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The role of y-aminobutyric acid (GABA) as an inhibi- 
tory neurotr~smitter in the rn~rn~i~ central nerv- 
ous system is well established and has been the subject 
of numerous comprehensive reviews. The aim of this 
commentary is to speculate on likely developments 
concerning GABA agonists and antagonists. 

Many substances inhibit the firing of central neu- 
rones. In order to characterise an inhibitory action as 
likely to be the result of activation of GABA receptors, 
it is at least necessary to study the effects of certain 
antagonists. In general, the inhibitory action of GABA 
can be antagonised by the convulsant alkaloid bicucul- 
line, but not by the convulsant alkaloid strychnine. On 
this basis, GABA agonists may be defined as bicucul- 
line-sensitive, strychnine-insensitive neuronal inhibi- 
tors, and can thus be distinguished from glycine ago- 
nists, defined as s~ychn~e-sensitive, bicuculline- 
insensitive neuronal inhibitors, and from other sub- 
stances such as dopamine and noradrenaline, whose 
inhibitory actions are insensitive to both alkaloids [ 11. 
This definition of GABA agonists almost certainly 
represents a convenient oversimplification. Evidence is 
accumulat~g in favour of a multipIicity of GABA 
receptors, and this implies the likely existence of a 
corresponding range of GABA agonist and antagonist 
classes. For example, four types of GABA receptors 
have been characterized in crayfish muscles on the basis 
of desensitization experiments and the antagonist ef- 
fects of ~-gu~idinopropionic acid [21. There are also a 
variety of indirectly acting GABA agonists and antago- 
nists, as well as endogenous ligands which may modu- 
late GABA-receptor interactions. 

A substance may antagonise the action of GABA 
directly by competing with GABA for its receptors, or 
indirectly by allosterically modifying the receptors or 
by blocking GABA-activated ionophores. The two 
“classic” GABA ~tagonists, bicuculline and picrotox- 
inin, appear to act in different ways I31 consistent with 
electrophysiological observations that bicuculline can 
act as a competitive antagonist of GABA while picro- 
toxinin acts as a noncompetitive antagonist. Ligand 
binding studies using bicuculline methiodide and dihy- 
~opicrotoxinin show that these substances bind to 
different sites on rat brain membranes and that GABA 
influences only the binding of bicuculline methiodide. 
These and other results indicate that bicuculline binds 
to a population of GABA receptors, while picrotoxinin 
binds to GABA ionophores, as indicated in Fig. 1. 

A substance may activate GABA receptors directly 
as a true GABA-mimetic (e.g. muscimol) or indirectly 
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Fig. 1. Schematic diagram of drug interactions at a GABA 
receptor-ionophore complex. 

in several ways. It might release GABA from intracellu- 
lar stores (e.g. baclofen) or act as a pro-drug which 
yields the active GABA agonist at the site ofaction (e.g. 
SL 76.002). Potentiation of the action of tonically 
released GABA may result from displacement by a 
substance (e.g. diazepam) of an endogenous inhibitor of 
receptor binding, inhibition of GABA inactivation by 
uptake processes (e.g. nipecotic acid) or inhibition of 
GABA deg~dation by tr~s~ination (e.g. gabacu- 
line). Aspects of GABA uptake and meta~lism have 
been the subject of other Commentaries in this journal 
[4, 51. A GABA-like action could also result from a 
substance bypassing GABA receptors and directly in- 
fluencing GABA ionophores (e.g. pentobarbitone). The 
structures of these and related substances are shown in 
Fig. 2. 

To establish whether or not a particular substance 
has any of the above actions, information is required 
from electrophysiological investigations of its effect on 
functional neurones, and from neurochemical studies of 
effects on ligand binding, enzymic activities, uptake 
and reiease phenomena. El~trophysiologic~ studies 
can provide information with respect to relative po- 
tency, time course and ionic basis of action, desensitiza- 
tion, and susceptibility to antagonists. Ligand binding 
studies using ligands which show some selectivity for 
certain receptor (GABA, muscimol and bicuculline) 
and ionophore sites (dihydropicrotoxinin) can provide 
clues to fikely sites of action. Uptake and release studies 
using tissue slices or synaptosom~ prep~ations can 
show if a substance is able to release GABA, e.g. by 
heteroexchange, or to influence evoked release, e.g. by 
interaction with presynaptic receptors; relatively selec- 
tive substrates are now available for labelling either 
presynaptic (cis-3-aminocyclohexanecarboxylic acid) 
161 and glial ~-Alpine) 141 transmitter pools. 
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Fig. 2. Structures of some GABA antagonists and agonists. 

