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GABA

RICHARD W. OLSEN

GABA IS THE MAJOR INHIBITORY
NEUROTRANSMITTER IN THE NERVOUS
SYSTEM

Several amino acids are found in high concentrations in
brain, and some have been established as neurotransmitters.
l-Glutamic acid (glutamate) is the major neurotransmitter
for fast excitatory synaptic transmission, whereas �-amino-
butyric acid (GABA) is the major neurotransmitter for fast
inhibitory synaptic transmission. Glycine is a secondary
rapid inhibitory neurotransmitter, especially in the spinal
cord (1,2). Because of the widespread presence and utiliza-
tion of glutamate and GABA as transmitters, one could say
that they are involved in all functions of the central nervous
system (CNS), as well as in all diseases. At any point in the
CNS, one is either at a cell that uses or responds to gluta-
mate and GABA or no more than one cell removed. Many
clinical conditions including psychiatric disorders appear
to involve an imbalance in excitation and inhibition, and
therapeutics thus involve attempts to restore the balance.
The GABA system is the target of a wide range of drugs
active on the CNS, including anxiolytics, sedative-hypnot-
ics, general anesthetics, and anticonvulsants (3). See the
chapters on GABA in previous editions of this book (1,4).
Since its discovery in the CNS in the early 1950s (5,6),

GABA was shown to fulfill the criteria for establishment as
a neurotransmitter (Fig. 12.1). It is synthesized by a specific
enzyme, l-glutamic acid decarboxylase (GAD), in one step
from l-glutamate. Thus, in addition to its role in protein
synthesis, in cofactors such as folic acid and in hormones
such as thyrotropin-releasing hormone, and its action as a
neurotransmitter itself, glutamate must be available in cer-
tain nerve endings for biosynthesis of GABA. Much of the
glutamate and GABA used as neurotransmitter is derived
from glial storage pools of glutamine (2,6). Two genes for
GAD have been cloned, and the two forms of the enzyme
are proposed to differ in their affinity for the cofactor pyri-
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doxal phosphate and the subcellular localization (7). GABA
was shown to be released from electrically stimulated inhibi-
tory nerve cells (8), and a mechanism of rapid removal from
the synaptic release site was demonstrated by identification
of high-affinity transporter proteins (9,10). The application
of GABA and structural analogues to cells innervated by
GABAergic neurons produces effects on that target cell
identical to those produced by stimulating the inhibitory
innervation (11).

PHYSIOLOGY AND PHARMACOLOGY OF
GABAA, GABAB, AND GABAC RECEPTORS

GABA-mediated synaptic inhibition involves rapid, less
than 100-millisecond, inhibitory postsynaptic potentials
and slower, more than 100-millisecond, inhibitory post-
synaptic potentials. The former were shown by voltage
clamp to involve increased chloride ion permeability and
to be blocked by the plant convulsant drug picrotoxin, as
seen with GABA action in invertebrates, such as crayfish
muscle and nerve preparations (12). The rapid chloride cur-
rent defined a physiologic receptor mechanism termed the
GABAA receptor, also pharmacologically defined by the an-
tagonist bicuculline, as well as picrotoxin, and the agonist
muscimol (Fig. 12.2). Thus, the GABAA receptor is a chlo-
ride channel regulated by GABA binding, and it is now
grouped in the superfamily of ligand-gated ion channel re-
ceptors, which includes the well-characterized nicotinic ace-
tylcholine receptor, present at the skeletal neuromuscular
junction (13,14).
Chloride channel gating is generally inhibitory on a neu-

ron by virtue of stabilizing the membrane potential near
the resting level. However, under conditions of high intra-
cellular chloride, for example, in immature neurons with
low capacity to maintain a chloride gradient, increasing
chloride permeability can depolarize the membrane poten-
tial. This depolarization could be sufficient to fire the cell,
and it would be likely to activate certain voltage-gated ion
channels, including calcium, that can, in turn, regulate
other cellular events. Variable permeability to bicarbonate
ions for some subtypes of GABAA receptor (GABAR) could
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FIGURE 12.1. Schematic GABA synapse. Diagram showing the main features of the GABA syn-
apse. Transporters are indicated by oval symbols, receptors and ion channels by rectangular sym-
bols. A: Transporters: GAT-1, GAT-3, plasma membrane GABA transporters; VGAT, vesicular GABA
transporter. B: Receptors: GABA-A, ionotropic GABA receptor; GABA-B, G-protein–coupled GABA
receptor; KAINATE, presynaptic kainate receptor; MGLUR, metabotropic glutamate receptor. C:
Ion channels: GIRK2, G-protein–coupled inwardly rectifying K� channel; VDCC: voltage-depen-
dent calcium channel. D: Enzymes: GABA-T, GABA transaminase; GAD, glutamic acid decarboxyl-
ase; GS, glutamate synthetase. (Courtesy of O.P. Ottersen; design G. Lothe.)

