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Abstract

The y-aminobutyric acid (GABA) system plays a pivotal role in orchestrating the synchronicity of
local networks and the functional coupling of different brain regions. Here we review the impact
of the GABA, receptor subtypes on cognitive and emotional behavior, paying particular attention
to five disease states: cognitive dysfunction and Down syndrome, anxiety disorders, depression,
schizophrenia, and autism. Through the bidirectional modulation of tonic inhibition, as-subunit-
containing GABA, receptors permit the bidirectional modulation of cognitive processes, and a
partial inverse agonist acting at the ag-subunit-containing GABAA receptor is in a clinical trial in
individuals with Down syndrome. With regard to anxiety disorders, the viability of nonsedative
anxiolytics based on the modulation of a,- and a3-subunit-containing GABA receptors has been
established in clinical proof-of-concept trials. Regarding the remaining three disease states, the
GABA hypothesis of depression offers new options for antidepressant drug development,
cognitive symptoms in schizophrenia are attributed to a cortical GABAergic deficit, and
dysfunctional GABAergic inhibition is increasingly understood to contribute to the
pathophysiology of autism spectrum disorders.
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GABA AND COGNITIVE DYSFUNCTIONS

Cogpnition is an umbrella term that covers interrelated mental activities including attention,
learning and memory, understanding, reasoning, social interaction, and goal-directed

operations such as planning and decision making. Cognitive dysfunctions are highly relevant
across psychiatric disorders (Figure 1) (1). In cortical operations, a large diversity of cells
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endows the neuronal circuits with the capacity to perform complex processes. In
hippocampus, for instance, excitatory pyramidal cells encode spatial and other episodic
memories. In these circuits, the relatively uniform pyramidal cells are supported by a rich
diversity of GABAergic interneurons that regulate pyramidal cell activity in a domain-
specific fashion. The somatic domain, the axon initial segment, and the dendrites each
receive distinct GABAergic innervation with independent timing. The interneurons imprint a
spatiotemporal conductance matrix on the pyramidal cells that supports synaptic temporal
dynamics, network oscillations, and the selection of cell assemblies. These spatiotemporal
specializations provide a basis for cognitive behavior (2-4).

GABA Receptors and the Temporal Dynamics of Network Operations

The diversity of GABAergic interneurons is paralleled by a diversity of GABA, receptors
that display structural, functional, and positional specifications geared toward the
requirement of the respective synapse operation. The GABA receptor subtypes are
therefore pharmacological targets that provide opportunities for modulating the
spatiotemporal pattern of network activity. For instance, one population of GABA
interneurons, the fast-spiking parvalbumin (PV)-positive basket cells, release
neurotransmitter at somatic pyramidal cell synapses containing GABA receptors that are
geared toward high-frequency y-range responses: a1-subunit-containing GABAA receptors,
also known as a.qy GABA receptors or simply a4 receptors. In contrast, the cholecystokinin
(CCK)-containing basket cells---which, like the PV-positive interneurons, target the
perisomatic compartment---are not fast spiking and operate with structurally different
receptors: a,- and az-subunit-containing GABAA, receptors, also known as a, and ag
GABA receptors or simply a, and ag receptors. Interneurons that preferentially target
dendritic sites of pyramidal cells, such as Martinotti cells, influence the synaptic input by
affecting input integration, synaptic plasticity, and the generation of calcium spikes. The
output of cortical and hippocampal pyramidal cells can be specifically regulated by axo-
axonic GABA interneurons (Chandelier neurons) operating largely with a,-subunit-
containing receptors. Sir John Eccles famously wrote, “I always think that inhibition is a
sculpturing process. The inhibition, as it were, chisels away at the ... mass of excitatory
action and gives a more specific form to the neuronal performance at every stage of synaptic
relay” (5, p. 92).

Enhancing y Oscillations via Extrasynaptic GABA, Receptors

Extrasynaptic receptors are activated by synaptic spillover and enable neurons to sense low
ambient GABA in order to generate tonic inhibition, which is capable of altering oscillatory
network behavior and cognitive processes (6, 7). Tonic inhibition of cortical neurons (layer
5) and hippocampal CA3 and CA1 pyramidal cells is mediated predominantly by as-
subunit-containing GABAA receptors (also known as a5 GABA receptors or simply asg
receptors) (Figure 2) (8--11). Through their location at the bases of the spines and the
adjacent shafts of the dendrites (12) (Table 1), a5 GABAA receptors are in a privileged
position to modulate the excitatory input arising at the spines via N-methyl-D-aspartate
(NMDA) receptors (7, 13, 14). In neocortex, in addition to extrasynaptic as receptors, some
synaptic ag receptors respond to the input from bitufted interneurons on pyramidal cells
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(15). a5 receptors affect the dynamic range of hippocampal y oscillations (16, 17). Larger-
amplitude -y oscillations have been observed in hippocampal slices from a5~ mice
compared with wild-type mice, with no change in frequency (19, 20). In a5~ mice, no
compensatory upregulation of other a subunits was apparent apart from a residual tonic
inhibition that was attributed to a homeostatic upregulation of 8 GABAA receptors (13). -y
oscillation frequency can also be modulated by extrasynaptic 6 GABA receptors located on
GABA interneurons in CA3 (6). Tonic inhibition is mediated by &-subunit-containing
GABAA receptors (e.g., aspd, agps, or a1ps) in other neuronal cell types such as granule
cells in the dentate gyrus and cerebellum, thalamic relay neurons, neocortical pyramidal
cells, and striatal medium spiny neurons (Table 1) (7). Thus, tonic inhibition, in particular
via a5 GABA receptors, plays a major role in shaping network synchronization (7).

Enhancing Cognitive Behavior by Genetic Targeting of as GABAA
Receptors

A partial knockdown of hippocampal as receptors [in ag(H105R) mice] improved
hippocampus-dependent performance, as shown by trace fear conditioning, appetitive
conditioning, and novel object recognition (19, 20, 20a). Similarly, mice with a full deficit
of ag receptors (a5~ mice) showed improved spatial performance (in the Morris water
maze) and trace fear memory (14, 21). In contrast, performance in delay fear conditioning,
contextual fear conditioning, and two-way avoidance was unaltered (14, 20, 20a, 21), as was
hippocampal long-term potentiation (LTP) (20a, 21) except under specific stimulation
conditions (14). These results put a5 GABAA receptors at center stage as targets for
pharmacological modulation of learning and memory.

