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Brain function is based on an exquisite balance between excitatory and inhibitory neu-
rotransmission. GABAergic neurons provide the major inhibitory control. By controlling
spike timing and sculpting neuronal rhythms they play a key role in regulating behav-
ior. GABAergic neurons are highly diverse and operate with a corresponding diversity of
GABAA receptor subtypes. In this article, the contribution of GABAA receptor deficits to
central nervous system disorders, in particular anxiety disorders, epilepsy, schizophre-
nia and insomnia, is reviewed.
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INTRODUCTION: PATHOPHYSIOLOGY OF THE GABA SYSTEM

When the balance between excitatory and inhibitory activity is shifted phar-
macologically in favor of GABAergic transmission, anxiolysis, sedation, am-
nesia, ataxia, and loss of consciousness can be induced. On the other hand,
an attenuation of the GABAergic system results in arousal, anxiety, rest-
lessness, insomnia, exaggerated reactivity, and even epileptic seizures. These
pharmacological manifestations point to the contribution of inhibitory neu-
rotransmission to the pathophysiology of brain disorders. A GABAergic
deficit is particularly apparent in insomnia, anxiety disorders, epilepsy, and
schizophrenia (1–3). There is also evidence for a genetic susceptibility be-
tween GABAA receptor deficits and disease manifestations including high
levels of anxiety, insomnia, social dysfunction, and depression (4), abnormalities
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in mood disorders (5), and alcohol dependence (6,7). In addition, various familial
epilepsies are linked to mutations of GABAA receptor subunits (3,8).

ANXIETY DISORDERS

Anxiety disorders have a high prevalence and are the most common cause of
medical intervention in primary care (9). The pharmacology of the GABA sys-
tem supports the view that GABAergic dysfunctions are causally related to
symptoms of anxiety. For instance, pentylenetetrazole acts by blocking GABAA

receptor function and produces extreme anxiety, traumatic memories, and ex-
treme avoidance behavior when used clinically (10). Conversely, enhancing
GABAergic transmission (e.g., by benzodiazepines) is a powerful mechanism
to inhibit the experience of anxiety and its aversive reinforcement.

Neuroimaging has given fresh insight into the role of GABAergic inhibition
in anxiety disorders. In a PET study using 11C-flumazenil, a significant global
reduction in flumazenil binding to GABAA receptors was apparent throughout
the brain in patients with panic disorder (11). The greatest decrease observed
occurred in areas thought to be involved in the experience of anxiety such as
the orbitofrontal and temporal cortex. SPET studies using the related radioli-
gand 123I-iomazenil have shown similar decreases in binding (12). A localized
reduction in benzodiazepine binding in the temporal lobe has also been reported
in generalized anxiety disorders (13). Furthermore, using magnetic resonance
spectroscopy decreased cortical levels of GABA were observed in patients with
panic disorders (14). These findings are consistent with the view that at least
some anxiety disorders are linked to a defective GABAergic neuroinhibitory pro-
cess (15). The major elements of signal transduction in the GABAergic synapse
are depicted in Figure 1.

Anxiety in man frequently arises at the interface between a genetic predis-
position and experience. The hypothesis was therefore tested whether a partial
GABAA receptor deficit would be sufficient to generate an anxiety state. The
GABAA receptor deficit seen in patients with anxiety disorders was reproduced
in an animal model (16). The γ2-subunit of the GABAA receptor is known to an-
chor the receptors in the subsynaptic membrane. By reducing the gene dosage
for the γ2-subunit in mice—heterozygosity for the γ2-subunit gene—the synap-
tic clustering of GABAA receptors was reduced. A partial receptor deficit was
apparent throughout most of the brain, including the areas that are known to
be involved in the processing of anxiety responses such as the cerebral cortex,
amygdala, and hippocampus. The animals behaved normally in a wide range
of behavioral tests except when exposed to aversive situations caused by either
natural or conditioned fear stimuli. Under such conditions, enhanced anxiety
responses and a bias for threat cues were observed (16). The bias of the animals
for threat cues was especially significant because this behaviour corresponds
to the cognitive deficit contributing to the inability of anxious individuals to
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8 GABA A Receptors in CNS Disease 733

Figure 1: Scheme of GABAergic synapse, depicting major elements of signal transduction.
The GABAA receptors are heteromeric membrane proteins that are linked, by a
yet-unknown mechanism, to the synaptic anchoring protein gephyrin and the
cytoskeleton (3).

distinguish an ambiguous from a threatening situation (17). Thus, a GABAA

receptor deficit is considered to be a predisposition for anxiety disorders in hu-
mans. Anxiety symptoms are a sensitive manifestation of an impaired GABAer-
gic neurotransmission (2,3,15,16).

