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Human pharmacology of positive GABA-A subtype-selective
receptor modulators for the treatment of anxiety
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Anxiety disorders arise from disruptions among the highly interconnected circuits that normally serve to process the streams of
potentially threatening stimuli. The resulting imbalance among these circuits can cause a fundamental misinterpretation of neural
sensory information as threatening and can lead to the inappropriate emotional and behavioral responses observed in anxiety
disorders. There is considerable preclinical evidence that the GABAergic system, in general, and its a2- and/or a5-subunit-
containing GABA(A) receptor subtypes, in particular, are involved in the pathophysiology of anxiety disorders. However, the clinical
efficacy of GABA-A a2-selective agonists for the treatment of anxiety disorders has not been unequivocally demonstrated. In this
review, we present several human pharmacological studies that have been performed with the aim of identifying the
pharmacologically active doses/exposure levels of several GABA-A subtype-selective novel compounds with potential anxiolytic
effects. The pharmacological selectivity of novel a2-subtype-selective GABA(A) receptor partial agonists has been demonstrated by
their distinct effect profiles on the neurophysiological and neuropsychological measurements that reflect the functions of multiple
CNS domains compared with those of benzodiazepines, which are nonselective, full GABA(A) agonists. Normalizing the undesired
pharmacodynamic side effects against the desired on-target effects on the saccadic peak velocity is a useful approach for
presenting the pharmacological features of GABA(A)-ergic modulators. Moreover, combining the anxiogenic symptom provocation
paradigm with validated neurophysiological and neuropsychological biomarkers may provide further construct validity for the
clinical effects of novel anxiolytic agents. In addition, the observed drug effects on serum prolactin levels support the use of serum
prolactin levels as a complementary neuroendocrine biomarker to further validate the pharmacodynamic measurements used

during the clinical pharmacological study of novel anxiolytic agents.
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Anxiety is a commonly occurring, negative human emotional state
and is characterized by subjective feelings of worry and fear.
These subjective phenomena are usually accompanied by physical
symptoms, such as increased heart rate, shakiness, fatigue, and
muscle tension, as well as cognitive and behavioral manifesta-
tions. Anxiety can be adaptive if it occurs in response to a threat
and prepares a person to cope with the environment. However,
anxiety becomes pathological when it causes significant personal
distress and impairs everyday functioning. To be diagnosed with
an anxiety disorder, individuals must experience a certain number
of symptoms that are disproportionate to either actual or
imagined environmental threats for at least 6 months [1, 2].
Anxiety disorders are chronic, disabling conditions that impose
enormous costs on both individuals and society [3-6]. These
disorders are prevalent in Western countries and less common in
Asian countries, such as China. According to a recent 3-year, multi-
method study covering 30 European countries, 14% of the total
population (i.e, 514 million people) were suffering from anxiety
disorders [4]. The meta-analysis performed by Guo et al. obtained
pooled current and lifetime prevalence values of 2.4% and 4.1%,

respectively, for anxiety disorders [7]. In the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (DSM 5) [1],
seven anxiety syndromes are classified, including panic disorder,
agoraphobia, social anxiety disorder (SAD), generalized anxiety
disorder (GAD), specific phobias, separation anxiety disorder, and
selective mutism. The etiology of anxiety disorders is multifactorial
and includes genetic factors, to a certain extent, for some
syndromes. In addition, drug withdrawal, substance/medication
(e.g., alcohol, caffeine, and benzodiazepines (BZDs)) abuse and
dependence, occupational exposure to organic solvents, and life
stressors have been associated with the etiology of anxiety
disorders, while endocrine disorders, such as pheochromocytoma
and hyperthyroidism, have been demonstrated to mimic anxiety
disorders. However, despite advances in neuroscience and genetic
research over the past two decades, there are still few genetic or
other biomarkers that can reliably guide the diagnosis of
psychiatric disorders. Thus, a DSM-informed psychiatric diagnosis
is based primarily on self-reports of feelings and experiences by
patients with diverse backgrounds and on the clinicians’ under-
standing of psychiatric terms or observations of behavior [8].
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The phenomenologically based diagnostic classification and the
multifactorial nature of anxiety disorders are expected to affect
the efficacy of the anxiolytic drugs that have been discovered over
the past decades.

Current treatment modalities for anxiety disorders can be
categorized into psychological treatments, such as cognitive
behavioral therapy, in combination with systematic exposure
and relaxation techniques, and pharmacological interventions [2].
The pharmacological interventions can further be divided into
chronic or maintenance treatments and short-term treatments
that induce acute anxiolysis. Monoamine modulating drugs, such
as the selective serotonin reuptake inhibitors (SSRIs) and
serotonin-noradrenaline reuptake inhibitors (SNRIs), are consid-
ered to be the first-line drugs for anxiety disorders primarily
because of their “broad-spectrum” anxiolytic efficacy for both
short-term and long-term therapy and their relatively good
tolerability in terms of side effects and treatment adherence [2].
However, because it is not unusual for treatment response to
occur only after 6 weeks of treatment at a therapeutic dose, the
delayed onset of action for SSRIs and SNRIs remains a major
disadvantage. In fact, the dose-response relationships for most
SSRIs have not been identified in patients with various mental
disorders [9]. When patients do not respond to or are intolerant of
SSRI/SNRI treatment, alternative classes of psychotropic drugs,
such as other antidepressant drugs (e.g., tricyclic antidepressants,
the irreversible monoamine oxidase inhibitor phenelzine), the
anticonvulsant drug pregabalin, antipsychotic drugs (e.g., quetia-
pine), and the anti-histaminergic drug hydroxyzine, are consid-
ered. However, even after treatment with multiple anxiolytic
drugs, up to 40% of patients with anxiety disorders either do not
respond to treatment at all or only respond partially [10]. It is
noteworthy that the comorbidity of mood disorders that is
commonly observed in patients with anxiety disorders prevents
the direct extrapolation of findings from anxiolytic drug trials to
clinical practice and, therefore, interferes with the translation of
pharmacological effects to clinical anxiolysis. This problem
undoubtedly contributes to the high percentage of anxiety
patients that manifest as treatment non-responders.