Restoring Memory Deficits with as GABA, Receptor Inverse Agonists

In keeping with the results from genetic targeting, partial inverse agonists (also known as
negative allosteric modulators or NAMs) acting at the benzodiazepine site of a ag GABAA
receptor were expected to improve performance in learning and memory (22). L-655708, a
partial inverse agonist with preferential affinity for a5 GABAA receptors, reduced tonic
inhibition, facilitated LTP, induced -y oscillations in CA3, and enhanced performance in the
Morris maze without being proconvulsant (13, 23, 24). It also reduced alcohol consumption
in rhesus monkeys (25). However, the anxiogenic activity of L-655708, presumably due to
its inverse agonistic activity at GABAA, receptors other than ag receptors (see 24 for a
review), prevented its use in humans.

Another partial inverse agonist acting at the a5 GABAA, receptor, aslA, displayed
preferential efficacy at (but not affinity for) as GABAA receptors compared with a1, ay,
and a3 GABA receptors (Figure 2). It enhanced spatial memory (encoding and recall in
the Morris water maze) without anxiogenic activity (24, 26--28). In healthy volunteers,
administration of aslA reduced ethanol-induced amnesia (29). Unfortunately, preclinical
renal toxicity prevented further clinical development. MRK-016, another inverse agonist
acting at the a5 GABA receptor (but with greater intrinsic efficacy than aglA), was poorly
tolerated in the elderly and was not further developed (reviewed in 24).
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The imidazotriazolobenzodiazepine RO4938581 was the first partial inverse agonist with a
highly selective preference in both affinity for and efficacy at a5 GABAA receptors versus
a1, ap, and az GABAA, receptors (30). RO4882224 displayed a similar receptor profile with
slightly less preferential affinity for a5 GABAAp receptors (31). Both compounds enhanced
hippocampal LTP in vitro (24, 31). Behaviorally, both compounds rescued a scopolamine-
induced hippocampus-dependent working memory deficit (delayed matching-to-position
task) as well as a diazepam-induced spatial learning deficit (Morris water maze) in rodents
(30, 31). Cognitive deficits induced by phencyclidine (object recognition, odor
discrimination) were attenuated by RO4938581 (32). Furthermore, in cynomolgus monkeys,
the performance of an object retrieval task, which is thought to require executive functions,
was enhanced by RO4938581 beyond the physiological performance level (30). Most
important, RO4938581 showed no anxiogenic potential (elevated plus maze, social approach
avoidance) in rats and no proconvulsive potential (audiogenic seizures), underlining the
critical importance of subtype selectivity in binding affinity and functional efficacy. A
compound related to RO4938581 was entered into clinical trials in subjects with Down
syndrome (see below). Thus, such agents hold the promise of novel treatments for
neurological and psychiatric disorders involving cognitive dysfunctions and possibly
conditions of hypofrontality such as schizophrenia (33).

Suppressing Memory via as GABA, Receptors

The modulation of memory performance via ag GABA, receptors is bidirectional. Positive
allosteric modulators or an upregulation of as GABAA receptors impaired cognitive
performance (32, 34, 35). Low-dose etomidate increased tonic inhibition, reduced LTP, and
impaired memory performance (spatial memory, contextual fear memory) in wild-type but
not a5~ mice, whereas its sedative/hypnotic properties were retained in s~ mice (34,
36). Etomidate acts at a site independent of the benzodiazepine site of a GABA receptor
(37). Following etomidate anesthesia, a5 GABA receptors may contribute to postoperative
cognitive and memory dysfunction (36).

Increasing the surface expression of a5 GABAA receptors is similarly associated with
memory loss, as seen in acute systemic inflammation (35). Treatment with the inflammatory
cytokine IL-1 or the endotoxin lipopolysaccharide induced memory impairment
(contextual fear memory) in wild-type but not in a5~ mice, whereas hippocampus-
independent cued fear conditioning was unaffected. Interleukin-1p (IL-1pB) increased tonic
inhibition (through a p38 MAP kinase pathway), reduced LTP in CA1, and induced
upregulation of the as-subunit protein level in hippocampus, whereas the subunit levels of
a, and a.q were unaltered or slightly decreased, respectively (35). In addition to the
increased expression of ag GABAA, receptors (35), an increase in the extracellular GABA
level has also been reported in inflammatory states (reviewed in 35).

Attempts to develop agonists that act selectively at the benzodiazepine site of a a5 GABAp
receptor have found limited success so far. The seven-acetylene congener of diazepam, QH-
11-066, which displays moderately preferential affinity for (11-fold versus a4, 6-fold versus
ay and a3) (38) and partial agonistic activity at a5 GABAA receptors (39), impaired
cognitive performance (object recognition) in rats at nonsedative doses (32). However,
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anticonvulsant activity had been reported earlier in the same dose range in mice (39). The
imidazophenylbenzodiazepine SH-053-2"FR-CH3 (also termed SH-053-R-CH3-2'F) is
another as-preferring partial agonist (40) that attenuates burst activity in a cultured
neocortical slice (41) but produces sedation in some species (40). Clearly, more selective
tools would be welcome. For studies in humans, a positron emission tomography ligand is
available for imaging as receptor occupancy (42).

Potential Adjuvant to Cognitive Behavioral Therapy?

Enhancing a5 GABAA receptor functions in hippocampus may potentially contribute to
strategies aimed at erasing previously formed memory in anxiety disorders such as phobias
and posttraumatic stress disorder. Memories for fear-associated cues and context are
reconsolidated in the amygdala and the hippocampus, respectively (43, 44). In animal
models of fear extinction, D-cycloserine, a cognitive enhancer acting as an NMDA receptor
coagonist, enhanced fear extinction in a context-, dose-, and time-dependent manner
(reviewed in 45). This finding was reproduced in humans, whereby administration of D-
cycloserine improved extinction of phobia symptoms in a virtual reality setting (46). It is
tempting to speculate that the same behavioral shift may be achieved by a selective
reduction of tonic hippocampal inhibition through partial inverse agonists of a5 GABAp
receptors.