also play a role in depolarization (15). Such depolarizing
GABAR action has been proposed as an important excita-
tory system in developing brain (16), and it may explain
the well-known trophic action of GABA to promote both
survival and differentiation during development (17).
The slow inhibitory polysynaptic potentials were shown

to be insensitive to GABAA drugs such as bicuculline, but
to be activated by �-chlorophenyl GABA (the antispastic
drug baclofen) and to be mediated by a G-protein–coupled
receptor that increases potassium conductance (18), now
called the GABAB receptor. A further inhibitory GABA re-
sponse was observed in some cells to be ‘‘non-A, non-B,’’
neither bicuculline nor baclofen sensitive and sometimes
called GABAC (19), and generally sensitive to the GABA
analogue cis-aminocrotonic acid. GABAC–type inhibition
was shown to involve a rapid chloride conductance, as with
GABAA receptors; however, it was not only insensitive to
bicuculline, but also not modified by other GABAA drugs,

such as benzodiazepines and anesthetics (19). The eventual
cloning of a retinal-specific subunit cDNA � that produced
bicuculline-insensitive GABA chloride channels appeared to
account for GABAC receptors (20). However, because of
the structural and functional homology with GABAA recep-
tors, the International Union of Pharmacology subcommit-
tee on nomenclature recommended that these � receptors
not be called GABAC receptors, but rather a subtype of
pharmacologically unique GABAA receptors (21).
GABAB receptors were shown to mediate presynaptic

inhibition on some nerve endings and postsynaptic inhibi-
tion on some cell bodies or dendrites. The coupling mecha-
nism depends on the cell location, because several G-pro-
tein–coupled effectors can be used, involving negative
modulation of adenylate kinase and negative modulation of
inositol tris phosphate production. These lead to activation
of potassium channels or inhibition of voltage-gated cal-
cium channels (22). Presynaptic inhibition of GABA release
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FIGURE 12.2. Chemical structures of GABAA receptor drugs.

by GABA involves GABAB autoreceptors, and their activa-
tion would be overall excitatory, as opposed to inhibition
of glutamate release, which would be overall inhibitory.
Considerable effort was therefore expended to determine
whether different GABAB receptors could mediate these
very different functions, possibly allowing the development
of receptor subtype-specific drugs. Although some classic
pharmacology studies supported this hypothesis (18, 22),
it was the long-awaited cloning of the GABAB receptor (23)
that established the true situation. The first receptor exists
as two splice variants, and additional clones for GABAB
receptor subtype genes have been isolated. Surprisingly, the
GABAB receptors appear to exist as heterodimers, previously
unknown for G-protein–coupled receptors. The dimers
produce the diverse pharmacologic specificity for the GABA
site and the diverse coupling mechanisms observed in nature
(24). It seems that the pharmacology of GABAB receptors
is in a very promising infancy.

STRUCTURE AND FUNCTION OF GABAA
RECEPTORS

The GABARs are the major players in CNS function and
relevance to psychopharmacology. These receptors, defined
by pharmacologists using electrophysiologic and other tech-
niques (14,22), were identified in brain homogenates by
radioligand binding (25), and are shown to have the correct
specificity for GABA analogues expected from the neuro-

pharmacology (26,27). The GABAR protein (Fig. 12.3) also
contains binding sites for benzodiazepines, picrotoxin, bar-
biturates, and other anesthetics, all of which allosterically
interact with each other (28). One or more polypeptides of
45 to 60 kd on sodium dodecylsulfate–polyacrylamide gel