BZDs are prescribed in many patients with anxiety disorders for
their rapid-onset effectiveness, especially for panic disorder, GAD,
and SAD patients. The use of BZDs should, however, be
minimalized and preferably be reserved for short-term treatments
to mitigate the risks of troublesome sedation, cognitive impair-
ment, and discontinuation symptoms after abrupt withdrawal [11],
following both short-term and long-term treatment, and to avoid
the development of tolerance and dependence with prolonged
use. An obvious unmet clinical need in the pharmacological
treatment of anxiety disorders raises the opportunity for identify-
ing novel pharmacological approaches that demonstrate a rapid
anxiolytic efficacy, which would be superior to existing treatments,
and that lacks tolerance induction, abuse liability, and withdrawal
symptoms.

THE BRAIN CIRCUITRY INVOLVED IN ANXIETY AND THE ROLE
OF GABA IN THE AMYGDALA
On a neurobiological level, anxiety disorders arise from disruption
among the highly interconnected circuits that normally serve to
process the streams of potentially threatening stimuli detected
by the human brain from the outside world. Perturbations
anywhere among these circuits can cause an imbalance in the
entire system, resulting in the fundamental misinterpretation of
neural sensory information as threatening and leading to the
inappropriate emotional and behavioral responses observed in
anxiety disorders [12].

Briefly speaking, anxiety is linked to compromised interactions
among several brain regions: the medial prefrontal cortex (mPFC)
and the ventral hippocampus (vHPC) act in a coordinated fashion
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with the amygdala and the bed nucleus of the stria terminalis
(BNST), forming a distributed network of interconnected structures
that control anxiety in both rodents and humans [13].

The mPFC-amygdala coupling is inversely correlated with self-
reported measures of anxiety or anxious temperament, indicating
that the mPFC functions to actively regulate the amygdala and
that an impaired connection between these two neural structures
may lead to an inadequate response to threatening stimuli. In
contrast, emerging evidence from functional magnetic resonance
imaging supports the idea that the amygdala is the key active
brain region during responses to negative emotional stimuli in
healthy volunteers [14-16]. Patients with anxiety disorders are
prone to increased activation in the amygdala compared with
non-anxious controls in response to a threatening stimulus [17]. In
addition, the successful treatment of anxiety disorders with
cognitive behavioral therapy leads to the extinction of this
observed hyperactivation in the amygdala [18]. These results
suggest that the mPFC functions to regulate the amygdala
function by actively suppressing activity; therefore, a deficiency in
the top-down regulation of the mPFC and the hyperactivation of
the amygdala have been implicated in the pathophysiology of
anxiety-related disorders.

In the amygdala, two groups of nuclei should be noted: the
basolateral amygdala complex (BLA) and the centromedial
amygdala complex, in particular the central nucleus (CeA)
[19, 20]. The BLA receives afferent information regarding
potentially negative emotional signals from the thalamus and
the sensory association cortex. The BLA activates the CeA either
directly, through an excitatory glutamatergic pathway, or indir-
ectly, by activating a relay of inhibitory GABAergic interneurons
that lie between the BLA and the CeA and exert an inhibitory
influence upon the latter [21, 22]. The CeA is the principal efferent
pathway from the amygdala. Inhibitory GABAergic neurons
project from the CeA to the hypothalamus and brainstem; the
activation of these neurons leads to the somatic manifestations of
anxiety [23]. Projections to other basal forebrain nuclei, such as
the ventrotegmental area and the locus coeruleus, may be
involved in the subjective effects that are related to anxiety, such
as apprehension and dysphoria [24]. In addition, neurons from the
BLA also activate cells in the adjacent BNST, which project to the
same areas as the CeA and apparently play a similar role [20, 24].

Animal studies using the elevated plus maze or the open field
suggest that the vHPC-mPFC pathway encodes aspects of the
context relevant to anxiety. Neural synchrony between the vHPC
and the mPFC in the 6-range (4-12Hz) increases while mice
explore the elevated plus maze or the open field compared to a
familiar environment [25]. The experimental suppression of this
pathway, using a local injection of gap junction blockers [13] or
the optogenetic activation of the BLA-vHPC projection [26], has
been shown to reduce anxiety during explorations of the elevated
plus maze and the open field. In addition, evidence from human
neuroimaging studies during negative affective states [27]
indicated the co-activation of the amygdala and the insular
cortex, and the hippocampus and the mPFC were identified as
part of a separately co-activated network that interacts with the
limbic network. In humans, similar to the results observed in
rodents, the activity of the anterior hippocampus (the human
analog of the rodent vHPC) was found to correlate with trait
anxiety [28], suggesting the conservation of the brain structures
regulating anxiety between rodents and humans.

Although the precise roles of each component in the network
are unknown, one hypothesis is that contextual and sensory input
from the mPFC and the vHPC is integrated by the BLA, which then
drives the central nucleus of the amygdala and the BNST. These
two structures, in turn, may activate downstream regions,
contributing to anxiety-related symptoms.

The neurobiological process underlining anxiety disorders
serves as the basis of the search for novel anxiolytic agents.
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Compounds that manipulate this potential pathway may provide
new options for the treatment of anxiety disorders. Moreover,
neuroimaging and neurophysiological measurements that address
the corresponding processes may be used to assess human
responses to drug-mediated target modulation.

THE INVOLVEMENT OF GABA SYSTEM IN THE
PATHOPHYSIOLOGY OF ANXIETY AND ANXIETY DISORDERS
By providing the major source of inhibitory neurotransmission in
the mPFC and the amygdala, GABA exerts a powerful influence on
a range of fear- and anxiety-related behaviors, including fear
extinction [29-33]. GABA(A) receptor agonists contribute to fear
extinction, through the temporary inactivation of the infralimbic
subregion or the BLA (but not the prelimbic cortex) [34, 35].
Infusions of GABA or GABA receptor agonists into the amygdala
were found to reduce measures of fear and anxiety (possibly
related to effects on memory reconsolidation) in several animal
species [36, 37]. With GABA antagonists, however, the infusion of
bicuculline was found to block chlordiazepoxide-induced anxio-
lytic-like activity in rats, and the injection of bicuculline
methiodide into the anterior BLA of rats elicited anxiogenic-like
effects in both the social interaction paradigm and the conflict
paradigm, while the microinjection of bicuculline methiodide into
the central nucleus of the amygdala elicited no changes in
experimental anxiety [38].