EPILEPSY

Epilepsy and GABAA Receptor Mutation
Genetic evidence provided the most direct link of epilepsy to GABAA re-

ceptor dysfunction. A K289M mutation located in the extracellular loop of the
γ2-subunit was associated with generalized epilepsy with febrile seizures (18).
Another mutation in the γ2-subunit of the GABAA receptor was linked to child-
hood absence epilepsy and febrile seizures with a conserved arginine residue
being mutated to glutamine (R43Q) (19). However, because childhood absence
epilepsy is not inherited in a simple Mendelian manner, the latter point mu-
tation is not considered to be sufficient by itself to cause this phenotype. Fur-
thermore, a single nucleotide exchange at the splice donor site of intron 6 of the
γ2-subunit (20), resulting most likely in a nonfunctional allele, was associated
with childhood absence epilepsy and febrile seizures. Finally, a loss of function
mutation of the α1-GABAA receptor (A322D) was found in a family with an
autosomal dominant form of juvenile myoclonic epilepsy (21). The functional
consequence of the γ2-mutations K289M and R43Q are controversial (6).
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Temporal Lobe Epilepsy
In temporal lobe epilepsy, profound changes in GABAA receptor expression

have been observed in patients and animal models (1,22–24). Although the ex-
tensive cell loss in CA1 is accompanied with a loss of GABAA receptors, receptor
staining is increased in the surviving neurons with subtype-specific changes in
their subcellular distribution (25). In a recent mouse model, the cellular patho-
physiology of human temporal lobe epilepsy was largely reproduced (26–28). A
marked increase in α1-, α2-, α5-, and γ2-subunit immunoreactivity was found,
pointing to a potential sprouting of GABAergic axons in the epileptic dentate
gyrus. This finding may represent a potential compensatory response to a major
loss of GABAergic neurons in the epileptic dentate gyrus.

Finally, interictal activity in human temporal lobe epilepsy was associated
with depolarizing GABAergic synaptic events at pyramidal cells (29). Indeed,
under certain circumstances, GABA responses can be depolarising and facilitate
action potential generation (30). The depolarizing GABA response appears to
be due to the very negative resting potential of the particular cells and not due
to a change in chloride gradient (31). These new developments are of major
pharmacological interest because approximately half the antiepileptic drugs
in clinical use are thought to owe their efficacy either totally or partially to
potentiating GABAergic inhibitory effects (3,32).

Absence Epilepsy
Interconnected networks of inhibitory neurons regulate oscillations

throughout the central nervous system. One such network, the thalamic reticu-
lar nucleus (TRN), participates in many thalamocortical oscillations, including
spindles in sleep and spike-wave seizures characteristic of generalized absence
epilepsy. Similar to the generation of sleep spindles, spike-wave seizure may
arise from a well-studied cycle of events, in which TRN neurons inhibit tha-
lamocortical (TC) relay neurons, eliciting rebound bursts mediated by T-type
calcium channels and resulting in reexcitation of TRN. TRN is the source of the
hyperpolarizing input that deinactivates T currents in TC neurons, suggesting
that TRN may be necessary for absence seizures.

The antiabsence drug clonazepam suppresses rhythmic activity in thalamic
and thalamocortical slices. Recently, the locus for the suppression was identi-
fied. Clonazepam acts on TRN neurons containing α3-GABAA receptors as well
as on TC neurons, containing α1-GABAA receptors. It was shown by genetic ma-
nipulation of GABAA receptors (mice with point-mutated diazepam-insensitive
α1- or α3-GABAA receptors) that an enhancement of intra-TRN inhibition was
both necessary and sufficient for clonazepam to suppress evoked oscillations
in thalamic slices. These results elucidate a dynamic mechanism by which in-
hibitory networks control neuronal oscillations and provide a molecular target
for antiabsence drug design (33).
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SCHIZOPHRENIA