DOWN SYNDROME

Down Syndrome: Cognitive Impairment Due to Excessive Inhibition

Down syndrome, the most common neurogenetic aneuploidy disorder associated with
mental retardation, is caused by human trisomy 21 with particular impact from Olg1 and
Olg2 genes (47) and occurs in approximately 1 out of 750 births (48--50). The best-
characterized Down syndrome model is the Ts65Dn mouse, which contains an extra
segment of the ortholog mouse chromosome 16 (51). The neural circuit dysfunctions in
Ts65Dn mice include deficits of hippocampal synaptic plasticity [reduced LTP and
increased long-term depression (LTD)], a selective decrease in the number of excitatory
synapses, an increased number of GABA boutons (% area occupied by GAD65, GAD67,
and vesicular GABA transporter), and impaired spatial and recognition memory (Morris
water maze, object recognition) (52--56).

On the synaptic level, both GABAA- and GABARg-receptor-mediated components of evoked
inhibitory postsynaptic currents were significantly increased largely owing to increased
presynaptic GABA release (57). Thus, neuronal plasticity in Ts65Dn mice was thought to be
obstructed by excessive GABA-receptor-mediated inhibition. The same authors reported
that Gad65 immunofluorescence across the dentate gyrus was not different in wild type and
Ts65Dn mice (57), which is in contrast to (56), presumably due to methodological
differences, and that the expression of the hippocampal GABA, receptor subunits (a1, ay,
asz, as, y2), the GABAg receptor subunits (Gbr 1a, Gbr 1b) was not altered as well (57), in
line with presynaptic mechanisms.
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Sustained Cognitive Improvement by Pentylenetetrazole

A first pharmacological attempt to overcome the excessive inhibition thought to obstruct
synaptic plasticity in Ts65Dn mice was the administration of the GABA receptor
antagonist pentylenetetrazole (55). As in wild-type animals (58), low-dose administration of
the noncompetitive GABA receptor antagonist pentylenetetrazole (PTZ) daily for 2 weeks
enhanced learning and memory in Ts65Dn mice. Hippocampal LTP, declarative memory
(novel object recognition), and alternation score performance (T-maze) were normalized
(55), as was spatial cognition (59). Most unexpectedly, hippocampal LTP and improved
performance in novel object recognition were maintained in Ts65Dn mice beyond a 17-day
oral PTZ regimen and corresponded to wild-type levels even after 1 and 2 months,
respectively (55). Due to its potential for seizure induction, PTZ is unsuitable for human
trials.

Cognitive Behavior Restored by aslA, a Partial Inverse Agonist Acting at as GABAp

Receptors

Importantly, the level of a5 GABAA, receptors was unaltered in Ts65Dn mice compared
with euploid controls, as shown by the expression of as and a, subunits in hippocampus
(57, 60). Acute treatment of Ts65Dn mice with a5l A reversed the deficits in spatial
reference learning (Morris water maze) and novel object recognition. In the latter test, the
performance rose to the level of euploid controls, which, under aglA treatment, also showed
enhanced novel object recognition (60). Long-term behavioral effects of aglA were not
investigated.

In the context of the object recognition training (60, 61), the deficit in the activation of
hippocampal immediate early genes in Ts65Dn mice (c-fos, arc) was completely rescued by
acute aslA,; control mice also showed an increase in expression of immediate early genes
under aslA (61). However, in the absence of behavioral stimulation, aglA failed to increase
Fos protein expression (61), suggesting that aslA potentiates evoked neuronal activity and
points to a possible state dependency (cognitive stimulation) of the effect of aglA. Toxicity
prevented the use of aglA in humans with Down syndrome.

Cognitive Behavior Restored by RO4938581: Start of a Clinical Trial

Compared with aglA, RO4938581 shows superior selectivity as a partial inverse agonist of
a5 GABA receptors because it differentiates the a5 GABA receptor from other GABAA
receptor subtypes by both affinity and efficacy (30). Chronic administration of RO4938581
(for 6 weeks) to Ts65Dn mice improved deficits in synaptic plasticity and neurogenesis, as
shown by a reversal of hippocampal LTP deficits and a complete restoration of the number
of precursor cells in the dentate gyrus. In addition, the enhanced density of hippocampal
GABAergic boutons, a hallmark of Ts65Dn pathology, was normalized by R0O4938581 (56).
Behaviorally, RO4938581 rescued the spatial performance of Ts65Dn mice (Morris water
maze) without affecting sensorimotor abilities or motor coordination (rotarod performance
test), spontaneous motor activity, seizure induction, or induction of anxiety (open field test).
On the contrary, RO4938581 showed anxiolytic properties (plus maze) in Ts65Dn and
control mice. In addition, RO4938581 suppressed the hyperactivity found in vehicle-treated
Ts65Dn mice in the open field and the plus maze, and it also suppressed defensive behavior
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Outlook

(56). These results provide evidence for the potential therapeutic use of selective partial
inverse agonists of ag GABA, receptors to reverse the cognitive deficits in individuals with
Down syndrome. RG1662, a compound related to RO4938581, was entered by Hoffmann—
La Roche into clinical trials with the aim of counteracting the cognitive disabilities in
subjects with Down syndrome (search for RG1662 at http://www.clinicaltrials.gov).

A therapeutic effect of RO4938581 would be the first indication that excessive inhibition
impairs synaptic plasticity not only in the Ts65Dn mouse model but also in human subjects
with Down syndrome (62). Furthermore, aged individuals with Down syndrome show a
shared underlying brain pathogenesis with Alzheimer's disease, so RO4938581 may open
therapeutic opportunities for cognitive deficits accompanying other disorders (63, 64).

THE QUEST FOR SELECTIVE ANXIOLYTICS
GABA Receptor Subtypes for Anxiolysis

Benzodiazepines are effective anxiolytic drugs, but side effects such as sedation and
development of withdrawal symptoms limit their long-term use (65). The recognition of
GABA receptor subtypes (Table 1) provided an incentive to search for novel anxiolytics
that retain the rapid and robust antianxiety actions of benzodiazepines while limiting or
avoiding their side effects (62, 66, 67).

