus maze (115). The antagonists CNQX and GYKI 52466
were also able to block the anxiogenic responses produced
by bicuculline injected into the basolateral amygdala (116).

CCKB ANTAGONISTS

Cholecystokinin (CCK) is a peptide found extensively both
in the gut (where it was originally identified) and in the
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brain (117). CCK exists in multiple forms, the most pre-
dominant of which is CCK octapeptide (CCK8) and, to a
lesser extent, CCK tetrapeptide (CCK4) (118). CCK is co-
localized with a number of different neurotransmitters, in-
cluding serotonin, dopamine, GABA, substance P, neuro-
peptide Y, and VIP. CCK-like immunoreactivity has been
demonstrated in anatomic regions that include the amyg-
dala, cerebral cortex, hippocampus, striatum, hypothala-
mus, and spinal cord (119). There are two subtypes of CCK
receptor, CCKA (sulfated CCK) and CCKB (unsulfated
CCK) (120). CCKA receptors are localized in the nucleus
accumbens, posterior hypothalamus, and area postrema.
CCKB receptors are localized in cortex, olfactory bulb, nu-
cleus accumbens, and other brain areas (121).
A number of selective antagonists for the CCKB receptor

have been synthesized, including LY288513 (Lilly), PD
135158 (Parke-Davis), L-365,260 (Merck), and CI-988.
Griebel (34) reviewed the extensive literature on the effects
of CCK antagonists in models of anxiety and concluded
that the results were contradictory and did not lead to a
clear conclusion. L-365,260 and CI-988 have been evalu-
ated clinically in panic disorder, but neither of these agents
had significant anxiolytic effects (122–124).

CONCLUSION

Many different neurotransmitter receptor systems have been
shown to modulate anxiety and possess anxiolytic effects.
This is not surprising because many of these transmitters
control anatomic circuitry important in anxiety. The next
generation of marketed anxiolytics will be determined more
by their side-effect profile than by their anxiolytic activity.
It will be interesting to see which of the mechanisms de-
scribed in this chapter will provide the most useful anxioly-
tics in human populations.

ACKNOWLEDGMENT

Drs. Tallman, Cassella, and Kehne are all full-time employ-
ees of Neurogen Corporation.

REFERENCES

1. Koob GF, Heinrichs SC, Pich EM, et al. The role of corticotro-
pin-releasing factor in behavioral responses to stress. In: Chad-
wick DJ, Marsh J, Ackrill K, eds. Corticotropin-releasing factor.
Ciba Found Symp 1993;172:277–289.

2. DeSouza EB, Grigoriadis DE. Corticotropin-releasing factor.
Physiology, pharmacology, and role in central nervous system
and immune disorders. In: Bloom FE, Kupfer DJ, eds. Psycho-
pharmacology: the fourth generation of progress. New York: Raven
Press, 1995:505–517.

3. Gold PW, Licinio J, Wong ML, et al. Corticotropin releasing
hormone in the pathophysiology of melancholic and atypical

depression and in the mechanism of action of antidepressant
drugs. Ann NY Acad Sci 1995;771:716–729.

4. Arborelius L, Owens MJ, Plotsky PM, et al. The role of cortico-
tropin-releasing factor in depression and anxiety disorders. J
Endocrinol 1999;160:1–12.

5. Berridge CW, Dunn AJ. CRF and restraint stress decrease ex-
ploratory behavior in hypophysectomized mice. Pharmacol Bio-
chem Behav 1989;34:517–519.

6. Kalin NH, Helton SE, Davidson RJ. Cerebrospinal fluid corti-
cotropin-releasing hormone levels are elevated in monkeys with
patterns of brain activity associated with fearful temperament.
Biol Psychiatry 2000;47:579–585.

7. Heim C, Owen MJ, Plotsky PM. The role of early adverse life
events in the etiology of depression and posttraumatic stress
disorder. Focus on corticotropin releasing factor. Ann NY Acad
Sci 1997;821:194–207.

8. Plotsky PM,MeaneyMJ. Early postnatal experience alters hypo-
thalamic corticotropin-releasing factor (CRF) mRNA, median
eminence CRF content and stress-induced release in adult rats.
Brain Res Mol Brain Res 1993;18:195–200.