GABAergic Deficit in Prefrontal Cortex
Alterations in cortical GABAergic systems have been reported in post-

mortem brain of schizophrenic patients such as reduced uptake and release
of GABA and a reduced activity of glutamic acid decarboxylase. Most conspicu-
ously, the axon terminals of GABAergic chandelier neurons were deficient in the
prefrontal cortex as shown by a 40% decrease of GABA-transporter GAT-1 stain-
ing (34). Chandelier neurons innervate the axon initial segments of pyramidal
cells. Therefore, they are strategically positioned to powerfully regulate the ex-
citatory output of these cells and, consequently, affect the pattern of neuronal
activity in the prefrontal cortex and its projection areas (34). A compensatory
up-regulation of α2-GABAA receptor in the axon initial segment of pyramidal
cells of patients was observed, pointing to a synapse-specific deficit of GABAer-
gic transmission in schizophrenia (35). Altered ratios of subunit splice variants
of GABAA-receptors were also found in prefrontal cortex of schizophrenics (36).
In addition, benzodiazepine receptor inverse agonists are associated with psy-
chotogenic effects (37). Furthermore, in primate brain, D4 dopamine receptors
(a member of the D2 receptor family with a high affinity for clozapine) modu-
late GABAergic interneurons in critical brain areas (cerebral cortex, hippocam-
pus, thalamic reticular nucleus, globus pallidus). Thus, the beneficial effects
of clozapine in schizophrenia may be achieved, in part, through D4-mediated
GABA modulation (38). Finally, GABAergic neurons have been found to be es-
pecially vulnerable to glucocorticoid hormones and to glutamatergic excitotoxi-
city, which may explain the increased number of certain glutamatergic neurons
in, for example, the cingulate gyrus of schizophrenic brains, and this, in con-
junction with a postulated role of stress in the pathogenesis of schizophrenia,
would strengthen the assumption of an important role of a GABAergic deficit
in schizophrenia (39). A deficit in GABAergic inhibitory control is thought to be
a major contribution to the symptomatology of schizophrenia (40). A GABAer-
gic dysfunction that might arise in the course of the disorder may result in
long-lasting and perhaps lifelong sensitivity changes.

Sensorimotor Processing
A potential contribution of GABAA receptor subtypes to the symptomatol-

ogy of schizophrenia was, therefore, investigated with regard to the overac-
tivity of the dopaminergic system, considered to be a major factor in this dis-
ease. The dopaminergic system is under GABAergic inhibitory control mainly
via α3-containing GABAA receptors (41,42). Their functional role was explored
in mice lacking the α3-subunit gene. α3-Knockout mice displayed no adaptive
changes in the expression of α1-, α2-, and α5-subunits, and anxiety-related be-
havior was normal. However, the mice displayed a marked deficit in prepulse



D
ow

nl
oa

de
d 

B
y:

 [E
TH

-B
ib

lio
th

ek
] A

t: 
15

:5
0 

18
 M

ar
ch

 2
00

8 736 H. Möhler

inhibition of the acoustic startle reflex, pointing to a deficit in sensorimotor
information processing (43). This deficit in prepulse inhibition was normalized
by the administration of the antipsychotic D2 receptor antagonist haloperidol,
suggesting that the phenotype is caused by hyperdopaminergia (43). Attenu-
ation of prepulse inhibition is a frequent phenotype of psychiatric conditions
including schizophrenia. These results suggest that α3-selective agonists may
constitute an effective treatment for sensorimotor gating deficits in various psy-
chiatric conditions. This view is supported by the observation that the partial
benzodiazepine site agonist bretazenil in earlier open clinical trials displayed
an antipsychotic activity similar to neuroleptic drugs (44). It is conceivable the
α3-selective agonists would lack the sedative or extrapyramidal side effects of
classical neuroleptics and would thus be valuable therapeutic agents.