In humans, administration of BZDs is translated into anxiolytic
effects by attenuating the activation of the amygdala in
response to negative emotional stimuli [39, 40]. In contrast,
Nutt et al. [41] performed an interesting study, in which they
injected the BZD antagonist flumazenil into 10 patients with
panic disorder and 10 healthy control subjects. Subjective
anxiety responses after flumazenil infusion were significantly
higher in patients with panic disorder than in the controls, and
panic attacks were successfully induced in 8 patients with panic
disorder, while no panic attacks occurred in the controls.
Although these findings have not been replicated [42], they
are regarded as a potential signal for the possible shift of the
“receptor set-point” in panic disorder [41]. Nikolaus et al.
reviewed 14 nuclear neuroimaging (positron emission tomo-
graphy [PET] and single-photon emission computed tomogra-
phy) studies conducted in patients with anxiety disorders (160
patients [mostly GAD patients] vs. 172 healthy controls). They
identified a wide-spread decline in GABA(A) receptor-binding
sites and reduced binding extent throughout the whole
mesolimbocortical system in patients suffering from anxiety
disorders, suggesting the attenuation of physiological central
depression. Disturbances in the downstream dopaminergic and
serotonergic neurotransmission are thought to result, at least in
part, from the diminished tone of GABAergic neurotransmission
[43]. A decrease in the number of cortical GABA neurons and a
reduction in GABA levels were reported in patients with major
depressive disorder (MDD), using proton magnetic resonance
spectroscopy [44]. Considering the frequent comorbidity of
MDD with anxiety states, a shared underlying pathology that
emphasizes the causal contribution of a GABAergic deficit
has been proposed for both anxiety disorders and depression
[45-47]. A similar reduction in the number of GABA(A) receptors
has been observed in patients with panic anxiety and post-
trauma stress disorder. It is noteworthy that the extent of the
GABA(A)-receptor deficit is significantly correlated with the
clinical severity of these two disorders [48-52], suggesting an
“exposure-response” relationship and reinforcing the contribu-
tion of a GABAergic deficit to anxiety status.

In  summary, all of the aforementioned research
findings suggest that GABAergic neurotransmission in the
mPFC-amygdala coupling is a promising target for the modulation
of anxiety-related responses.
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GABA(A) RECEPTOR STRUCTURE, FUNCTION, AND
IMPLICATIONS IN THE PHARMACOTHERAPY OF ANXIETY
DISORDERS

The discovery of the GABA(A) receptor in the 1970s, originally
called the BZD receptor, was essential for elaborating the
mechanism of action of BZDs. It was the recognition of BZD-
sensitive GABA(A) receptor subtypes that widened the field of
GABA pharmacology [53].

GABA(A) receptors belong to the class of ligand-gated ion
channels [54]. The GABA(A) receptors are hetero-pentamers that
traverse the neuronal membrane. To date, a large number of
GABA(A) receptor subtypes have been identified: a1-6, 31-3,
y1-3, 6, p1-3, 6, and m [55]. These subunits construct a cylinder.
The activation of a receptor by GABA leads to a conformational
change in the protein subunits and results in the transient
opening of a pore along the axis of the cylinder, allowing the flow
of chloride ions from one side of the membrane to the other [56].
The pharmacological interaction between BZDs and GABA(A)
receptors occurs at a different site, independent of the GABA-
binding site on the GABA(A) receptor. GABA binds within the two
interfaces between the a and B subunits on the GABA(A) receptor
(Fig. 1). BZDs bind within the interface between the a and y
subunits (Fig. 1), thereby potentiating the GABA-related activation
of the chloride conductance through allosteric modulation [57].

a4 GABA

GABA

» neurosteroids
crd barbiturates

Front view

Vertical view

Fig. 1 The scheme of a GABA-A receptor. Note: benzodiazepines
bind to the interface between subunits o and vy, while endogenous
GABA binds to the interface between subunits a and p. The figure is
adapted from "Richter L, et al. (2012). Diazepam-bound GABAA
receptor models identify new benzodiazepine binding-site ligands.
Nat. Chem. Biol. 8(5):455-464. "and" Uusi-Oukari M and Korpi ER.
Pharmacol Rev. 2010:62 (1):97-135. Regulation of GABA(A) receptor
subunit expression by pharmacological agents
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However, this BZD recognition site does not exist for all a and
y2 subunit combinations. Therefore, although GABA(A) receptors
containing B, y2, and one of the a1, a2, a3, or a5 subunits possess
a binding site for classical BZDs, analogous receptors containing
a4 or a6 subunits do not. The research by Seeburg et al. has
attributed the BZD-sensitivity of al, a2, a3, and a5 subunits to the
histidine residue in a homologous position of their N-terminal
extracellular region, which switches to an arginine residue in the
BZD-insensitive a4 and a6 subunits [58].

Given the evolutionary preservation of the GABA/Gly receptor-
like (GRL) gene sequences in vertebrates [59], the functions of
GABA(A) receptor subtypes have been elucidated in many animal
studies using various methods. The functions of GABA(A) receptor
subtypes were initially investigated in gene knockout mice.
However, a compensatory upregulation of other GABA(A) receptor
subunit genes might be induced by gene knockouts and
confound the functions of the knocked-out gene. Using new
gene-targeting techniques that enable the introduction of specific
point mutations and recognizing that a single amino-acid residue
in the a subunit determines the sensitivity of a GABA(A) receptor
to diazepam, point mutations replacing the histidine with an
arginine in the a1, a2, a3, and a5 subunits was employed in in vivo
animal studies to silence the agonism of BZDs on the a;,35-
containing GABA(A) receptors [60]. This knock-in approach was
used to investigate the pharmacological action of the manipulated
receptor subunit. More recently, the developments of chemoge-
netics and optogenetics have contributed to our understanding of
brain circuits and their functions. However, these techniques are
not designed to identify signal transduction pathways or proteins,
such as specific GABA(A) receptor subtypes, that are naturally
involved in modulating the activity of specific cells. Therefore,
these approaches should complement rather than substitute each
other [61].