9. Perrin MH, Vale WW. Corticotropin releasing factor receptors
and their ligand family. Ann NY Acad Sci 2000;885:312–328.

10. Dieterich KD, Lehnert H, De Souza, EB. Corticotropin-releas-
ing factor receptors: an overview. Exp Clin Endocrinol Diabetes
1997;105:65–82.

11. Chalmers DT, Lovenberg TW, DeSouza EB. Localization of
novel corticotropin-releasing factor receptor (CRF-2) mRNA
expression to specific subcortical nuclei in rat brain: comparison
with CRF-1 receptor mRNA expression. J Neurosci 1995;15:
6340–6350.

12. Primus RJ, Yevich W, Baltazar C, et al. Autoradiographic locali-
zation of CRF-1 and CRF-2 binding sites in adult rat brain.
Neuropsychopharmacology 1997;17:308–316.

13. Sanchez MM, Young, LJ, et al. Autoradiographic and in situ
hybridization localization of corticotropin-releasing factor 1 and
2 receptors in nonhuman primate brain. J Comp Neurol 1999;
408:365–377.

14. Dieterich, KD, Grigoriadis DE, De Souza EB. Homologous
desensitization of human corticotropin-releasing factor 1 recep-
tor in stable transfected mouse fibroblast cells. Brain Res 1966;
710:287–292.

15. Hauger RL, Aguilera G. Regulation of pituitary corticotropin
releasing hormone (CRH) receptors by CRH: interaction with
vasopressin. Endocrinology 1993;133:1708–1714.

16. Aguilera G, Millan MA, Hauger RL, et al. Corticotropin-releas-
ing factor receptors: distribution and regulation in brain, pitui-
tary, and peripheral tissues. Ann NY Acad Sci 1987;512:48–66.

17. Anderson SM, Kant GJ, et al. Effects of chronic stress on ante-
rior pituitary and brain corticotropin-releasing factor receptors.
Pharmacol Biochem Behav 1993;44:755–761.

18. Schulz DW, Mansbach RS, Sprouse J, et al. CP-154,526: a
potent and selective nonpeptide antagonist of corticotropin
releasing factor receptors. Proc Natl Acad Sci USA 1996;93:
10477–10482.

19. LuthinDR, Rabinovich AK, et al. Synthesis and biological activ-
ity of oxo-7H-benzo(e)perimidine-4-carboxylic acid derivatives
as potent, nonpeptide corticotropin releasing factor (CRF) re-
ceptor antagonists. Biorg Med Chem 1999;Lett. 9:765–770.

20. Contarino A, Heinrichs SC, Gold LH. Understanding cortico-
tropin releasing factor neurobiology: contributions frommutant
mice. Neuropeptides 1999;33:1–12.

21. Heinrichs SC, Lapsansky J, Lovenberg TW, et al. Corticotropin
releasing factor CRF-1, but not CRF-2, receptors mediate anxi-
ogenic-like behavior. Regul Pept 1997;71:15–21.

22. Stenzel-Poore MP, Heinrichs SC, et al. Overproduction of cor-



Neuropsychopharmacology: The Fifth Generation of Progress1004

ticotropin-releasing factor in transgenic mice: a genetic model
of anxiogenic behavior. J Neurosci 1994;14:2579–2584.

23. Skutella T, Probst JC, Renner U, et al. Corticotropin-releasing
hormone receptor (type I) antisense targeting reduces anxiety.
Neuroscience 1998;85:795–805.

24. Ramesh T, Karolyi I, Nakajima M, et al. Increased anxiety in
corticotropin releasing hormone-binding protein-deficient
mice. Brain Res 1998;809:A23.

25. Smith G W, Aubry J M, Dellu F, et al. Corticotropin releasing
factor receptor-1 deficient mice display decreased anxiety im-
paired stress response, and aberrant neuroendocrine develop-
ment. Neuron 1999;20:1093–1102.

26. Timpl P, Spanagel R, Sillaber I, et al. Impaired stress response
and reduced anxiety in mice lacking a functional corticotropin-
releasing hormone receptor. Nature Genet 1998;19:162–166.