The hippocampus is believed to play an important role in the modulation
of prepulse inhibition. In α5(H105R) point-mutated mice, the expression of the
α5-subunit containing GABAA receptors in the hippocampus is reduced (45).
In these animals, prepulse inhibition was attenuated concomitant with an in-
crease in spontaneous locomotor activity (46). Thus, the α5-subunit containing
GABAA receptors, which are located extrasynaptically and are thought to me-
diate tonic inhibition of hippocampal pyramidal cells, are important regulators
of the expression of prepulse inhibition and locomotor exploration. Postmortem
analyses of schizophrenia brains have consistently revealed structural abnor-
malities of developmental origin in the hippocampus (40). Such abnormalities
may include disturbances of α5-GABAA receptor function given that schizophre-
nia patients are known to exhibit a deficit in prepulse inhibition. Thus, agonists
acting on both α3- and α5-GABAA receptors may, therefore, be beneficial in
overcoming this endophenotypic disease manifestation. A selectively enhanced
GABAergic transmission may be instrumental in restoring deficits of neural
synchrony, which reflect disordered perception and cognition in schizophrenia
(47).

SLEEP DISORDERS

The generation of slow-wave sleep is the hallmark of the induction of phys-
iological sleep, based on the enhancement of GABAergic transmission in the
thalamocortical circuit. Conversely, a GABAergic deficit was linked to chronic
insomnia in a patient who was afflicted with a mutation in the β3-GABAA recep-
tor subunit (48). The patient was heterozygous for this mutation. Functional
analysis of recombinant human α1β3(R192H)γ2S GABAA receptors using ultra-
fast perfusion techniques revealed a slower rate of the phase of desensitization
compared with α1β3γ2S GABAA receptors. In addition, current deactivation was
faster in the mutated receptors. These findings raise the possibility of decreased
GABAergic inhibition contributing to insomnia. Finally, the frequent use of
positive allosteric modulators of GABAA receptors, in particular ligands of the
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benzodiazepine site, to promote sleep is further evidence for a link between
GABAergic inhibition and sleep.

The classical benzodiazepine hypnotics induce changes in sleep architecture
(suppression of REM sleep) and EEG frequency profiles (reduction of slow-wave
sleep, increase in fast frequencies) which are largely due to effects mediated
by GABAA receptors others than α1 (49). The enhancement of α2-GABAA re-
ceptors by diazepam appears to have the most pronounced effect on the sleep
EEG. When the α2-GABAA receptors were rendered diazepam-insensitive by
a point mutation [α2(H101R)], the diazepam-induced suppression of δ-waves,
the increase in fast waves in non-REM sleep (>16, Hz), and the diazepam-
induced increase of theta waves in REM sleep were strongly attenuated (50).
Thus, α2-GABAA receptors are major determinants of the diazepam-induced
EEG pattern in wild-type mice. Frequently, sedation is taken as a surrogate
marker for hypnotic action. Benzodiazepine-induced sedation is, however, me-
diated via GABAA circuits containing α1-GABAA receptors. Thus, the hypnotic
effect of diazepam and its corresponding EEG fingerprint can be dissociated
from its sedative action on the molecular and network level. Sedation would
be considered the main characteristic of hypnotics with preferential affinity for
α1-receptors such as zolpidem.

Ideally, a hypnotic drug would be expected to support EEG patterns that
are characteristic of physiological sleep. Benzodiazepine-induced EEG changes
do not correspond to those during physiological sleep. Future hypnotic drugs
may target primarily changes in EEG patterns with the aim of improving sleep
quality. For instance, the GABA-mimetic Gaboxadol (THIP), which interacts
preferentially with α4β3δ-GABAA receptor subtypes in vitro (51,52), enhanced
slow-wave sleep in vivo (53).
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50. Kopp C, Rudolph U, Löw K, Tobler I. Modulation of rhythmic brain activity by
diazepam: GABA(A) receptor subtype and state specificity. Proc Natl Acad Sci USA
2004, 101, 3674–3679.

51. Brown N, Kerby J, Bonnert TP, Whiting PJ, Wafford KA. Pharmacological charac-
terization of a novel cell line expressing human α4β3δ GABAA receptors. Brit J Pharmacol
2002, 136, 965–974.

52. Stornstovu S, Ebert B. Gaboxadol: In vitro interaction studies with benzodiazepines
and ethanol suggest functional selectivity. Eur J Pharmacol 2003, 467, 49–56.

53. Lancel M, Steiger A. Sleep and its modulation by drugs that affect GABAA receptor
function. Ang Chem Int Ed 1999, 111, 2852–2864.