Based on various experimental mice models using conditional
mutagenesis, al-containing GABA(A) receptors have been linked
to sedation, amnesia, and anticonvulsant effects [62-64], while
spinal a2/a3 GABA(A) receptors were found to mediate analgesia
[65-67], and a5-containing GABA(A) receptors, which are relatively
specifically expressed in the hippocampus (the central domain for
learning and memory), are associated with cognition [68-73]. The
GABA(A) subtype responsible for the anxiolytic effects of BZDs are
less clear. The involvement of a2 GABA(A) receptors in anxiolysis
was anticipated, given their high expression within the human
amygdala—prefrontal circuitry [74, 75]. Most studies have sug-
gested that the a2, rather than the a3, subtype is related to BZD-
induced anxiolysis [76, 77], while previous pharmacological
studies, using either an a3-selective inverse agonist [78] or an
a3-selective agonist [79], have implicated the a3 subtype. The
conclusions of these articles have been challenged recently by the
findings in triple a-subunit-mutant mice, in which only
one functionally intact BZD-binding a-subunit remains to assess
the subtype-specific effects of diazepam modulation [80]. More-
over, the a3-subtype selectivity of TP003, a so-called a3-specific
agonist, was also questioned by the observed comparable in vitro
efficacy on all subtypes induced by BZDs [81, 82]. Therefore, the
role of a3-containing GABA-A receptors in the control and
modulation of anxiety has not yet been defined. However, there
is growing evidence for the contribution of a5-containing GABA(A)
receptors. A recent study showed that a5-containing GABA(A)
receptors expressed in a small neuronal population in the central
amygdala can regulate anxiety behaviors [83]. Subsequently, this
finding was translated into anxiolytic-like actions mediated by
systemic a5 modulations [80]. It is noteworthy that the behavioral
functions of the a5 subtypes are manifold. However, the undesired
cognition-impairing effect of a5 modulation obscures, to some
extent, the usefulness of an a5-subtype-selective positive mod-
ulator but casts light on the prospect of developing neuronal
population-specific drug delivery techniques.
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To date, none of the known compounds is truly specific for any
one GABA(A) receptor subtype. However, for therapeutic pur-
poses, relative selectivity, rather than absolute specificity, is often
sufficient, and thus, these compounds represent promising
therapeutic avenues. In this review, we present several human
pharmacology studies that were performed to identify the
pharmacologically active doses/exposure levels of several GABA
(A) subtype-selective novel compounds with potential anxiolytic
effects. Because of their relative pharmacological selectivity for the
a2 GABA(A) receptor subtypes, these drugs were expected to elicit
clinical anxiolysis, with fewer sedating effects than BZDs. An
overview of the performance of the selected and validated
pharmacodynamic (PD) measurements [84] has summarized the
utility of these neurophysiological and neuropsychological bio-
markers for use in the early clinical development of novel
anxiolytic drugs by our group. Here we will evaluate the methods
used in this overview and propose some methodological
modulation to that overview [84]. Moreover, the difficulty in
evaluating therapeutic anxiolytic drug effects in healthy volun-
teers has led to further explorations of neuroendocrine biomarkers
and the integration of a stress-challenging procedure into the
evaluations.

NOVEL A2-SUBTYPE-SELECTIVE COMPOUNDS FOR
ANXIOLYSIS

In contrast to other areas of pharmacology, it has been particularly
difficult for medicinal chemists to develop subtype-selective
ligands in the field of GABA(A)ergic receptor modulators [85],
primarily because of the high flexibility among GABA(A) receptors
and the existence of multiple drug-binding sites. In addition, the
distinct subunit composition among the GABA(A) receptor
subtypes, the contributions of distinct subunit sequences to
binding sites of different receptor subtypes, and the fact that even
subunits that are not directly connected to a binding site are able
to influence the affinity and efficacy of drugs contribute to the
unique pharmacology of each GABA(A) receptor subtype [86].

The binding and efficacy profiles of candidate a2-subtype-
selective drugs can be classified as either binding-selectivity or
efficacy-selectivity. A potentially anxiolytic compound with
binding-selectivity is expected to have a higher affinity for a2
than for other subtypes in vitro and, therefore, to have a specific
receptor occupancy and central nervous system (CNS) distribution
in vivo. Although the compound may have comparable efficacy
when bound to any of the four BZD-sensitive GABA(A) receptor
subtypes, its pharmacological selectivity is determined in vivo by
preferential occupancy. An ideal efficacy-selective compound
should have opposite pharmacological interactions at different
subtypes. In other words, it should be an agonist at the a2-
subtype, but an antagonist or inverse agonist at the al and
a5 subtypes. Between these two extreme conditions, there could
be multiple permutations, including a compound that behaves as
a full agonist or a relatively high partial agonist at the a2-subtype
but has weak or no activity at the al and a5 subtypes.

Based on these principles, a number of conceptual GABA(A) a2-
subtype-selective compounds have been identified through
in vitro studies using recombinant human GABA(A) receptors
and advanced into clinical development. Because of their
pharmacological selectivity, these compounds are expected to
have favorable therapeutic effect with fewer sedating or
cognition-impairing effects. Table 1 lists the in vitro pharmacolo-
gical properties of these novel GABAergic compounds, for which
the relative efficacy of maximal potentiation compared to that of a
full GABA, agonist can be attributed to the partial agonism of the
subtype-selective GABA-A compounds.

However, the value of relative efficacy should be interpreted
with caution because they represent the effect potentiation
associated with the highest concentration examined in vitro,
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Table 1. In vitro pharmacological properties of the GABAergic compounds
Compound o o o3 o5

K2 (nM) Efficacy® (%) Ki (nM) Efficacy (%) Ki (nM) Efficacy (%) Ki (nM) Efficacy (%)
TPA023 0.27 0°¢ 0.31 1°¢ 0.19 21°¢ 0.41 5¢
MK-0343 0.22 18° 0.40 23k 0.21 45° 0.23 18°
SL65.1498 17 45¢ 73 1154 80 83¢ 215 48¢
Zolpidem 20 75¢ 400 (d) 78¢ 400 (d) 80° 5000 (d) 9°
AZD7325 0.5 0°¢ 0.3 18¢ 13 15¢ 230 8¢
AZD6280 0.5 0°¢ 21 32¢ 31 34° 1680 7€
NS11821 16 4 9.7 17 3.8 40f 25 41
aK; = constant of receptor subtype binding
bEfﬁcacy relative to chlordiazepoxide, as assessed by whole-cell patch clamp recordings with human recombinant GABA, receptors [86, 94]
“Relative efficacy denoted for each compound represents the positive modulatory effect on membrane current to a GABA EC10-concentration at a 1 uM test
concentration and normalized as a percentage of that produced by a supramaximal concentration (1 uM) of diazepam [81]
“Relative efficacy denotes maximal potentiation compared to diazepam [127]
¢Mean values of three experiments in Xenopus oocytes with human recombinant aB2y2 receptor; efficacy relative to diazepam [128, 129]
fRelative efficacy denotes maximal potentiation compared to diazepam [115]

which is virtually unattainable and thus irrelevant for in vivo
settings. In addition, the control compound used in these tests
was either diazepam or chlordiazepoxide, but the maximum
efficacy of these two standard BZDs differ widely from each other,
which makes it difficult to compare these data across the subtype-
selective compounds.