27. Liebsch G, Landgraf R, Gerstberger R, et al. Chronic infusion
of a CRF-1 receptor antisense oligonucleotide into the central
nucleus of the amygdala reduced anxiety-related behavior in
socially defeated rats. Regul Pept 1995;59:220–39.

28. Bale, TL, Contarino A, Smith GW, et al. Mice deficient for
corticotropin-releasing hormone receptor-2 display anxiety-like
behavior and are hypersensitive to stress. Nature Genet 2000;
24:410–14.

29. Gilligan PJ, Robertson DW, Zaczek R. Corticotropin releasing
factor (CRF) receptor modulators: progress and opportunities.
J Med Chem 2000;43:1–20.

30. McCarthy JR, Heinrichs SC, Grigoriadis DE. Recent advances
with the CRF-1 receptor: design of small molecule inhibitors,
receptor subtypes and clinical indications. Curr Pharmaceut De-
sign 1999;5:289–315.

31. Christos TE, Arvanitis A. Corticotropin-releasing factor recep-
tor antagonists. Expert Opin Ther Patents 1998;8:143–152.

32. Lundkvist J, Chai Z, Teheranian R, et al. A nonpeptidic cortico-
tropin releasing factor receptor antagonist attenuates fever and
exhibits anxiolytic-like activity. Eur J Pharmacol 1996;309:
195–200.

33. Griebel G, Perrault G, Sanger DJ. Characterization of the be-
havioral profile of the non-peptide CRF receptor antagonist
CP 154,526 in anxiety models in rodents. Comparison with
diazepam and buspirone. Psychopharmacology (Berl) 1998;138:
55–66.

34. Griebel G. Is there a future for neuropeptide receptor ligands
in the treatment of anxiety disorders? Pharmacol Ther 1999;82:
1–99.

35. Kehne JH, Coverdale S, McCloskey TC, et al. Effects of the
CRF-1 receptor antagonist, CP 154,526, in the separation-
induced vocalization anxiolytic test in rat pups. Neuropharma-
cology 2000;39:1357–67.

36. Kehne JH, McCloskey TC, Baron BM, et al. NMDA receptor
complex antagonists have potential anxiolytic effects as mea-
sured with separation-induced ultrasonic vocalizations. Eur J
Pharmacol 1991;193:283–92.

37. Zobel AW, Nickel T, Kunzel HE, et al. Effects of the high
affinity corticotropin-releasing hormone receptor 1 antagonist
R121919 in major depression: the first 20 patients treated. J
Psychiatr Res 2000;34:171–181.

38. Paul S. GABA and glycine. In: Bloom FE, Kupfer DJ, eds.
Psychopharmacology: the fourth generation of progress. New York:
Raven Press, 1995:87–94.

39. Sieghart W. Structure and pharmacology of �-aminobutyric
acid A receptor subtypes. Pharmacol Rev 1995;47:181–234.

40. Kaupmann K, Nuggel K, Heid J, et al. Expression cloning of
GABAb receptors uncovers similarity to metabotropic gluta-
mate receptors. Nature 1997;386:239–246.

41. Wess J. G-protein-coupled receptors: molecular mechanisms in-

volved in receptor activation and selectivity of G-protein recog-
nition. FASEB J 1997;11:346–354.

42. Tallman JF, Paul SM, Skolnick P, et al. Receptors for the age
of anxiety: pharmacology of the benzodiazepines. Science 1980;
207:274–281.

43. Olsen RW, Tobin AJ. Molecular biology of GABAA receptors.
FASEB J 1990;4:1469–1480.

44. Tallman JF, Gallager DW. The GABA-ergic system: a locus of
benzodiazepine action. Annu Rev Neurosci 1985;8:21–44.

45. Schoefield PR, Darlison MG, Fujita N, et al. Sequence and
functional expression of the GABAA receptor shows a ligand-
gated receptor superfamily. Nature 1987;328:221–227.

46. Verdoorn TA, Draguhn A, Ymer S, et al. Functional properties
of recombinant rat GABAA receptors depend upon subunit
composition. Neuron 1990;4:919–928.