MUSCIMOL AS A SELECTIVE GABA AGONIST 

The action of muscimol, a psychotomimetic isolated 
from the mushroom Amanita muscaria, as a “GABA- 
like” amino acid was first reported in this journal some 
10 years ago [ 71 and this isoxazole is now widely used 
as a selective GABA agonist. Muscimol shows a re- 
markable selectivity in its interaction with GABA re- 
ceptors; the 3-isoxazolol moiety acts as a masked 
carboxyl group which is recognised efficiently by 
GABA receptors but not by other macromolecules that 
interact with GABA in the brain. Muscimol is not a 
substrate for GABA transaminase and is transported 
inefficiently by GABA uptake systems [81. 

There are indications that the relative potency of 
GABA and muscimol as bicuculline-sensitive, strych- 
nine-insensitive neuronal inhibitors in vivo differs in the 
cat spinal cord and cerebral cortex [9, 101. This sug- 
gests the existence of GABA receptors of different 
agonist specificity in these tissues. Ligand binding stud- 
ies using radioactive GABA and muscimol [ 1 l- 13 *I 
are consistent with muscimol being a selective GABA 
agonist binding to about half the total number of sites 
that bind GABA (Table 1). These binding studies 
indicate that muscimol binds to rat brain membranes 
with higher affinity than GABA and that both ligands 
share some common binding sites. Multiple binding 

* And unpublished observations. 

Table 1. Kinetic parameters for the binding of GABA and 
muscimol to rat membranes 

Ligand K, (nM) B (pmol/mg References 
protein) 

(a) 0.05%.Triton X loo-treated rat brain membranes: 

GABA 16 0.6 1111 
130 5 

Muscimol 1.8 2.6 I121 
(b) 0.5%-Triton X loo-treated rat brain membranes: 
GABA 9.4 4.1 II31 

37 6.5 
Muscimol 0.9 0.5 I131 

5.8 2.2 
32 3. I 

sites are found for both ligands since they exhibit at 
least biphasic binding kinetics. Electrophysiological 
studies on crustacean GABA receptors suggest multi- 
ple binding sites 1 141. Studies with some GABA ana- 
logues and inorganic salts show differences between 
GABA and muscimol binding: trans4aminocrotonic 
acid, (_+)-trans.3-aminocyclopentanecarboxylic acid 
and ammonium thiocyanate are more potent inhibitors 
of GABA than of muscimol binding, while the reverse 
is true for 3-aminopropanesulphonic acid, bicuculline 
and sodium cyanide 1 1 l- 13 1. 

BICUCULLINE AS A SELECTIVE GABA ANTAGONIST 

The convulsant alkaloid bicuculline is now generally 
accepted as a selective GABA antagonist 1 11. Early 
doubts regarding the usefulness of bicuculline appear to 
have been related to its instability under certain condi- 
tions: at physiological pH and 37’ it is hydrolysed to 
the relatively inactive GABA antagonist bicucine with 
a half life of only a few minutes I 15 1. Quaternary salts 
of bicuculline such as bicuculline methiodide (“N- 
methylbicuculline” and bicuculline methochloride are 
stable in the pH range 2-8 and much more water 
soluble than simple salts of bicuculline, and they are 
preferable to the simple salts for most experiments. 
Simple salts of bicuculline are essential, however. for 
studies of central effects following systemic administra- 
tion since blood-brain barriers appear to exclude qua- 
ternary salts more efficiently than simple salts. 

Bicuculline-sensitive synaptic inhibitions are found 
in all areas of the brain. This may reflect the widespread 
involvement of GABA as an inhibitory transmitter. but 
other bicuculline-sensitive inhibitors, including imida- 
zole-4-acetic acid, &aminolevulinic acid, @-alanine and 
taurine, are found in the brain and thus not all bicucul- 
line-sensitive synaptic inhibitions necessarily involve 
GABA. From neurochemical data, however, GABA 
does appear to be the transmitter involved in most 
bicuculline-sensitive inhibitions. 