In addition, the underlying biological process associated with
BZD dependency and addiction has been evaluated through a
receptor subtype-specific approach. The mesolimbic dopamine
(DA) system is critically involved in mediating the reward
properties in response to drugs of abuse [87, 88]. The al-
containing GABA-A receptor subtype has been demonstrated to
mediate BDZ-evoked synaptic plasticity and disinhibition (i.e.,
there is stronger hyperpolarization of the GABA neurons in the
presence of BZDs, while the inhibition of the DA neurons is no
longer observed in in vivo single-unit recordings [89]) in the
ventral tegmental area (a key brain region involved in the
mesolimbic DA pathway). In a self-administration study conducted
in monkeys, the addictive property of L-838417, a positive BZD site
modulator of a2-/a3- and a5-containing GABA-A receptors
(GABAARSs) but an antagonist at al-containing GABA-A receptors,
was compared with those of diazepam, midazolam, and zolpidem
(an al-selective GABA-A receptor agonist). The monkeys were first
trained to self-administer (intravenous administration) the short-
acting barbiturate methohexital and were then offered the
abovementioned four classes of drugs that act at the BZD site
[90, 91]. The monkeys self-administered all four compounds,
suggesting that each of these compounds had reinforcing
properties [90, 91]. However, the breakpoint (i.e.,, the number of
lever presses that was made by the animal to obtain an injection
of drug) was the highest for zolpidem, followed by midazolam,
diazepam, and L-838417. These findings led to the conclusion that
al-containing GABAARs are sufficient, but not necessary, for
mediating the addictive properties of BZDs.

EVALUATION OF HUMAN PHARMACOLOGY

BZDs exert their CNS actions in a concentration-dependent
manner [92]. The anxiolytic, muscle relaxant, amnesic, and
hypnotic effects of BZDs generally appear consecutively, and the
onset and duration of action correlate closely with the pharma-
cokinetic (PK) profiles of these compounds. Based on nonclinical
investigations, using in vitro assays and animal models of anxiety,
the human pharmacology of novel GABAergic agents is
approached through clinical pharmacology studies investigating
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the PKs, receptor occupancy, and PDs of drugs in healthy
volunteers. Direct links have been proposed between plasma
drug concentrations and GABA receptor occupancy [93], as well as
between plasma drug concentrations and the PD measurements
[94-97]. This PK/PD relationship warrants the search for surrogate
biomarkers that can be used in healthy volunteers treated with a
single-dose administration of selective novel GABAergic com-
pound(s).

More than 170 PD tests or test variants have been developed to
assess the CNS effects of BZDs. De Visser et al. [92] analyzed the
inter-study consistency, sensitivity, and pharmacological specifi-
city of the frequently used biomarkers. Saccadic peak velocity
(SPV) and the visual analog scale of alertness (VAS,jertness) Were
identified as the most sensitive parameters for BZDs. Both
measurements showed consistently dose-dependent responses
to a variety of BZDs. Based on these findings and on those of
similar reviews for other drug classes [92, 98-102], the Centre for
Human Drug Research (CHDR) has established a selection of
computerized CNS-PD tests, called NeuroCart [103]. As the most
essential PD tool in the CHDR, the NeuroCart test battery is a
movable cart equipped with an encephalogram, eye movement
test devices, two computers, and the necessary accessories for test
administration and electronic data collection. The NeuroCart test
battery has been implemented in various CHDR studies and has
led to more than 78 publications. The components of this battery
cover a variety of neurophysiological and/or neuropsychological
domains (Table 2). Among this battery of tests, adaptive tracking,
saccadic eye movements, and body sway have been shown to be
sensitive to the sedating effects of sleep deprivation [104], as well
as to the effects of BZDs and other GABAergic hypnotic drugs, in a
dose-dependent manner [95, 97]. The responses of the NeuroCart
measurements to various CNS-acting drugs can be explained as
evidence of the blood-brain barrier penetration of the investi-
gated drugs. In a variety of case studies, this battery also provided
an early glimpse into the desired and/or adverse effects of
compounds on the CNS. In short, these reports indicate that the
human PD approach, using sensitive and CNS-domain-specific
neuropsychological and neurophysiological measures, is useful for
predicting the clinical effects of a drug on the CNS. Inter-species
differences have also noted between humans and rodents or
primates; although a low in vitro efficacy at the al-containing
GABA(A) receptors may not lead to an overtly sedative effect in
experimental animals, it apparently causes sedation in humans at
comparable exposure levels. The following questions remain to be
answered: (1) is a reduction of SPV a promising surrogate marker
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Table 2.

Component tests of the NeuroCart battery and the related CNS domains

NeuroCart test Targeted function

Related CNS domains

Saccadic eye movement Neurophysiologic function

Smooth pursuit Neurophysiologic function
Adaptive tracking Visuo-motor coordination
Body sway Balance
Visual verbal learning test (VVLT)
VAS Bond and Lader

VAS Bowdle

Memory
Alertness, mood, calmness

Feeling high, internal, and external perception

Superior colliculus, substantia nigra, amygdala
Midbrain

Neocortex, basal nuclei, brainstem, cerebellum
Cerebellum, brainstem

Hippocampus

Cortex, prefrontal cortex

Cortex, prefrontal cortex, amygdala

for clinical anxiolysis? (2) Can we differentiate partial agonism
from the full agonism of BZDs using this PD characterization? (3) Is
a selective CNS-PD effect profile a characteristic of the family of
GABA(A) a2-subtype receptor agonists?