The functional distinction of benzodiazepine-sensitive GABAA receptor subtypes (Table 1)
was accomplished through the introduction of a histidine-to-arginine point mutation in each
of the benzodiazepine-sensitive subunits (a1, ay, asz, and asg); this mutation rendered the
corresponding receptors benzodiazepine insensitive. As a first milestone, drug-induced
sedation but not anxiolysis was attributed to a1 receptors in two studies (68, 69). The latter
study (69), however, reported a diazepam-induced locomotor stimulation in a(H101R)
mice. This aberrant behavior was caused by an unintended undue stress exposure of the
animals by performing the anxiolysis test in a novel (instead of a familiar) environment (70).

a, GABA, Receptors Mediate Anxiolysis

Anxiolytic activity was mediated by a, GABAA receptors, as shown in unconditioned tests
(elevated plus maze, light/dark test) (71, 72), in a conditioned emotional response paradigm
(73), and in a fear-potentiated startle paradigm (72). An additional a1-receptor-mediated
contribution of diazepam was recently described (72) but was seen only in the fear-
potentiated startle paradigm.

a3 GABAA Receptors: A Potential Backup System for Anxiolysis

As expected, mice with benzodiazepine-insensitive a3 receptors [i.e., a3z(H126R) mice]
retained the anxiolytic activity of diazepam (71, 72). However, TP003, a full agonist with
relatively selective efficacy at a3 GABAA receptors, also displayed anxiolytic activity (74).
Similarly, in mice containing benzodiazepine-insensitive a, receptors, L-838417, a partial
agonist acting at ap, as, and as receptors, showed anxiolytic activity (fear-potentiated
startle; conditioned emotional response) (69, 73). These results pointed to ag receptors as a
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second anxiolytic target. However, the available data do not provide unambiguous proof of
the involvement of a3 receptors in anxiolysis.

Anxiolytic Distinction Between a.; and a3 GABAp Receptors

The two anxiolytic drug targets (a, and a3 GABA, receptors) respond at different levels of
receptor occupancy. Classical benzodiazepines require a receptor occupancy of 20--25% for
anxiolysis (74, 75), which is mediated by a, receptors (71, 72). In contrast, TP003, a full
agonistic a3 receptor ligand, needed a 75% receptor occupancy to reach its minimal
effective anxiolytic response (74). The a3 receptor is therefore considered a backup
anxiolytic target operating at high receptor occupancy. The low expression of a3 receptors
compared with a., receptors in cortical areas and the amygdala may contribute to the
differential dependence on occupancy observed for the two receptor types. Recently, a3
GABA receptors were shown to mediate tonic inhibition of principal cells in the
basolateral amygdala (BLA) (75a).

Amygdala Fear Circuits and the Vocabulary of GABAA Receptors

Fear is frequently tested in Pavlovian defensive conditioning paradigms. The lateral
amygdala (LA) is responsible for linking a conditioned stimulus (e.g., tone) and
unconditioned stimulus (e.g., foot shock) and thus for forming fear memory (Figure 3)
(76--78). This process requires the formation of LTP of sensory thalamic excitatory synaptic
input onto the LA pyramidal neurons.

Acquisition of Fear in the Amygdala: Attenuation via ap; GABAp Receptors

The LTP of inputs to LA is under strong GABAergic feed-forward control (Figure 4). In the
LA and also in the BLA, synaptic inhibition was largely mediated by a., and a.q receptors
(79), whereas a3 receptors contributed to the tonic inhibition of principal cells in the BLA
but not in the LA (75a). Thus, drugs acting on a, and ag receptors are expected to reduce
the excitability of LA projection neurons, gate LTP, and limit the fear-inducing impact of
conditioned stimuli (reviewed in 81). In the LA, a1 GABAA, receptors are largely expressed
on interneurons. Correspondingly, infusion of an a1 receptor antagonist reduced auditory
fear learning (82).

Fear Expression Through the Amygdala: Suppression via a; GABAa Receptors

The expression of fear-related behavior is governed by the output neurons, located in the
medial subdivision of the central amygdala (CEm). These neurons are normally under tight
inhibitory control by a population of spontaneously active GABAergic neurons located in
the lateral subdivision of the central amygdala (CEI) (Figure 3). Diminishing this inhibitory
tone through aversive stimuli leads to a disinhibition of the CEm output neurons, triggering
the execution of fear and anxiety responses (77, 78). GABAergic inhibition in mouse central
amygdala is carried out exclusively by a, receptors without a significant contribution form
a4 or ag receptors (79, 82). The central amygdala also expresses ag receptors (83) (Table
1). Similarly, in postmortem human amygdala, a; GABA receptors were predominant
throughout, in particular in the central amygdala and basal nucleus. In the lateral nucleus,
some a1 receptors are present, and the a3 receptor is a minor subtype (personal
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communication, J. Song & H. Waldvogel, University of Auckland, New Zealand) (Figure
4). Thus, dampening the output of the central amygdala via ay; GABA, receptors seems to
be a major anxiolytic microcircuit.

Fear Extinction and the Role of GABA, Receptors

Fear extinction, i.e., the repeated presentation of a conditioned stimulus in the absence of an
unconditioned stimulus, is an active learning process. During extinction, cortical neurons, in
conveying the absence of the aversive unconditioned stimulus, are thought to suppress
amygdala output (78, 84). This suppression is achieved largely by activating the GABA
neurons of the intercalated cell cluster that surround the amygdala and innervate the
basolateral and central nuclei (Figure 3). Within hours following fear-extinction training,
the transcripts of GABA receptor subunits (a, and ) were upregulated (83). Because in
both the LA and the central amygdala, a, GABA, receptors play a major role, testing
whether anxiolytics acting on a., receptors may facilitate fear extinction would be of
interest.

Cortical Anxiety Circuit in Conflict Resolution: Role for a, GABAA Receptors

The term anxiety relates to risk assessment of a potential threat and crucially involves
uncertainty as to the expectancy of the threat (85). The pregenual anterior cingulate cortex
(pACC) is linked to cost-benefit value arbitration and communicates the outcome of the
evaluation to other brain areas, including the amygdala, thereby regulating the emotional
response triggered by a conflict situation (86). In a macaque version of an approach-
avoidance decision task (87), researchers identified neurons in the pACC that represented
motivationally positive (P) or negative (N) subjective value (i.e., P for approach, N for
avoidance). Their activity patterns flexibly changed depending on the respective offers
(aversive air-puff or pleasant syrup) in each task. Electrical microstimulation of N-neurons
led to a pessimistic evaluation of future outcome and increased avoidance behavior.