FIGURE 12.3. Schematic GABAa receptor structure. The chloride
channel is shown as a pore in the center of five equivalent sub-
units, each with four membrane-spanning domains (see the iso-
lated subunit at the bottom). Because of the existence of subunit
families, many such heteropentamer combinations are possible,
eachwithmultiple drug sites. Ligand sites: GABA: agonists (musci-
mol), antagonists (bicuculline); Benzodiazepine: agonists (fluni-
trazepam), antagonists (flumazenil), inverse agonists (DMCM);
Picrotoxin/Convulsant (TBPS); Barbituate (phenobarbitol); Steroid
(alphaxalone, allopregnanolone); Volatile Anesthetic (halo-
thane). (Modified from Olsen RW, Tobin AJ. Molecular biology
of GABAA receptors. FASEB J 1990;4:1469–1480, with permission.)
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electrophoresis were identified in brain homogenates as con-
stituents of the GABAR by photoaffinity labeling with the
radioactive benzodiazepine flunitrazepam (29,30), and
monoclonal antibodies were developed to the partially puri-
fied bovine receptor, which recognized the photolabeled
peptides using Western blotting (31).
The GABAR proteins were purified using benzodiaze-

pine affinity chromatography (32), which allowed partial
protein sequencing and expression cloning of two receptor
genes (13). GABA-activated currents were demonstrated in
Xenopus oocytes using cDNAs for two polypeptides that
contained the partial sequences within their coded sequence,
and these were designated � and �. At first, these were
thought (incorrectly) to correspond to the two bands seen
in the purified protein (32). These two subunits were related
to each other and also to the nicotinic acetylcholine receptor
family of subunits, a finding indicating a superfamily of
receptor polypeptide genes and a likely heteropentameric
structure (Fig. 12.3) (13,14). These two cDNAs were used
as probes to clone additional family members with more or
less sequence homology to the first two. Those with high
homology were named with the same Greek letter, whereas
those with less homology were given other Greek letters.
The current repertoire involves �1 to 6, �1 to 3, �1 to 3,
�, �, �, �, and �1 to 3 (21). There are also a few splice
variants; for example, �2 exists in two forms differing in an
eight-amino acid insert in the intracellular loop that in-
cludes a substrate serine for protein kinase C (33). All the
subunits are related to each other and have molecular
weights of about 50 kd. The purified receptor protein thus
actually contains about a dozen subunit polypeptides, of
varying amount (6). Hydropathy plots show that they have
a long extracellular N-terminal domain, which has glycosyl-
ation sites and is believed to carry the GABA binding site.
They have four membrane-spanning domains (M1 to M4)
of about 25 residues each, a long intracellular loop between
M3 andM4, and a short extracellular C-terminal tail. These
subunits are arranged as heteropentamers (Fig. 12.3), several
of which are common in nature, but whose expression varies
with both age and brain region. The different receptor sub-
types have biological differences, such as location, affinity
for GABA, and channel properties, as well as pharmacologic
heterogeneity. Most receptors contain two copies of one
type of � subunit, two copies of one type of � subunit, and
a � subunit. Rarely, another subunit (�, �, �) can substitute
for � (30,33). The presence of a � subunit is needed for
benzodiazepine sensitivity, and other subunits affect the de-
tailed specificity. For example, the � subunits define the
benzodiazepine pharmacology, and some subunits �4 and
�6 do not bind classic benzodiazepine agonists; the detailed
pharmacology depends on the small differences in polypep-
tide sequence for the various subunits (6,34–36). Because
of the unique location of receptor subtypes, and thus unique
functions of the circuits involved, great hope for new drugs

of improved pharmacologic profile has been expressed. The
GABAR strategy has certainly not been exhausted.

GABAA RECEPTORS ARE THE SITES OF
ACTION OF BENZODIAZEPINES AND
BARBITURATES

The actions of several classes of CNS depressant drugs had
for some time been suggested to involve enhancement of
inhibitory synaptic transmission. In particular, the anxio-
lytic effects of benzodiazepines were shown probably to re-
sult from potentiation of GABA action (37,38). When the
benzodiazepine receptors were discovered using radioligand
binding to brain homogenates (1,4,39,40), it was quickly
determined that the benzodiazepine binding sites were phys-
ically present on the GABAA receptor–chloride channel
complex (28,41). The various types of drug binding site on
the GABAA receptor allosterically interact with each other in
the test tube. Barbiturates and related sedatives also enhance
GABAA receptor–mediated inhibition, and their pharmaco-
logic spectrum overlaps with that of the benzodiazepines
and related substances, such as zolpidem, zopiclone, and
abecarnil (Fig. 12.4). The selective actions of benzodiaze-
pines not shown by barbiturates or vice versa are believed
to arise from heterogeneity in GABA receptor sensitivity to
the drugs, and corresponding heterogeneity in brain regions,
circuits, and functions. Further, some GABARs are insensi-
tive to benzodiazepines but not to barbiturates, as well as
additional nonoverlapping, nonGABA actions of high
doses, especially barbiturates. In addition, the two classes of
drugs have a different mechanism of action at the molecular
channel level; barbiturates prolong the lifetime of GABA
currents, in addition to gating channels directly at high con-
centrations, whereas benzodiazepines increase the frequency
of opening of GABAR channels and do not directly open
channels in the absence of GABA (3,42).