DEVELOPMENT OF NOVEL SUBTYPE-SELECTIVE GABAERGIC
ANXIOLYTIC DRUGS

For more than two decades, no mechanistically novel anxiolytic
agents have been approved and marketed for the treatment of
anxiety disorders. This situation may be attributed to the lack of a
solid understanding of the underlying pathophysiology of anxiety
disorders, as well as the insufficiency of the development and
application of valid animal models and their inability to reliably
predict clinical anxiolytic effects in humans [105]. Moreover,
anxiety is a fundamental characteristic for survival, which
evolutionarily has been embedded deeply into the central and
peripheral physiology [106]. The ensuing complexity of pharma-
cological networks refutes the identification of key targets for
treatment of anxiety disorders. In addition, anxiety disorders
actually represent a heterogeneous group of illnesses, and current
diagnostic classifications lack a robust neurobiological basis for
differentiating these anxiety-related phenomena. The changing
diagnostic landscape and the uncertain boundaries between the
various anxiety disorders and mood disorders have introduced
further challenges for drug development [105]. Meanwhile, the
search for novel pharmacotherapies for the treatment of various
anxiety disorders has been driven by a growing medical need,
based on a desire for clinically available drugs with improved
efficacies and/or reduced side-effect profiles [107].

The pharmacotherapeutic pipeline of anxiolytic treatments in
development can be outlined into three major trends: (1) the
exploration of compounds that act on novel targets and that
regulate the underlying neural circuits involved in anxiety
disorders, for which the glutamate, various neuropeptide, and
endocannabinoid systems show particular promise as targets for
future drug development [108-110]; (2) the design of compounds
with an established mechanism of action that are relevant to
anxiety but have undergone pharmacological modifications, for
example, the development of subtype-selective GABA-A-ergic
partial agonists; likewise, the recently marketed multi-target
serotoninergic compounds, such as vortioxetine, vilazodone, and
agomelatine [105], have been shown to be effective as
antidepressant agents, and their efficacy on anxiety disorders
has been shown in a small population of patients; (3) the
repositioning of registered drugs for other indications in the
treatment of anxiety disorders, such as clinical trials investigating
the effects of antipsychotic drugs on anxiety disorders and the
approval of pregabalin by the European Medicines Agency for the
treatment of GAD in 2006 [2, 105].

As the predominant inhibitory neurotransmitter system in the
human brain, the GABAergic system has been implicated in the
pathophysiology of anxiety disorders. Since the serendipitous
discovery of BZDs in the 1950s, they have been widely used for
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anxiolysis, sedation, seizure suppression, and muscle relaxation. In
patients with anxiety disorders, the hypnotic effect of BZDs could
be useful for anxiety-related symptomatology, such as insomnia.
However, for the management of daytime anxiety, such effects are
undesirable. The sedative effects and their ensuing cognition
impairment and the potential for tolerance development and
abuse liability are the major obstacles against the wide and long-
term use of BZDs in the treatment of anxiety disorders. Previous
research conducted in GABA-A receptor subunit knock-in animals
suggested these undesirable effects may be, to some extent,
associated with the pharmacological activities of BZDs on the
GABA(A) receptors containing al and a5 subunits [93-96]. As a
result, novel GABA(A)-ergic al- and a5-subtype sparing partial
agonists, with either disproportional binding affinities or dispro-
portional in vitro efficacies at the BZD-targeted GABA(A)-ergic
receptor subtypes, are expected to separate the anxiolytic effects
from the BZD-induced sedative and cognition-impairing effects.

Across the industry, the most common reason for develop-
mental failure of drugs in phase 2 has been the lack of efficacy
[111]. There are many areas of uncertainty regarding the
translation of preclinical pharmacology data to humans. These
questions cannot be readily answered unless we know whether
the drug actually expressed the intended pharmacology by
modulating its target(s). In the entire process of clinical drug
development, the demonstration of pharmacological effects with
clinically tolerable doses is termed a proof-of-mechanism (POM)
study. Generally speaking, these types of studies should be
comprised of three goals: (1) observing drug exposure at the
target site of action; (2) detecting drug interactions with the
intended drug target; and (3) exploring the effects of the drug on
human biology using biomarker(s). Such an investigational
approach may be especially useful for anxiety disorders because,
in therapeutic exploratory studies in patients, it can be difficult to
achieve a clinically meaningful end point, due to the nature of
subjective assessments, the relatively large sample size, the high
probability of placebo effect, and other ethical or practical issues
[112, 113].

In recent years, a number of early-phase POM studies of six a2
subunit-selective GABA(A) agonists (i.e.,, TPA023, SL65.1498, MK-
0343, AZD7325, AZD6280, and NS11821) evaluated the PKs and
PDs of these novel compounds for at least two dose level,
compared with those of an active control (lorazepam) at its
therapeutic dose and a placebo control [93-96, 114-116]. Table 3
summarizes the clinical developmental status of these novel
compounds. Most of the studies were single-dose, double-blind,
randomized, cross-over phase | clinical trials in healthy volunteers.
Using the NeuroCart test battery [103], a number of validated PD
measurements were taken to address the effects of these drugs on
psychomotor, neurophysiological, and neuroendocrine functions.
Clear distinctions were observed between the effect profile of the
non-subtype-selective full GABA(A) agonist and those of selective
partial GABA(A) agonists. These studies demonstrated compound-
specific effect profiles on neurophysiological function, postural
balance, visuo-motor coordination, cognition, and subjective
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Causes of discontinuation

Unexpected adverse findings in long-term
animal toxicity studies

Sedating effect at potential anxiolytic doses
Unknown

Rationalization of company portfolio

Rationalization of company portfolio

Nonlinear pharmacokinetics

X Chen et al.
Table 3. Summary of the clinical developmental status of novel a2,3 subtype-selective GABA(A)-ergic compounds (according to registration in the
website of www.clinicaltrials.gov)
Compound Developmental phase
TPA023 Halted in phase Il
Showed significant differences from the placebo arm in the pooled analysis for three
prematurely discontinued phase Il studies
MK-0343 Halted in phase |
No proof-of-concept study conducted
SL65.1498  Halted in phase |
No proof-of-concept study conducted
AZD7325  Halted in phase Il
Showed marginally significant superiority over placebo for primary end point
(Hamilton Rating Scale for Anxiety Total Score) and secondary end point (Hospital
Anxiety and Depression Scale for Anxiety Total Score) in GAD patients
AZD6280  Halted in phase |
No proof-of-concept study conducted
NS11821 Halted in phase |
No proof-of-concept study conducted

feelings. Moreover, the concept of pharmacological selectivity was
demonstrated by the relatively dominant effects of these novel
compounds on saccadic eye movements, which measure the
GABA(A) a2-subtype receptor-related PD responses, in comparison
with their minimal or lack of effects on postural stability,
subjective alertness (i.e, measurements reflecting GABA(A) al-
subtype receptor modulation), and cognition (i.e, GABA(A) a5-
subtype-specific effects). In contrast, the effect size of lorazepam-
induced SPV reduction was generally similar to its effect size on
the other non-SPV neurophysiologic biomarkers, indicating a
comparable nonselective interaction with different GABA(A)
receptor subtypes.