Treatment with diazepam fully blocked the negative biasing of cost-benefit evaluation and
stimulus-induced negative decision making (87). In the mouse, conflict situations are
attenuated by diazepam via ay; GABA receptors (71), which presumably include a,
receptors on cortical pyramidal cells of which the receptors in layer 5 of the cerebral cortex
are key players in associative processes (88). These results are important as they define a
cortical substrate for the ability of a., receptor ligands to reverse a negative biasing of
behavior. This finding may extend to GABAergic treatment of depression, in which negative
biases in cost-benefit evaluations are part of the pathophysiology (62, 89, 90).

Novel GABA Anxiolytics, Validated in Humans

Novel potential anxiolytics developed in recent years targeted the a, and az GABAA
receptors (Table 2), as typified by the triazolopyridazine L-838417, which showed
anxiolytic activity without causing sedation and displayed only minimal dependence liability
(69, 91, 92). Human trials were performed with two analogs of L-838417, TPA023 and
MRK-409, with ocinaplon and with the neurosteroid-linked anxiolytic XBD123 (reviewed
in 62). Most recently, a Phase 1 clinical trial in healthy volunteers with CTP-354 (formerly
C-21191), a new chemical entity based on L-838,417 with selective deuterium integration
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and improved pharmacokinetic parameters (Program No. 338.05/C42. 2011 Neuroscience
Meeting Planner. Washington, DC, Society for Neurosceience, 2011. Online), was
announced(http://www.concertpharma.com/CTP354Phasellnitiation.htm).

TPAO023, a fluoroanalog of L-838417, was anxiolytic in rodents and primates; did not cause
sedation, development of tolerance, or abuse potential (91--95); and acted as a weak partial
agonist at ap and a3 receptors (95). In healthy volunteers, TPA023 (0.5 and 1.5 mg), in
contrast to lorazepam (2 mg), was inactive in tests of sedation (visual alertness), cognition
(word and picture recognition), and posture (body sway) (95). Saccadic eye movement peak
velocity was impaired by TPA023, but latency and accuracy were not. In initial clinical
trials over 4 weeks, TPA023 (MK-0777) was effective in generalized anxiety disorder
(GAD); with an onset of action in the first week, it was associated with a significantly
superior reduction in the Hamilton anxiety rating scale (HAM-A) score compared with
placebo. Due to problems with toxicity in animals, the clinical development of TPA023 was
ultimately discontinued (95).

The triazolopyridazine MRK-409 (also MK-0343) showed only narrow margins of efficacy
between a, and a4 receptors [in vitro relative efficacy of 0.18, 0.23, 0.45, and 0.18 for a4,
ay, ag, and ag receptors, respectively, compared with chlordiazepoxide (1.0)]. MRK-409
was anxiolytic without causing sedation in rodents and nonhuman primates (97). In healthy
volunteers, MRK-409 caused reduced alertness, which was attributed to its interaction with
a4 receptors (95, 97a, 98, 99).

The pyrazolopyrimidine ocinaplon is a low-potency GABA receptor modulator with partial
efficacy at all four receptor subtypes [in vitro relative efficacies of 0.8, 0.5, 0.5, and 0.3 for
aq, ag, ag, and ag receptors, respectively, compared with diazepam (1.0)] (100). However,
there is no reason to assume that the anxiolytic activity of ocinaplon (100, 101) is not
mediated via ay; GABAA receptors. In mice with benzodiazepine-insensitive ay; GABAp
receptors [i.e., a, (H101R) mice], its anxiolytic activity (10 mg/kg p.o.) was absent in the
elevated plus maze test (F. Crestani, personal communication). In two trials in GAD patients
(100, 102), ocinaplon reduced the HAM-A score significantly, with no evidence of the
typical benzodiazepine side effects (101, 102). The 4-week study was terminated early due
to elevation of liver enzymes in one patient (101).

Anxiolysis via Neurosteroids

By activating the transport of cholesterol through mitochondrial membranes, agonists of the
translocator protein (TSPO; formerly known as peripheral benzodiazepine receptor)
stimulate the synthesis of neurosteroids such as allopregnanolone in the brain and thereby
enhance GABA transmission (103, 104). Neurosteroids act preferentially on GABAp
receptors containing a 6 subunit and, pharmacologically, can induce anxiolytic, hypnotic,
and anesthetic effects (105). The TSPO agonist XBD173 was anxiolytic in rodents, an effect
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blocked by the antagonist PK11195 (106). In human volunteers, XBD173 suppressed
CCK4-induced panic anxiety without causing sedation or withdrawal (104, 106). The lack of
clinical efficacy of XBD173 in a Phase Il trial in patients with GAD was attributed to the
disregard of a frequent TSPO polymorphism that strongly affects ligand affinity (107).

Dependence Liability

Dependence liability of classical benzodiazepines is attributed largely to aq GABAA
receptors owing to a disinhibition of ventral tegmental area dopamine neurons. In
a1(H101R) mice, midazolam failed to show oral self-administration (108). In addition, the
aq-preferring ligands zolpidem and zaleplon showed a high dependence liability in self-
administration similar to that of classical benzodiazepine (92, 93, 109). In contrast, TPA023,
a partial agonist of a, and a3 receptorsthat spares a1 receptors, lacked self-administration in
baboons even at full receptor occupancy (95). Recently, in a mouse model of intracranial
self-stimulation (ICSS) that targeted the medial forebrain bundle, zolpidem unexpectedly
failed to enhance reward behavior (i.e., failed to result in a reduction of ICSS threshold),
indicating that a4 receptors are not sufficient for reward enhancement. Diazepam (1--4
mg/kg) enhanced reward (110, 111); this effect was blunted in a1(H101R), a,(H101R), and
a3(H126R) mice, indicating that it is mediated by a1, ap and a3 receptors (111). However,
the type of reward measured in the ICSS model and its variance with the chronic self-
administration models remain to be resolved. Remarkably, eszopiclone, which acts as a
partial agonist at all benzodiazepine-sensitive receptors [preferentially at a, and a3
receptors (112)], has no restriction regarding long-term use as hypnotic (113).

DEPRESSION

Depression and related mood disorders are among the greatest public health problems today.
The US lifetime prevalence of major depressive disorder (MDD) is 17% (124). Symptoms
of depression include depressed mood, a reduced ability to experience reward (anhedonia),
feelings of worthlessness or guilt, poor concentration, indecisiveness, thoughts of death,
suicidal ideation, appetite/weight changes, sleep disturbances, changes in psychomotor
activity, and fatigue (125).