FIGURE12.4. Chemical structures of drugs active at the benzodi-
azepine site on the GABAA receptor–chloride channel complex.
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The classical benzodiazepines such as diazepam (Valium)
have had a tremendous history in psychopharmacology,
reaching tremendous sales, primarily for clinical anxiety (38,
43–45). Other uses of benzodiazepines include sedation,
muscle relaxation, and a significant utilization for treatment
of panic (1,45). Various structural analogues were developed
by numerous firms, with slight variations in pharmacoki-
netics and other details, and quite a few nonbenzodiazepine
structures were discovered that act at the benzodiazepine
site on the GABAR to enhance GABA-mediated inhibition
(Fig. 12.4) (46). This group includes compounds called �-
carbolines, some of which were isolated from biological tis-
sues (47). However, neither the �-carbolines nor any pep-
tides have been demonstrated to act as biological ligands at
benzodiazepine receptor sites (45). Surprisingly, some �-
carbolines, and indeed, benzodiazepines and other types of
chemical structures active on the benzodiazepine site, were
found to have the opposite pharmacologic efficacy as classic
benzodiazepine ligands such as diazepam; that is, they are
anxiogenic and proconvulsant in animals and inhibit
GABAR function in cells, while binding to the same sites
as agonist benzodiazepine site ligands. These compounds
were given the name inverse agonists (48,49).
Given this spectrum of efficacy, it would be expected

that compounds with true antagonist efficacy would exist,
and these were found, for example, Ro15-1788, or fluma-
zenil (50). This compound does not affect GABAR function
on its own, but it blocks the actions of both agonists to
enhance GABAR function and inverse agonists to inhibit
GABAR function. In animals, it also reverses the pharmaco-
logic actions of both agonists and inverse agonists (50).
Thus, an antagonist can be used to treat overdose of agonist,
or inverse agonist, and it triggers withdrawal in individuals
treated on a long-term basis with agonists (45,51). Fluma-
zenil administration to rats after long-term administration
of diazepam was found to reverse tolerance rapidly and per-
manently, and treated animals showed no long-lasting ef-
fects but resembled treatment-naive animals (52,53). This
finding suggested that benzodiazepine antagonists may be
useful in reversing benzodiazepine dependence and also po-
tentially for other GABAR drugs, such as ethanol. This has
not proved effective so far, however (43,45).
Certain benzodiazepines have considerable success in the

treatment of some types of epilepsy (38). Every emergency
medical cart contains injectable benzodiazepine (diazepam,
clonazepam, lorazepam) for convulsions and status epilep-
ticus. However, long-term therapy of epilepsy with benzodi-
azepines is often prevented by the development of tolerance
to the anticonvulsant actions, without change in blood levels
(54). The development of tolerance to long-term adminis-
tration of benzodiazepines, and also of withdrawal signs (43,
45,55), is consistent with the development of psychological
and physical dependence with these drugs. The potential
for abuse with CNS depressant drugs in general and benzo-
diazepines in particular is well known, as is the interaction

with ethanol. This has led to a considerable drop in prescrip-
tions of these agents for routine anxiety. Because the danger
of fatal overdose with benzodiazepines is lower than that of
ethanol and barbiturates, and because withdrawal symptoms
are less dangerous for benzodiazepines than for alcohol, ben-
zodiazepines reached considerable popularity in treatment
of alcoholism. However, the two drugs show cross-tolerance
and cross-dependence, so substitution of benzodiazepines
for ethanol is merely substituting one addiction for another
(55).
Conversely, an interesting observation was made with