47. Galzi JL, Changeux JP. Neurotransmitter-gated ion channels as
unconventional allosteric proteins. Curr Opin Struct Biol 1994;
4:554–565.

48. Galzi JL, DeVillars-Thiery A, Hussy N, et al. Mutations in the
channel domain of a neuronal nicotinic receptor convert ion
selectivity from cationic to anionic.Nature 1992;359:500–504.

49. Nayeem N, Green TP, Martin IL, et al. Quartenary structure of
the native GABAA receptor determined by electron microscopic
image analysis. J Neurochem 1994;62:815–818.

50. Knight A, Hartnett C, Marks C, et al. Molecular size of �1�1
and �1�1�2 GABAA receptors expressed in SF9 cells. Recept
Channels 1998;6:1–18.

51. Barnard EA, Skolnick P, Olsen RW, et al. IUP XV. Subtypes
of GABAA receptors: classification of the basis of subunit struc-
ture and receptor function. Pharmacol Rev 1998;50: 291–313.

52. Prichett DB, Sonheimer H, Shivers BD, et al. Importance of a
novel GABAA receptor subunit for benzodiazepine pharmacol-
ogy. Nature 1989;338:582–584.

53. Sigel E, Buhr A. The benzodiazepine binding site of GABAA
receptors. Trends Pharmacol Sci 1997;18:425–429.

54. Hartnett C, Brown MS, Primus, R, et al. Effect of subunit
composition of GABAA receptor complex characteristics in a
baculovirus expression system. Recept Channels 1996;4:
179–195.

55. Tallman JF, Thomas JW, Gallager DW. GABAergic modula-
tion of benzodiazepine binding site sensitivity. Nature 1978;
274:383–385.

56. Monod J, Changeux JP, Wyman J. On the nature of allosteric
transitions: a plausible model. J Mol Biol 1965;12:88–118.

57. Changeux JP, Edelstein SJ. Allosteric receptors after 30 years.
Neuron 1998;21:959–980.

58. Russek SJ, Farb DH. Mapping of the �2 subunit gene to mi-
crodissected human chromosome 5q34-q35 defines a gene clus-
ter for the most abundant GABAA receptor isoform. Genomics
1994;23:528–533.

59. McLean PJ, Farb DH, Russek SJ. Mapping of the �4 subunit
to human chromosome 4 defines an �2-�4-�1-�1 gene cluster:
further evidence that modern GABAA receptor gene clusters are
derived from an ancestral cluster. Genomics 1995;26:580–586.

60. Fritschy JM, Mohler H. GABAA receptor heterogeneity in the
adult rat brain: differential regional and cellular distribution of
seven major subunits. J Comp Neurol 1995;359:154–194.

61. Wisden W, Laurie H, Monyer H, et al. The distribution of 13
GABAA receptor subunit mRNAs in the rat brain. I. Telenceph-
alon, diencephalon, mesencephalon. J Neurosci 1992;12:
1040–1063.

62. Laurie DJ, Wisden W, Seeburg PH. The distribution of 13
GABAA receptor subunit mRNAs in the rat brain. II. Olfactory
bulb and cerebellum. J Neurosci 1992;12:1063–1076.

63. Klepner CA, Lippa AS, Benson DI, et al. Resolution of two



Chapter 68: Mechanism of Action of Anxiolytics 1005

biochemically and pharmacologically distinct benzodiazepine
receptors. Pharmacol Biochem Behav 1979;11:457–462.

64. Pritchett DB, Seeburg PH. Type I and type II GABAA-benzodi-
azepine receptors produced in transfected cells. Science 1989;
245:1389–1392.

65. Luddens H, Pritchett DB, Kohler M, et al. Cerebellar GABAA
receptor selective for a behavioral alcohol antagonist. Nature
1990;346:648–651.

66. Magenis RE. Chromosomes and their disorders. In: Bennet JC,
Plum F. Cecil’s textbook of medicine. Philadelphia: WB Saunders,
1996:150–157.

67. Culiat CT, Stubbs L, Woychik J, et al. Deficiency of the �3
subunit of the type A GABA receptor causes cleft palate in mice.
Nature Genet 1995;11:344–346.