Although the neurobiology of depression has not been fully elucidated, increasing
experimental and clinical evidence points to an association between MDD and GABAergic
deficits (125a). Patients with MDD have reduced central nervous system (CNS) GABA
concentrations (126, 127), which play a prominent role in the neural regulation of stress
(125a). Preclinical evidence suggests that clinically used antidepressants exert their actions
by ultimately counteracting GABAergic deficits (125a). Additionally, GABAergic
neurotransmission plays an important role in hippocampal neurogenesis and neural
maturation, both of which have been established as substrates of antidepressant therapies
(128). Furthermore, mice with a heterozygous deletion of the -y, subunit (y2*/~ mice)
exhibit trait anxiety (129) as well as heightened behavioral inhibition in response to
behavioral despair, as evidenced by increased immobility in the forced swim test (FST) and
in the tail suspension test (TST) (128). Desipramine, but not fluoxetine, normalized these
deficits (130). -y»*/~, mice also have hypothalamic-pituitary-adrenal axis hyperactivity and
antidepressant drug sensitivity reminiscent of melancholic forms of depression (130).
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Additionally, adult hippocampal neurogenesis was reduced in y,*'~ mice (128). In addition,
the antidepressant effect of BDNF is mediated via GABA receptors (130a). These and
other studies led to the “GABAergic deficit hypothesis of major depressive disorder”
proposed by Lischer and colleagues (125a).

With the v, subunit contained in approximately 90% of all GABAA receptors (131), the
question arises as to which receptor subtype(s) as defined by the a subunit may be
mediating the antidepressant-like actions. a., global knockout mice displayed increased
immobility in the FST and TST, indicating a depressive-like phenotype (132). A major
feature of depression is anhedonia, which can be modeled in rodents using the ICSS
paradigm. Mice are implanted with an electrode into the medial forebrain bundle at the level
of the lateral hypothalamus and trained to spin a wheel for rewarding stimulation, so that
frequency-response curves can be constructed (133). Like cocaine, diazepam shifts these
frequency-response curves to the left; i.e., it has a reward-enhancing action (110). In
ap(H101R) and a3(H126R) mice with diazepam-insensitive a, and a3 GABAA, receptors,
respectively, the reward-enhancing effect of diazepam was absent, indicating that a, and a3
GABA receptors are required for the reward-enhancing action of diazepam (111).
Interestingly, in a(H101R) mice, diazepam becomes potentially aversive, as indicated by a
shift of the frequency-response curve to the right (111). As a; GABAA, receptors may have
an important role in antidepressant-like and reward-related behaviors, they may be a target
for antidepressant drugs with a novel mechanism of action. The FST and TST models of
behavioral despair use short-duration (on the order of minutes) stress in normal rodents, and
antidepressants produce a rapid response in these models. In contrast, human depression is
thought to develop in genetically susceptible individuals after chronic environmental stress
exposure, and only chronic administration of antidepressants produces a response. It is
therefore necessary to investigate the role of a,-containing GABA receptors in rodent
protocols involving chronic stress, such as the chronic social defeat paradigm, as well as in
other depression-related tests (134).

In any case, there is already evidence that modulation of GABAA receptors can have
antidepressant effects. Alprazolam and adinazolam elicit antidepressant responses similar to
widely prescribed antidepressants in MDD patients, but within the first two weeks of
treatment (135, 136). Eszopiclone, a positive allosteric modulator (PAM) of GABAA
receptors, is used for the treatment of insomnia. In patients comorbid with MDD and
insomnia, eszopiclone/fluoxetine cotherapy was associated not only with sleep improvement
but also a faster onset of antidepressant response and a greater magnitude of the
antidepressant effect (137). Interestingly, eszopiclone also facilitated the antidepressant
efficacy of fluoxetine in the chronic social defeat mouse model of depression (138). Further
studies---for example, studies using nonsedating a.,/a.z-selective PAMs in animal models of
depression---are expected to further validate the GABA hypothesis of depression.
Potentially, such a,/as-selective PAMs or other related compounds could be fast-acting
antidepressants.
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SCHIZOPHRENIA

AUTISM

Several lines of evidence suggest that inhibitory neurotransmission in the CNS plays
important roles in modulating circuits in the brain that are involved in the manifestation of
symptoms of schizophrenia. A decline in biosynthesis of cortical GABA leads to a
downregulation of GABAergic cortical function in schizophrenia and a compensatory (but
insufficient) upregulation of GABAA, receptors (139). Furthermore, a deficit in the
glutamatergic activation of GABAergic interneurons in the prefrontal cortex, which synapse
on pyramidal neurons at the axon initial segment, results in upregulation of the a., subunit of
the GABA receptor in the axon initial segment (140). In rhesus monkeys, ketamine-
induced working memory deficits were reduced by TPA023 (MK-0777) (141), which is a
partial, ap/az-selective PAM of GABA, receptors [in vitro relative efficacy of 0.11 at a.,
and 0.21 at a3 compared with chlordiazepoxide (1.0); see above and Reference 94].
Furthermore, this compound increased frontal gamma band power during a cognitive task in
patients with schizophrenia (142). Whereas cognitive improvements were either relatively
minor in the study by Lewis et al. (142) or undetectable in a larger study by Buchanan et al.
(143), the relative efficacy of MK-0777 at ap GABAA receptors is only 0.11 compared with
that of chlordiazepoxide (1.0), a full agonist at the benzodiazepine site (94). A compound
with higher efficacy might have greater cognitive effects.

The potential involvement of GABAergic inhibition in sensorimotor gating and cognitive
function is further supported by the finding that a3 global knockout mice and mice with
reduced expression of as in the hippocampus display deficits in prepulse inhibition of
acoustic startle (144, 145). Moreover, the mice with reduced expression of as in the
hippocampus also displayed a latent inhibition deficit (146), indicating a role of ag GABAp
receptors in cognition. In line with these observations, an as-selective PAM, SH-053-2"F-
R-CHS3, applied systemically or directly into the hippocampus reverses dopaminergic
hyperactivation in the methylazoxymethanol acetate (MAM) developmental model of
schizophrenia (147).

The findings cited above would be compatible with a drug acting at a,, as, and ag GABAA
receptors having both antipsychotic (via a3 and as) and cognitive-enhancing (via ay)
effects, without sedative (via a4) side effects. In retrospect, it is striking that the partial,
nonselective PAM bretazenil, originally developed as a nonsedating anxiolytic, was
efficacious as monotherapy in 44% of neuroleptic-free patients with acute episodes of
schizophrenia (148).