the benzodiazepine partial inverse agonist Ro15-4513. This
compound was found to antagonize the behavioral effects
of ethanol (49), as well as the in vitro action of ethanol to
enhance GABAR function (56). (Ethanol and GABA are
discussed further later.) Moreover, the action of Ro15-4513
to antagonize ethanol occurred under conditions of assay,
such as behavior, tissue, or species, in which Ro15-4513
itself did not exhibit inverse agonist activity or inhibit
GABAR function, nor did it reverse the actions of pentobar-
bital (56–59). Thus, this compound or one like it had po-
tential as an ‘‘alcohol antidote’’ in humans, by reducing
intoxication and perhaps withdrawal and craving. Unfortu-
nately, the ethical decisions involved in prescribing such a
drug were made moot by discovery that Ro15-4513 was
tremorigenic and proconvulsant in nonhuman primates, as
well as other animals (60).
Understanding the mechanism of tolerance development

has been a research topic of high interest, especially for
epilepsy treatment, but also because of the relevance to brain
plasticity. Whereas long-term administration of benzodiaze-
pines may produce tolerance in part by down-regulation of
receptor levels, considerable evidence suggests that receptors
are not removed, but rather are altered in some way to
produce tolerance (61–64). Besides tolerance development
to long-term use of agonist benzodiazepines, sensitization to
the actions of inverse agonists is observed; that is, excitatory
benzodiazepine receptor ligands become more efficacious
(65). This may resemble the kindling process seen with
long-term administration of inverse agonists; that is, re-
peated administration of nonconvulsant doses of inverse ag-
onists eventually leads to convulsions to that dose. This
resembles the electrical kindling model of epilepsy, in which
repeated electrical stimuli with nonconvulsive amplitude
eventually evoke a seizure (66). Thus, long-term administra-
tion of benzodiazepine agonists or inverse agonists may shift
the set point of the GABAR toward the excitatory or lower
functional end of the spectrum (65,67). Dependence on
benzodiazepines and alcohol resulting from long-term ad-
ministration (abuse) may be exacerbated by a kindling-like
development of increased severity of withdrawal symptoms,
with an increased risk of relapse (68). Another aspect of the
tolerance model is the possibility of replacing one type of
GABAR subunit with another that still responds to GABA
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but not to the chronically administered modulatory drug
(69,70).

GABAA RECEPTORS ARE THE TARGETS OF
ALCOHOL, GENERAL ANESTHETICS, AND
NEUROSTEROIDS

Alcohols are CNS depressants with a pharmacologic spec-
trum of action overlapping those of the benzodiazepines
and barbiturates, known to act by enhancement of GABAR.
Long-chain alcohols have anesthetic activity, as does ethanol
at high doses (greater than 100 mM), whereas the intoxicat-
ing effects at lower concentrations (10 to 100 mM) have
been suggested to involve blockade of N-methyl-d-aspartate
(NMDA)–type glutamate receptors (71) or enhancement
of GABAR (72–74). Because the latter effect varies consid-
erably among, for example, laboratories, preparations, as-
says, and brain regions, unique ethanol-sensitive subtypes of
GABAR were suggested, but they have not been established.
Alternatively, and most popular currently, is the hypothesis
that ethanol acts on GABAR indirectly to produce impor-
tant aspects of its pharmacologic actions in cells and in
animals (75). For example, ethanol may interact with mem-
brane signaling proteins that regulate GABAR and NMDA
receptors.
GABAA receptor function appears to be modulated by

an endogenous substance: not a benzodiazepine-like or a
picrotoxin-like peptide, but a barbiturate-like steroid. The
neurosteroids are endogenous steroid hormone metabolites
that have direct and rapid actions on cells not involving
steroid hormone receptors or regulation of gene expression.
Progesterone was shown to produce rapid sedative activity,
a finding that led to the development of the clinical intrave-
nous steroid anesthetic, alphaxalone. Progesterone has anxi-
olytic and anticonvulsant activity; discontinuation after
long-term administration leads to withdrawal signs that are
clearly CNS mediated: these actions are mediated by the
progesterone metabolite, produced primarily in the adrenals
but to some extent in brain, 3�-hydroxy-5-�-pregnane-20-
one (76–78). The neuroactive steroids act principally by
binding directly to membrane GABAA receptors and en-
hancing their function in a manner resembling the barbitu-
rates (79,80).
Many related steroid compounds have been developed

as lead compounds for potential use as antiepileptics, anxio-
lytics, and sedative-hypnotics (81). Whether these com-
pounds are biologically relevant is uncertain, but this is sug-
gested by considerable evidence. Endogenous steroids reach
levels sufficient to modulate GABAA receptors during con-
ditions of stress and anxiety, and during pregnancy (82,83).
These compounds are probably involved in CNS plasticity
responses to chronic stress and possibly epileptogenesis, and
even drug dependence (84,85). The progesterone metabo-