Some ligand binding studies have been carried out 
with radioactive bicuculline methiodide 1 16. 171. Inor- 
ganic salts profoundly influence the binding which is 
routinely carried out in the presence of 50 mM sodium 
thiocyanate. Under these conditions only 30 per cent of 
the total bound radioactivity can be displaced by 
GABA or muscimol. Such “specific binding ” can be 
increased to 50 per cent in the presence of 200 mM 
sodium perchlorate. The physiological relevance of 
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these salt effects is enigmatic. While GABA and musci- 
mol appear to compete with bicuculline methiodide for 
some common binding sites, it seems likely that all 
agonist and antagonist sites are not identical. These 
results have been interpreted on the basis oftwo confor- 
mational states of the GABA receptor, one preferen- 
tially binding agonists and one preferentially binding 
antagonists [ 171, but the existence of a multiplicity of 
GABA receptors, not all ofwhich interact with bicucul- 
line and/or muscimol, may explain the observed differ- 
ences between bicuculline, GABA and muscimoi 
binding. 

“ACTIVE CONFORMATIONS” 

The structural requirements of a GABA agonist are 
not self-evident from the structure of GABA, which can 
exist in a large number of relatively stable conforma- 
tions as a result of rotation around single bonds. The 
conformationa mobility of GABA anaIogues can be 
restricted by the incor~ration of unsaturation, ring 
structures or both into the basic GABA structure. Such 
conformationa restriction often results in analogues 
having more selective actions and sometimes higher 
potency than that of GABA itself i 131. Muscimol is a 
GABA analogue of restricted conformation, the isoxa- 
zole ring structure effectively linking C 1 and C 3 of 
GABA and holding the carboxyl equivalent in a plane 
with C2, C3 and C4. Muscimol has a single degree of 
conformational freedom, rotation of the aminomethyl 

side chain with respect to the isoxazole ring. This 
limited freedom can be restricted still further by incor- 
porating the side chain in a second ring, as in the 
relatively rigid derivative THIP, which still acts as a 
potent selective GABA agonist f 181. Extensive struc- 
ture-activity studies on such derivatives led to the semi- 
rigid class of GABA agonists based on isoguvacine and 
to the proposal that GABA interacted with bicuculline- 
sensitive receptors in “a partially extended and almost 
planar conformation” [ 181. 

Structural similarities between GABA, muscimol 
and bicuculline were noted in the first paper describing 
the antagonist action of bicuculline, thus providing “an 
indication of the particular configurations of GABA 
and bicuculline recognized by the receptor” [ 191. Bind- 
ing studies have since shown that GABA, muscimol 
and bicuculline salts mutually inhibit each others bind- 
ing to brain membranes, and thus it is reasonable to 
propose that these substances share some common 
binding sites. The “active conformations” of GABA at 
sites shared with bicuculline fall within a relatively 
narrow range defined by the known absolute stereo- 
chemistry (lS, 9R) of bicuculline and its available 
range of conformations as indicated by nuclear mag- 
netic resonance and molecular orbital data [ 201. Use of 
interactive computer graphics techniques to superim- 
pose GABA on bicuculline at the midpoint of the 
latter’s likely conformation range gives rise to the 
“bicuculline conformation” for GABA shown in Fig. 3. 
Muscimol cannot be fitted to this “bicuculline confor- 

A c 

D E F 
Fig. 3. Structural sim~~ities between GABA, bicucuiline and muscimol. (A) Bicu~uIline in a low energy form (H-C l-C9-H 
angle 90’). (B) GABA fitted to this form of bicuculline. (C) GABA in the “bicucuiline conform~ion’.. (D) Muscimol 
conformation (N7-C6-CS-C4 torsion angle 39.) which affords maximum overlap with bicuculline. (E) Overlay of muscimol 
on bicuculline. (F) GABA in the “muscimol conformation” which differs only in the position of carbon atom 4 from the 