68. Homanics, G, DeLorey TM, Firestone L, et al. Mice devoid
of GABAA receptor �3 subunit have epilepsy, cleft palate and
hypersensitive behavior. Proc Natl Acad Sci USA 1997;94:
4143–4148.

69. Mohler H, Luscher B, Fritschy JM, et al. GABAA-receptor as-
sembly in vivo: lessons from subunit mutant mice. Life Sci 1998;
62:1611–1615.

70. Rudolph U, Crestani F, Benke D, et al. Benzodiazepine actions
mediated by specific GABAA receptor subtypes. Nature 1999;
401:796–800.

71. McKernan R, Rosahl TW, Reynolds DS, et al. Sedative but not
anxiolytic properties of benzodiazepines are mediated by the
GABAA receptor �1 subtype GABAA �1 receptors. Nature Neu-
rosci 2000;3:587–592.

72. Lucki I. Serotonin receptor specificity in anxiety disorders. J
Clin Psychiatry 1996;57(suppl 6):5–10.

73. Critchley MAE, Handley SL. Effects in the X-maze anxiety
model of agents acting at 5-HT1 and 5-HT2 receptors. Psycho-
pharmacology (Berl) 1987;93:502–506.

74. Gleeson S, Ahlers ST, Mansbach RS, et al. Behavioral studies
with anxiolytic drugs, VI effects on punished responding of
drugs interacting with serotonin receptor subtypes. J Pharmacol
Exp Ther 1989;250:809–817.

75. Kennett GA, Bailey F, Piper DC, et al. Effect of SB 200646A,
a 5-HT S-HT2b receptor antagonist, in two conflict models of
anxiety. Psychopharmacology (Berl) 1995;188:178–182.

76. Kennett GA, Whitton P, Shah K, et al. Anxiogenic-like effects
of mCPP and TFMPP in animal models are opposed by 5-
HT1c receptor antagonists. Eur J Pharmacol 1989;164:
445–454.

77. Costall B, Naylor RJ. Anxiolytic effects of 5-HT1 antagonists
in animals. In: Rodgers RJ, Cooper SJ, eds. 5-HT1A agonists,
5-HT3 antagonists and benzodiazepines: their comparative behav-
ioral pharmacology . Chichester, UK: Wiley, 1991:133–157.

78. Ramboz S, Oosting R, Ait Amara D, et al. Serotonin receptor
1A knockout: an animal model of anxiety-related disorder. Proc
Natl Acad Sci USA 1998;95(24):14476–14481.

79. Johnson Al, File SE. 5-HT and anxiety: promises and pitfalls.
Pharmacol Biochem Behav 1986;24:1467–1470.

80. Julius D. Serotonin receptor knockouts: a moody subject. Proc
Natl Acad Sci USA 1998;95(26):15153–15154.

81. Coplan JD, Wolk SI, Klein DF. Anxiety and the serotonin1A
receptor. In: Bloom FE, Kupfer DJ, eds. Psychopharmacology:
the fourth generation of progress. New York: Raven Press, 1995:
1301.

82. Mahmood I, Sahajwalla C. Clinical pharmacokinetics and phar-
macodynamics of buspirone, an anxiolytic drug. Clin Pharma-
cokinet 1999;36(4):277–287.

83. Laakmann G, Schule C, Lorkowski G, et al. Buspirone and
lorazepam in the treatment of generalized anxiety disorder in
outpatients. Psychopharmacology (Berl) 1998;136(4):357–366.

84. Rocca P, Fonzo V, Scotta M, et al. Paroxetine efficacy in the

treatment of generalized anxiety disorder. Acta Psychiatr Scand
1997;95:444–450.

85. Goodman WK. Obsessive-compulsive disorder: diagnosis and
treatment. J Clin Psychiatry 1999;60(suppl 18):27–32.

86. Copland JD, Wolk SI, Klein DF. Anxiety and serotonin 1a
receptor. In: Bloom FE, Kupfer DJ, eds. Psychopharmacology:
the fourth generation of progress. New York: Raven Press, 1995:
1301–1311.