lite is the endogenous steroid that appears to be the most
likely to be biologically relevant, but metabolites of testos-
terone and cortisone are also active (77,81). Pregnenolone
sulfate, a biosynthetic intermediate in the synthesis of all
the steroid hormones, present in high levels in the CNS,
has weak activity as an antagonist of GABA function, but
this appears to involve another mechanism and is unlikely
to be biological (85). Neurosteroid action apparently has
relevance to alcohol action. GABA-active steroids can sub-
stitute for ethanol in discriminative stimulus testing in rats
and monkeys, and neurosteroids are synthesized in brain in
response to ethanol administration and may mediate some
of the pharmacologic actions (86). The neurosteroid-GABA
connection potentially may be fruitful for new applications
in psychopharmacology. As the endogenous functions of
neurosteroids in stress control, seizure protection, attention
and learning, and possibly even sleep, become better deline-
ated, additional therapeutic approaches may arise.
Enhancement of GABAA receptor-mediated inhibition

is currently the major candidate molecular mechanism for
a generalized theory of general anesthesia. Everyone agrees
that the anesthetic action of the steroid alphaxalone occurs
by enhancement of GABAR (84,85), and many investiga-
tors believe that the actions of high-dose ethanol and other
alcohols as anesthetics probably do also (75,87). Further,
the sedative-hypnotic effects, and possibly anesthetic effects,
of barbiturates and related drugs are considered to act
through GABAR (88). Anesthetics are now believed to have
a greater effect on membrane ion channels than on many
other biological systems and to affect synaptic transmission
more potently than nerve conduction. Ligand-gated ion
channels, especially receptors for glutamate, glycine, and
GABA, are most sensitive (89). All general anesthetics en-
hance GABA function at anesthetic concentrations (36,75).
The ketamine-phencyclidine category of dissociative anes-
thetics enhances some GABA synapses, but these agents
probably inhibit NMDA receptors more potently; further,
they produce a different sort of anesthesia (90).
The Meyer-Overton hypothesis shows a high correlation

for many drugs with respect to potency as a general anes-
thetic and partition in an oil-water biphasic system. The
Meyer-Overton correlation has been found wanting, be-
cause of the existence of compounds with identical lipid
solubility (oil-water partition coefficient), boiling point, and
dipole moment, such as halogenated cyclobutane isomers,
that differ in anesthetic potency: only the anesthetic isomers
enhance GABAA receptors (91). Volatile anesthetics and
alcohols (87), as well as intravenous agents such as barbitu-
rates, propofol, neuroactive steroids, and etomidate, are all
able at anesthetic concentrations to modulate GABAA re-
ceptor binding assays in vitro as well as to enhance GABAA
receptor function in cells (36,88).
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GABAA RECEPTORS ARE THE TARGETS OF
MANY CNS EXCITANTS

Many naturally occurring and synthetic convulsive agents
are blockers of GABA-mediated inhibition (46). The proto-
typic GABAA channel blocker picrotoxinin (Fig. 12.2) is
isolated from plants of the moonseed family, Menisperma-
ceae, and its close relatives tutin and coriamyrtin, from the
New Zealand tutu plant Coriaria arborea (92), known as a
loco weed, which causes occasional poisonings in cows and
even in people. A major category of synthetic potent neu-
rotoxic chemicals (93), comprising the cage convulsants,
was discovered to consist of noncompetitive GABAA recep-
tor antagonists acting at the picrotoxinin site (93–95). One
of these drugs, t-butyl bicylcophosphorothionate (Fig.
12.2), is a major research tool used to assay GABA receptors
by radioligand binding (96). Synthetic butyrolactones with
depressant and excitatory actions have also been described
for the picrotoxinin site (97). In addition, this drug target
appears to be the site of action of the experimental convul-
sant pentylenetetrazol (PTZ) and numerous polychlori-
nated hydrocarbon insecticides, including dieldrin, �-endo-
sulfan, and lindane (93). The monoterpenoid thujone is the
active constituent of oil of wormwood, the major ingredient
of the famous green liqueur, absinthe, outlawed in about
1910. Absinthe was reputed to have hallucinogenic action
and to be an inspiration for fin de siècle French artists and
poets (92). Oil of wormwood has a history as a medicinal
herb for treating intestinal worms and killing insects, and
thujone is known to cause convulsions in high doses; thu-
jone was demonstrated to be a GABAA receptor channel
blocker like picrotoxinin (98). It remains anecdotal whether
thujone/wormwood/absinthe produces psychic actions ad-
ditional to those of the ethanol in the liqueur.
GABA-blocking agents thus have potential pharmaco-