Based on our previous experience with another a2-subtype-
selective GABA(A) partial agonist, TPA023, the drug-induced SPV
reduction observed in healthy volunteers could be translated as a
clinical anxiolytic effect in patients with generalized anxiety
disorder [93]. Therefore, similar effect sizes of the evaluated a2
GABA(A) subtype-selective agonists on SPV suggest potentially
efficacious anxiolytic effects that are comparable to that of the
clinically effective dose of the non-subtype-selective GABA(A)
modulator, lorazepam. In addition, the flat concentration-effect
curves of the a2-selective GABA(A)-ergic compounds on sub-
jective alertness, visuo-motor coordination, postural balance, and
cognition, indicate the relatively favorable clinical side-effect
profiles of these drugs compared to those of traditional non-
subtype-selective full GABA(A) agonists, such as lorazepam. Taken
together, these results demonstrate an equipotent a2 GABA(A)
effect in the absence of either al or a5 effects, provide support to
further pursue the clinical development and can potentially guide
future dose selection for studies in both healthy volunteers and
patients with anxiety disorders.

However, because therapeutic efficacy studies are still lacking
for most novel GABA(A)-ergic drugs, their dose equivalence to
2 mg lorazepam is still unknown. Therefore, the lack of effects on
the abovementioned CNS domains cannot be directly interpreted
as an improvement in adverse effects. To resolve this problem,
these PD measurements have been incorporated into an SPV-
normalized regression model. The PD-SPV regression models
established on simultaneously measured PD end points actually
reflect the relative effect profiles of the investigated drug across a
wide range of plasma drug concentrations. The effect size on SPV
was used as the normalizer because SPV has been shown to be
associated with a2 GABA(A) receptor subtype modulation [117].
Interestingly, recent studies [118] have reported the quantitative
correlation between disturbed performance in a saccadic eye
movement paradigm and the severity of various anxiety disorders.
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These results suggest that the measurement of saccadic eye
movements might also serve as a neuropathophysiological
biomarker for the status or severity of anxiety. Moreover, two
additional findings provide indications that saccadic eye move-
ment may also be a predictive biomarker for clinical anxiolytic
effects: (1) TPA023, a previously developed GABA(A) receptor
a2-subtype-selective agonist that induced significant SPV reduc-
tion and minimal sway impairment and no memory change in
single-dose study performed in healthy volunteers [93], has
demonstrated a better-than-placebo anxiolytic effect in its phase
2 proof-of-efficacy studies [83]; and (2) another study performed
by our group with both GABA(A)-ergic and non-GABA anxiolytic
compounds (i.e., alprazolam and pregabalin) showed similar SPV-
depressive effects with single doses of these drugs at their
clinically recommended doses [119].

The previously published pooled data analysis of various GABA
(A) modulators was performed to summarize the common
pharmacological characteristics of these compounds based on
their subtype selectivity [84]. Three a2-selective GABA(A) agonists
(i.e, TPA023, TPACMP2 [i.e, MK-0343], and SL65.1498), one al-
selective GABA(A) agonist (zolpidem), and another full GABA(A)
agonist (alprazolam) were examined through this approach.
Pharmacological selectivity was assessed by determining the
regression lines for the change of a PD end point (APD) versus the
change from baseline for SPV (ASPV). The absolute slopes of the
APD-ASPV relationships were consistently lower with the a2-
selective GABA(A) agonists than with lorazepam, indicating that
their effects on non-SPV PD measurements are less than their
effects on SPV. The ASPV-APD relations of lorazepam were
comparable to those of alprazolam. In contrast, zolpidem, an al-
selective GABA(A) agonist, on average, showed relatively higher
impairments in the al-relevant PD parameters relative to the
effect on SPV. These APD-ASPV findings support the pharmaco-
logical selectivity of the a2-selective GABA(A) agonists, implying
that the clinical anxiolytic effect of these drugs might be
accompanied by a different (less adverse)) side-effect profile for
psychomotor and cognitive functions.

Although none of the first three compounds that were
evaluated with the PD approach have reached the market, the
lessons we learned from their early clinical development are
valuable. The development of SL65.1498 was discontinued due to
unexpected amnestic effects during clinical trials. However, when
the compound was investigated in phase | studies, memory tests
were not included as a PD measure in the study in healthy
volunteers [95]. MK-0343 also displayed an anxioselective profile
in animal models but produced sedation in humans at 1 mg, with
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a low level of receptor occupancy (<10%) [120]. This result had not
been predicted in the human pharmacology study because the
highest dose used was only 0.75 mg [94]. The phase Il studies of
TPA023 were terminated prematurely, despite exhibiting anxiose-
lective activity in GAD patients, due to preclinical toxicity (cataract
formation) in long-term dosing studies [83].

Thereafter, the design of such POM studies has been improved
for the selection of doses and PD measurements. The results of
later studies were informative and affected the decision for the
further clinical development of each specific novel compound: (1)
because 10 mg AZD7235 was associated with 80%-90% receptor
occupancy, the small effect sizes of 2 and 10mg AZD7325
indicated insufficient receptor modulation of the compound at the
investigated doses [114]; (2) for NS11821, the PD effects observed
at the moderate-to-high dose levels in the first-in-human study
helped to identify and select the pharmacologically active doses
for future clinical trials [116]; (3) for AZD6280, the PD effect size on
SPV was similar to that of lorazepam, suggesting potentially
comparative clinical anxiolytic effect, while the ignorable effects of
this compound on body sway, VAS,iertnesss and cognitive tests
were thought to predict a reduced profile of CNS side effects
[115]. This clinical pharmacological profile was considered
promising for further development, and future clinical doses were
likely limited to the range of 10-40 mg. However, the clinical
development of AZD6280 was halted due to the rationalization of
the company portfolio.