In a model that has become increasingly popular, Rubenstein & Merzenich (149) have
postulated that genetic and environmental factors can lead to an increased excitation/
inhibition (E/1) ratio, which may be of pathophysiological relevance for at least some forms
of autism. Optogenetic activation of prefrontal cortical pyramidal neurons not only resulted
in increased spiking but also caused a substantial reduction in information processing in
these cells, a social interaction deficit, and impaired fear conditioning (150). These findings
indicate impaired cognition, providing support for the hypothesis that an increased E/I
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imbalance is sufficient to elicit neuropsychiatric disease-related symptoms. A meta-analysis
revealed that in several mouse models of autism spectrum disorders (ASD), the number of
PV-positive GABAergic interneurons was reduced in the neocortex, suggesting that PV-
circuit disruption may be relevant in the development of ASD (151). For example, in a
Cntnap2'~ mouse model of cortical dysplasia-focal epilepsy, a syndromic form of ASD, the
number of GABAergic interneurons was reduced, and the network activity was abnormal
(152). Evidence that dysfunction of GABAergic neurotransmission is associated with ASD
is increasing. For example, loss of MeCP2 from a subset of GABAergic neurons in the
forebrain results in a reduced inhibitory quantal size and in the recapitulation of many
features of Rett syndrome, indicating that subtle dysfunction of GABAergic neurons
potentially contributes to ASD (153). Furthermore, in Scnla (Nay1.1) heterozygous
knockout mice (i.e., haploinsufficient mice)---which are a model of Dravet's syndrome, also
a syndromic form of ASD---GABAergic neurotransmission is decreased, and mice exhibit
hyperactivity, stereotypies, social interaction deficits, and impaired context-dependent
spatial memory (154). This phenotype is essentially replicated by a heterozygous knockout
of the Scnla gene specifically in GABAergic forebrain neurons, suggesting that dysfunction
of GABAergic neurons is the essential deficit in the global Scnila*/~ mice and potentially
also in patients. Interestingly, a very low dose (0.0625 mg/kg) of clonazepam---a PAM of
GABA receptors containing the a1, ay, as, or ag subunit---completely rescued abnormal
social behaviors and deficits in fear memory (154). At this low dose, clonazepam is not
anxiolytic or sedative (154). Dysfunction of GABAergic neurons may result in upregulation
and/or sensitization of postsynaptic GABA, receptors, which would explain why such low
doses of clonazepam are effective. Which GABA receptor subtypes mediate the
phenotypic rescue observed in the Scnla*/~ mice is unknown. Given the observation that
PV-positive interneurons are reduced in multiple mouse models of ASD, it is tempting to
speculate that a.1-containing GABA receptors might play a role, as synapses between PV-
positive basket cells and principal neurons typically contain ay GABA receptors.
Collectively, the findings cited above support the notion that an elevated E/I imbalance is an
essential factor in the pathophysiology of ASD and that correction of this imbalance may be
a powerful therapeutic strategy. Given the efficacy of the nonspecific GABA receptor
modulator clonazepam in Scnla*/~ mice, knowledge of the GABAA receptor subtype(s) that
correct the autistic-like phenotype would allow for the development of much more specific
compounds with a pharmacological profile different from that of classical benzodiazepines.

Support for the hypothesis that a dysregulated GABA system may play an important role in
the pathophysiology of autism comes from postmortem studies, which found reduced
expression of GABA receptor subunits a4, as, and 1 as well as and GABAg receptor
subunit B4 (155). Furthermore, a recent positron emission tomography (PET) pilot study
points to lower levels of asg GABAA receptors in the brains of patients with ASD (156),
strengthening the emerging connection between deficits in the GABA receptor system and
ASD. The important role of the E/I imbalance in the pathophysiology of ASD suggests that
subtype-selective modulation of GABAA receptors may be a promising novel therapeutic
approach once the functions of individual receptor subtypes in animal models of ASD have
been elucidated.
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CONCLUSION

GABA receptor subtypes offer the promise of a new CNS pharmacology beyond classical
benzodiazepines. The most striking impact comes from the recognition that ag GABAA
receptors modulate cognitive behavior. Partial inverse agonists (i.e., NAMs of the
benzodiazepine site) acting at a receptors overcome deficits in attention, learning, and
memory induced either pharmacologically in rodents or nonhuman primates or genetically in
a murine Down syndrome model. A clinical trial in individuals with Down syndrome has
been initiated. Concerning anxiety circuits, a, (and potentially az) GABA, receptors play a
key role. Despite promising initial trials, an anxiolytic devoid of sedation is still being
awaited. Ligands with selective affinity and efficacy for the a, GABAA receptor subtype
might be needed for a breakthrough. This is the more urgent matter, as ligands of this
receptor subtype are expected also to ameliorate depressive symptoms and impaired
cognitive behavior in schizophrenia. In ASD, attempts to rebalance the increased E/I ratio
also points to a role for enhancing the GABA system. Neurosteroids act preferentially at
benzodiazepine-insensitive GABA receptors. By stimulating the synthesis of neurosteroids,
the drug XBD173 showed antipanic effects in human volunteers. Thus, with an increasingly
subtype-specific pharmacology, the GABA system holds expanding therapeutic potential for
CNS disorders.
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Figurel.
Cognition in psychiatric disorders. A global view of cognition and its disruption in psychiatric disorders. Psychiatric disorders

are associated with complex and disease-specific patterns of cognitive impairment. Abbreviations: ADHD, attention-deficit
hyperactivity disorder; ASD, autism spectrum disorders; LTD, long-term depression; LTP, long-term potentiation; OCD,
obsessive-compulsive disorder; GAD, generalized anxiety disorder; PTSD, posttraumatic stress disorder. Reprinted from
Reference 1 with permission from Macmillan Publishers Ltd.
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a b

a5 GABAA receptor distribution pyramidal cell dendrite

hippocampus

Figure2.
Distribution of ag subunit-containing GABAA receptors. (a)False colour immunohistochemical distribution of the a5 GABAA