87. Broocks A, Pigott TA, Hill JL, et al. Acute intravenous adminis-
tration of ondansetron and m-CPP, alone and in combination,
in patients with obsessive-compulsive disorder (OCD): behav-
ioral and biological results. Psychiatry Res 1998;79(1):11–20.

88. Pian KL, Westenberg HG, van Megen HJ, et al. Sumatriptan
(5-HT1D receptor agonist) does not exacerbate symptoms in
obsessive-compulsive disorder. Psychopharmacology (Berl) 1998;
140(3):365–370.

89. den Boer JA. Pharmacotherapy of panic disorder: differential
efficacy from a clinical viewpoint. J Clin Psychiatry 1998;
59(suppl 8):30–36; discussion 37–38.

90. Bell CJ, Nutt DJ. Serotonin and panic. Br J Psychiatry 1998;
172:465–471.

91. van Vliet IM, Westenberg HG, den Boer JA. Effects of the 5-
HT1A receptor agonist flesinoxan in panic disorder. Psychophar-
macology (Berl) 1996;127(2):174–180.

92. OtsukaM, Yoshioka K. Neurotransmitter functions of mamma-
lian tachykinins. Physiol Rev 1993;73:229–308.

93. Khawaja AM, Rogers DF. Tachykinins: receptor to effector. Int
J Biochem Biol 1996;28:721–738.

94. Longmore J, Hill RG, Hargreaves RJ. Neurokinin-receptor an-
tagonists: pharmacological tools and therapeutic drugs. Can J
Physiol Pharmacol 1997;75:612–621.

95. Mantyh PW, Gates T, Mantyh CR, et al. Autoradiographic
localization and characterization of tachykinin receptor binding
sites in the rat brain and peripheral tissues. J Neurosci 1989;9:
258–279.

96. Tooney PA, Au GG, Chahl LA. Localization of tachykinin NK1
and NK3 receptors in the human prefrontal and visual cortex.
Neurosci Lett 2000;283:185–188.

97. Culman J, Unger T. Central tachykinins: mediators of defence
reaction and stress reactions. Can J Physiol Pharmacol 1995;73:
885–891.

98. Kramer MS, Cutler N, Feighner J, et al. Distinct mechanism
for antidepressant activity by blockade of central substance P
receptors. Science 1998;281:1640–1645.

99. File SE. Anxiolytic action of a neurokinin 1 receptor antagonist
in the social interaction test. Pharmacol Biochem Behav 1997;
58:747–752.

100. Ribeiro SJ, Teixeira RM, Calixto JB, et al. Tachykinin NK3
receptor involvement in anxiety. Neuropeptides 1999;33:
181–188.

101. Schoepp DD, Jane DE, et al. Pharmacological agents acting at
subtypes of metabotropic glutamate receptors.Neuropharmacol-
ogy 1999;38:1431–1476.

102. Cotman CW, Kahle JS, Miller SE, et al. Excitatory amino acid
neurotransmission. In: Bloom FE, Kupfer DJ, editors. Psycho-
pharmacology: the fourth generation of progress. New York: Raven
Press, 1995:75–85.

103. Meldrum BS. Glutamate as a neurotransmitter in the brain:
review of physiology and pathology. J Nutr 2000;130:
1007S–10015S.

104. Baron BM, Harrison BL, Kehne JH, et al. Pharmacological
characterization of MDL 105,519, an NMDA receptor glycine
site antagonist. Eur J Pharmacol 1997;323:181–192.



Neuropsychopharmacology: The Fifth Generation of Progress1006

105. Kew JN, Koester J, Moreau JL, et al. Functional consequences
of reduction inNMDA receptor glycine affinity in mice carrying
targeted point mutations in the glycine binding site. J Neurosci
2000;20:4037–4049.

106. Monn JA, Valli MJ, Massey SM, et al. Design, synthesis, and
pharmacological characterization of (�)-2–aminobicyclo-
93.1.0)hexane-2,6-dicarboxylic acid (LY354740): a potent, se-
lective, and orally active group 2 metabotropic glutamate recep-
tor agonist possessing anticonvulsant and anxiolytic properties.
J Med Chem 1997;40:528–537.