Potential peripheral neuroendocrine biomarkers for the effects
of selective and nonselective GABA receptor modulators were also
explored [121]. The effects of two novel a2 subunit-selective GABA
(A) receptor modulators, AZD7325 and AZD6280, on serum
prolactin levels were evaluated in healthy male volunteers and
compared with those of the nonselective GABA(A) modulator
lorazepam. Following the administration of lorazepam at a 2 mg
dose and AZD6280 at 10 and 40mg doses, prolactin levels
increased significantly compared with those of placebo (differ-
ences of 42.0%, 19.8%, and 32.8%, respectively), suggesting that
the 02 receptor subtypes are involved in the GABAergic
modulation of prolactin secretion, although possible roles for
the al and o5 receptor subtypes cannot be excluded. The
increases in prolactin levels after the administration of AZD7325 at
2 and 10 mg doses (differences of 7.6% and 10.5%, respectively)
did not reach significance, suggesting that the doses of AZD7325
or the intrinsic efficacy at the a2 receptor subtype may have been
too low. Compounds with distinguishable modulatory effects
between a2 and al subunit-containing GABA-A receptors may
differ significantly from nonselective BZDs in their effects on
dopaminergic circuits [109]. Thus, the measurement of serum
prolactin levels in healthy male volunteers can be used to evaluate
the effects of a2 subunit-selective GABAergic drugs on the activity
of the tuberoinfundibular dopaminergic pathway compared with
those of lorazepam and placebo. A similar dose-dependency of
the prolactin-enhancing effect was also shown with the BZD
alprazolam [122, 123], indicating a causal relationship between the
drug administration and the increase in the circulating prolactin
level. The increase in prolactin levels suggests that the postulated
stimulatory effect of GABA transmission (by suppressing the
tuberoinfundibular dopaminergic neurons in the hypothalamus)
exceeds the postulated inhibitory effect of GABA transmission
(directly at the anterior pituitary gland). It is noteworthy that the
magnitude of the effect of lorazepam on prolactin levels was
rather small, especially compared to the much more potent
prolactin-elevating effects of DA D2 receptor antagonists (halo-
peridol at a 3 mg dose increases prolactin levels by 130.9% [124]).
Such a small effect size warrants the consideration of a relatively
large sample size for this PD end point, even under a cross-over
study design.

Furthermore, the fear-potentiated-startle (FPS) paradigm was
used to simulate the responses to conditioned and unconditioned
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threats of electronical shock in healthy volunteers [125]. The former
scenario represents fear, whereas the latter is associated with
anxiety. FPS was combined with saccadic and smooth pursuit eye
movement tests, visual analog scales measuring subjective effects,
adaptive tracking, and body sway to evaluate anxiolytic drug effects
on the FPS-stimulated neurophysiological and neuropsychological
responses. The PD effects of two anxiolytic drugs (alprazolam and
pregabalin) and one hypnotic drug (diphenhydramine) were
characterized in the FPS study, and significant improvements in
subjective calmness were observed with the two anxiolytic drugs.
These findings corroborate the sensitivity and specificity of the CNS-
PD measures for single therapeutic doses of GABAergic (alprazolam)
and non-GABAergic (pregabalin) anxiolytic compounds. In fact,
clinically available anxiolytic drugs, such as BZDs or SSRIs, do
not consistently result in significant increases in subjective calmness
in healthy volunteers in stress-free experimental settings.
Therefore, the measurable effects on subjective calmness, as well
as the test procedure modifications with FPS integration, may
warrant the use of stress-challenged subjective measurements and
neurophysiological tests for the simulation of clinical anxiolytic drug
effects.

CONCLUSION

The GABAergic system has been implicated in the pathogenesis of
various anxiety disorders. Clinically effective pharmacological
treatments, such as BZDs, have been demonstrated to target the
GABA(A) receptors, through which they exert acute anxiolytic
effects in anxiety patients. However, the side effects of these
nonselective GABA(A)-ergic compounds, such as sedation, pos-
tural imbalance, or potential abuse, limit their use in clinical
practice. Based on the understanding of the mechanism of action
for BZDs, the emergence of a2-subtype-selective GABA(A)
modulators is expected to provide a novel pharmacological
approach that alleviates anxiety symptoms but spares the
common undesired side effects. Most of these compounds are
still in early clinical development, in which POM studies are usually
performed in healthy volunteers. The findings from our studies
consistently present a similar pattern in the PD effect profiles of
the a2-subtype-selective GABA(A) modulators compared to those
of the nonselective full GABA(A) agonist, lorazepam. The future
application of anxiogenic symptom provocation models that
combine subjective measurements and/or neuroendocrine bio-
marker assays may provide further construct validity for the
clinical anxiolytic effects of a2-subtype-selective GABA(A) mod-
ulators. In addition, these findings are expected to provide
insights into the translation of the preclinical pharmacological
properties of a2-subtype-selective GABA(A)-ergic compounds into
clinical effects in patients with anxiety disorders through human
pharmacology studies.

In summary, the development of novel GABAergic compounds
can be structured, step by step, as shown in the preclinical-to-
clinical translation process depicted in Fig. 2. First, the neurobio-
logical investigation of anxiety and the clinical experience with
BZDs revealed the GABAergic neurotransmission system as a
potential pathway for new drug development. Further, knock-in
animal studies suggested that the pharmacological selectivity of a
ligand for a certain GABA(A) receptor subtype could be achieved,
either through affinity differentiation (i.e., forming or not forming a
receptor-ligand complex) or through efficacy differentiation (i.e.,
eliciting or not eliciting a biological response after binding to the
receptor) [126]. Using '8F-flumazenil as the tracer, a PET study
provided information on the dose-dependency or exposure-
dependency of the in vivo GABA(A) receptor occupancy of the
drug, thereby helping to determine the dose range to be
administered in future clinical development. In a clinical pharma-
cology study, the compound was assessed for its pharmacological
effects and PK exposures within the tolerated dose range, at which
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considerable receptor occupancy can be reached, based on the
findings of the previous neuroimaging study. The observed effects
indicated biological interactions between the ligand and the
targeted receptors. More specifically, in the case of GABA(A)-ergic
novel compounds, the subtype-specific PD biomarkers, in con-
junction with the simultaneously measured plasma drug concen-
trations, allowed the determination of the effect amplitude and
effect potency of GABA(A) receptor subtype modulation elicited by
the investigated drug and the active control and demonstrated the
PK/PD profile distinctions that one would expect between a full
agonist and a partial agonist [115]. In addition, the relationship
among these effects builds a bridge that connects the in vitro
pharmacological activity to the in vivo physiological responses and
supports the concept of pharmacological selectivity for a2-
subtype-selective GABA-A agonists.
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