receptor in parasagittal sections of adult mice; the enlargement of the hippocampal formation immunohistochemical staining
shows the prominent dendritic localization of the ag subunit (reprinted from Reference 18, Copyright (2002): National Academy
of Sciences, USA). (b) Schematic distribution of GABA receptor subtypes at pyramidal cell dendrites (beige). Phasic inhibition
is mediated via synaptic a, and a3-subunit-containing GABA receptors, whereas as subunit-containing receptors, located at
the bases of dendritic spines and the adjacent dendritic shaft, provide tonic inhibition. Abbreviations: GABA, -y-aminobutyric
acid; NMDA-R, N-methyl-D-aspartate receptor.
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Figure3.
General organization of amygdala circuitry and GABAergic neurons. (a) Scheme of the basic organization and overall flow of

information within the amygdaloid complex. (b) Coronal brain slice stained for the 67-kDa isoform of the GABA-synthesizing

enzyme glutamic acid decarboxylase (GADG67); the distribution of GABAergic neurons across the amygdaloid complex is
illustrated. (c) Simplified scheme of the organization and function of inhibitory interneurons in amygdaloid nuclei. In the LA

and BA, local interneurons are part of feed-forward and feedback circuits, and they control projection neuron output. The [ITCs
and mITCs relay feed-forward inhibition, which may also participate in controlling CEl output. Abbreviations: BA, basal
amygdala; CEl, lateral subdivision of the central amygdala; CEm, medial subdivision of the central amygdala; GABA, -y-

aminobutyric acid; LA, lateral amygdala; IITC, lateral intercalated cell cluster; mITC, medial intercalated cell cluster.
Reproduced from Reference 81 with permission.
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Figure 4.
Inhibitory gating of long-term potentiation (LTP) in the lateral amygdala (LA) in fear acquisition and GABA receptor

distribution. (a) Pyramidal projection neurons in the LA (gray) receive converging thalamic and cortical sensory afferents. LTP
at thalamic and cortical sensory synapses, induced by fear conditioning, is tightly controlled by GABA released from feed-
forward interneurons (IN) (green). At thalamic afferents, this control is predominantly postsynaptic via GABAA receptors. At
cortical afferents, this control is presynaptic via GABARg receptors. The GABA IN are targets of neuromodulators that modify
their output activity and thereby gate the induction of LTP by transiently altering the levels of pre- and postsynaptic inhibitory
drive. By depressing GABA feed-forward inhibition, dopamine and noradrenaline enhance LTP, whereas 5-hydroxytryptamine
(5-HT) reduces LTP. Reproduced from Reference 81 with permission. (b) Immunohistochemical distribution of GABAA
receptor subtypes in the amygdala. In the mouse, the ap-subunit staining is prominent throughout, in particular in the central
nucleus where no a4 subunit immunoreactivity is detectable. Both a4 and a, subunits produce a diffuse labeling of neuropil in
the lateral and basolateral nuclei. The ag subunit is detected in the basolateral nucleus and, to a lesser extent, in the lateral and
central nuclei (75a, 79). Similarly, in human amygdala, a,-subunit staining is prominent throughout and most prevalent in the
central and basal nuclei. a1-Subunit staining was prominent only in the lateral nucleus. Minimal staining for a3 subunits was
apparent throughout the amygdala. Other Abbreviations: AMPA, 1-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid;
GABA, y-aminobutyric acid; NMDA, N-methyl-D-aspartate. Data and image of human amygdala courtesy of J. Song and H.
Waldvogel, Center of Brain Research, University of Auckland, New Zealand.
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Table 2

Ligands of GABAa receptor subtypes

Page 29

Drug Main activity Interaction with recombinant GABA, receptors

Ligands at benzodiazepine sites

Zolpidem Hypnotic Preferential affinity for aq

Zaleplon Hypnotic Preferential affinity for a;

Indiplon Hypnotic Preferential affinity for aq

L-838417 Anxiolytic, antinociceptive Comparable affinity for a, a,, as, and as; partial agonist at
ay, az, and as (Not a4)

Ocinaplon Anxiolytic Comparable affinity for ay, a,, as, and as; partial agonist at
a,, ag, and ag; nearly full agonist at aq

SL651498 Anxiolytic, antinociceptive Agonist at a, and a; partial agonist at a; and as

TPA023 (MK-0777) Anxiolytic Comparable affinity for ay, a,, as, and as; partial agonist at
a,, ag; no efficacy at a; and as

TPA023B Anxiolytic Comparable affinity for ay, a,, as, and as; partial agonist at
ay, ag, and [e ¥

TPA123 Anxiolytic Partial agonist at a1, a,, ag, and as

TP003 Anxiolytic Comparable affinity for ay, a,, as, and as nearly full agonist
at a; acts at high receptor occupancy

ELB 139 Anxiolytic Selective receptor profile uncertain

NS11394 Anxiolytic, antinociceptive Comparable affinity for ay, a,, as, and as; partial agonist at
a, and as; nearly full agonist at ag

azlA Anxiogenic Weak inverse agonist at a3

L-655708 Memory-enhancing Partial inverse agonist with preferential efficacy at as

aslA Memory-enhancing Partial inverse agonist with preferential efficacy at as

R0O4938581 Memory-enhancing Partial inverse agonist with preferential affinity for and
efficacy at as receptors

MRK-016 Memory-enhancing Partial inverse agonist at as receptors

PWZ-029 Memory-enhancing Partial inverse agonist at as receptors

Ligands at modulatory sites other than benzodiazepine sites

Ethanol

Anxiolytic, sedative

High sensitivity (=3 mM) at a.;(ag)B35; medium sensitivity
(=30 mM) at a4(ag); low sensitivity (=100 mM) at
a(ae)Bay2

Neurosteroids (e.g., 3a,5a-THDOC)

Anxiolytic, sedative, anesthetic

High sensitivity at §-subunit-containing receptors and at a.y
and a3 receptors in combination with B, subunit

propofol)

Intravenous anesthetics (etomidate,

Sedative, anesthetic

Act on receptor subtypes containing B, and B3 (etomidate) or
B1, B2, and B3 (propofol); B, receptors mediate sedation,
whereas B3 receptors mediate immobility

Ligands at GABA site

Gaboxadol

Hypnotic, antinociceptive

Partial agonist at a; and a3 subtypes; full agonist at as; and
superagonist at a4B35 receptors

Abbreviation: GABA, y-aminobutyric acid; THDOC, tetrahydrodeoxycorticosterone.

For references, see text and Reference 22.
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