107. Helton DR, Tizzano JP, Monn JA, et al. Anxiolytic and side-
effect profile of LY354740: a potent, highly selective, orally
active agonist for group II metabotropic glutamate receptors. J
Pharmacol Exp Ther 1998;284:651–660.

108. Klodzinska A, Chojnacka-Wojcik E, Palucha A, et al. Potential
anti-anxiety, anti-addictive effects of LY 354740, a selective
group II glutamate metabotropic receptors agonist in animal
models. Neuropharmacology 1999;38:1831–1839.

109. Shekhar A, Keim SR. LY354740, a potent group II metabo-
tropic glutamate receptor agonist prevents lactate-induced
panic-like response in panic-prone rats. Neuropharmacology
2000;39:1139–1146.

110. Vandergriff J, Rasmussen K. The selective mGlu2/3 receptor
agonist LY354740 attenuates morphine-withdrawal-induced
activation of locus coeruleus neurons and behavioral signs of
morphine withdrawal. Neuropharmacology 1999;38:217–222.

111. Kehne JH, Baron BM, Harrison BL, et al. MDL 100,458 and
MDL 102,288: two potent and selective glycine receptor antag-
onists with different functional profiles. Eur J Pharmacol 1995;
284:109–118.

112. Snell LD, Claffey DJ, et al. Novel structure having antagonist
actions at both the glycine site of the N-methyl-D-aspartate
receptor and neuronal voltage-sensitive sodium channels: bio-
chemical, electrophysiological, and behavioral characterization.
J Pharmacol Exp Ther 2000;292:215–227.

113. Kotlinkska J, Liljequist S. A characterization of anxiolytic-like
actions induced by the novel NMDA/glycine site antagonist,
L-701,324. Psychopharmacology 1998;135:175–181.

Neuropsychopharmacology: The Fifth Generation of Progress. Edited by Kenneth L. Davis, Dennis Charney, Joseph T. Coyle, and
Charles Nemeroff. American College of Neuropsychopharmacology � 2002.

114. Kotlinska J, Liljequist S. The putative AMPA receptor antago-
nist, LY326325, produces anxiolytic-like effects without altering
locomotor activity in rats. Pharmacol Biochem Behav 1998;60:
119–124.

115. Matheus MG, Guimaraes FS. Antagonism of non-NMDA re-
ceptors in the dorsal periaqueductal grey induces anxiolytic ef-
fect in the elevated plus maze. Psychopharmacology 1997;132:
14–18.

116. Sajdyk TJ, Schober DA, et al. Role of corticotropin-releasing
factor and urocortin within the basolateral amygdala of rats in
anxiety and panic responses. Behav Brain Res 1999;100:
207–215.

117. Mutt V, Jorpes E. Hormonal polypeptides of the upper intes-
tine. Biochem J 1971;125:57–58.

118. Hokfel, T, Skirboll L, Everitt B, et al. Distribution of cholecys-
tokinin-like immunoreactivity in the nervous system. Co-exis-
tence with classical neurotransmitters and other neuropeptides.
Ann NY Acad Sci 1985;448:255–274.

119. Emson PC, Rehfield JF, Rossor MN. Distribution of cholecys-
tokinin-like peptides in the human brain. J Neurochem 1982;
38:1177–1179.

120. Moran TH, Robinson PH, et al. Two brain cholecystokinin
receptors: implications for behavioral actions. Brain Res 1986;
362:175–179.

121. Pisegna JR, de Weerth A, Huppi K, et al. Molecular cloning of
the human brain and gastric cholecystokinin receptor: structure,
functional expression and chromosomal localization. Biochem
Biophys Res Commun 1992;189:296–303.

122. Adams JB, Pyke RE, Costa J, et al. A double-blind, placebo-
controlled study of a CCKB receptor antagonist, CI-988, in
patients with generalized anxiety disorder. J Clin Psychopharma-
col 1995;15:428–434.

123. Kramer MS, Cutler NR, Ballenger JC, et al. A placebo-con-
trolled trial of L-365,260, a CCKB antagonist, in panic disorder.
Biol Psychiatry 1995;37:462–466.

124. Pande AC. Lack of efficacy of a cholecystokinin-B antagonist
in anxiety disorders. Biol Psychiatry 1997;42:11–19.