logic utility as excitants. Although at one time listed in the
Merck Index and in pharmacology textbooks as a ‘‘barbitu-
rate overdose antidote,’’ picrotoxin is too dangerous as a
convulsant to attempt to find an appropriate dose in the
clinic. PTZ and related agents are known to show anxiogen-
esis in low doses, but also proabsence seizures. An alerting,
attention-activation mechanism may figure to promote
learning and memory in certain tasks, that is, nootropism.
Partial inverse agonists at the benzodiazepine site, such as
Ro15-4513, have been considered as candidates for memory
enhancement (38,99), as well as for actions as antagonists
and possible anticraving, antiwithdrawal agents for the
treatment of addiction to benzodiazepines, alcohol, and
many other drugs of abuse, as discussed earlier (1,60,69).

GENETIC ENGINEERING AND
PSYCHOPHARMACOLOGY

Gene targeting and transgenic mice have demonstrated sev-
eral important roles for GABA in the CNS. Knockouts of

both GAD67 and GABAA receptor subunit �3 lead to cleft
palate and early neonatal lethality (100–102). GAD65
knockout mice show increased anxiety, increased sensitivity
to benzodiazepines, and impaired developmental plasticity
in the cortex (103,104). Epilepsy results from knockout
of GAD65, GABAR �3, and GABAR � subunit. Other
phenotypic deficits include motor incoordination, move-
ment disorders, cognitive defects, and other CNS circuitry
problems resulting from lack of inhibitory synaptic trans-
mission. In particular, the GABAR �3 subunit is implicated
in the human genetic disease Angelman syndrome, associ-
ated with mutation in maternal chromosome 15q and typi-
fied by severe mental retardation, epilepsy, motor incoordi-
nation, and sleep disorder (105). Mice targeted for this
subunit have a phenotype remarkably similar to Angelman
syndrome, especially the epilepsy, but also including the
cognitive, motor, and sleep impairment (106).
The �2 subunit knockout shows early neonatal lethality

(107), without cleft palate, involving impaired clustering of
GABAA receptors at synapses (108). Even heterozygotes,
with presumably a partial deficit of �2-containing GABAR,
have impaired synapses and overanxious and paranoid be-
havior (109). Because GABARs are important drug targets,
some GABAR subunit knockout mice have impaired sensi-
tivity to drugs, such as decreased response to benzodiaze-
pines in �2 homozygous knockouts (107). Increased re-
sponse to benzodiazepines is seen in �2 heterozygous
knockouts or in �2L null mutants (109, 110). Reduced
sensitivity to anesthetics was seen in �3 but not �6 knock-
outs (102), and reduced sensitivity to neuroactive steroids
is observed in the � subunit knockout (111). This finding
may be interesting in light of the apparent biological role
of the neurosteroids in normal CNS. Gene targeting in mice
also has been employed to ‘‘knock in’’ a mutation of the �1
subunit H101N, which prevents benzodiazepine binding to
GABAR containing this subunit (112). The resulting ani-
mals have greatly impaired sensitivity to the sedative but
not the anxiolytic actions of the benzodiazepines, whereas
anticonvulsant activity is partially reduced. This finding in-
dicates that the subtypes of GABAR containing the �1 sub-
unit and the brain circuits in which they function are the
substrates for benzodiazepine-stimulated sedation, whereas
other GABARs, containing �2, �3, and �5, with �2 the
most abundant and the major candidate, subserve specifi-
cally the role of GABARs in anxiety pathways sensitive to
benzodiazepine therapy. (The observations of Rudolph et
al., 1999 (112) were verified by McKernan et al., 2000
(113) for the role of the �1 subunit in the sedative actions
of benzodiazepines, and extended by Low et al., 2000 (114)
for the role of the �2 subunit in the anxiolytic actions of
benzodiazepines.) Thus, new biotechnology applied to drug
development is continuing to make new advances in psy-
chopharmacology based on this now relatively ‘‘old’’ or at
least well-known neurotransmitter system, GABA.
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