“bicuculhne conformation”. 
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mation” of GABA, but favours the closely related 
“muscimol conformation”, which differs only in the 
position of C4. These two conformations of GABA 
may define the limits of the range of “active conforma- 
tions” at bicucuiline-sensitive receptors. Within this 
range, the agonists muscimol, THIP, trans.4-amino- 
crotonic acid and (+)-cis-3R-aminocyclopentane- lS- 
carboxylic acid may adopt conformations close to the 
“muscimol conformation”, isoguvacine an intermedi- 
ate conformation. and (+ )-(Irans-3Saminocyclopen- 
tane- 1Scarboxylic acid and 4,S-dihydromuscimo1 
may adopt the “bicuculline conformation”, while 
GABA may take up any conformation within the range. 
Although stereoisomers of the simple molecule GABA 
do not exist, these “active conformations” have a de- 
fined stereochemistry such that analogues in which 
elements of these conformations are preserved should 
exhibit stereospeci~city 12 1 I. Binding data on the ster- 
cooisomers of trans 4-aminopent-2-enoic acid and 5 
(1-aminoethyl)-3-isoxazolol indicate that in these com- 
pounds, which are likely to adopt a “muscimol confor- 
mation”, a methyl substituent at the pro-R position of 
the carbon next to the amino group inhibits interaction 
with the receptor. 4R-Aminopentanoic acid, however, 
is equi~tent with its 4S-isomer: this compound can 
adopt the “bicuculline conformation” which moves the 
pro-R substituent to a region where methyl substitution 
does not influence interaction with the receptor. 

Certain of the conformationally restricted GABA 
agonists may show selectivity for different classes of 
b~cuculline-sensitive receptors. In this context, it is 
interesting that muscimol does not appear to bind to all 
GABA binding sites ! 131 and that (&)-trans-3-amino- 
cyclopentanecarboxylic acid is a more potent inhibitor 
of GABA than of muscimol binding 1 1 I, 12 I. Further- 
more, isoguvacine is as potent as muscimol in inhibiting 
the tiring of cat spinal neurones 1 181, but is some 20 
times less potent than muscimol in depol~izing rat 
sympathetic ganglionic neurones 1221. It seems very 
likely that relatively selective agonists (and thus antag- 
onists) for different classes of bicuculline-sensitive re- 
ceptors may be developed on the basis of speculations 
regarding the likely “active conformations” of GABA 
at these receptors. 

ln view of the structural resemblance between the 
“active conformations” of GABA, muscimol and bicu- 
culline, what structural features differentiate between 
agonist and antagonist activity? Steward and col- 
leagues [ 23 1 have noted that the polarity of the lactone 
ring in bicuculline is considerably less than that of the 
GABA carboxyl group with which it is isosteric. They 
suggest that the smaller net charges in bicuculhne may 
result in weaker receptor binding and thence antagonist 
action. However, the net atomic charges in the isoxazol 
ring of muscimol are also substantially less than those 
in the GABA carboxyl group although muscimol binds 
more tightly than GABA as well as being a more potent 
agonist. In the molecular regions isosteric with GABA, 
both conformational and electronic factors may be 
ruled out as explanations for antagonist action which 
appears to be due to additional interactions involving 
the two substituted aromatic rings. Currently available 
structure-activity data [ 241 do not define the prerequi- 
site structural features of an antagonist molectde, and 
further systematic studies of a range of bicuculline 
derivatives are needed. 

BICUCULLINE-INSENSITIVE GABA AGONISTS? 

GABA receptors that are relatively insensitive to 
antagonism by bicuculline have been demonstrated in 
crustacea. The existence of some bicuculline-insensitive 
GABA receptors in the mammalian CNS could explain 
the action of certain analogues of GABA in folded 
conformations which inhibit neuronal firing in a bicu- 
culline-insensitive, strychnine-insensitive manner. 
These analogues include cis-4-aminocrotonic acid, 
trunk-2.aminocycIohexanec~~xylic acid and tvans-3- 
aminocyclohex~ec~boxylic acid. These conforma- 
tionally restricted analogues of GABA, among which 
structural similarities have been noted [241, may con- 
stitute another class of GABA agonists. GABA might 
interact with bicuculline-sensitive receptors in extended 
conformations and with bicuculline-insensitive recep- 
tors in folded conformations. 

GABA IONOPHORES 

Olsen and colleagues 1251 have suggested that the 
GABA antagonist picrotoxinin, and other drugs which 
affect GABA synaptic activity without displacing 
GABA from its receptor sites, may exert their effects 
through an interaction with GABA-activated chloride 
ionophores. Convulsant and depressant drugs may an- 
tagonise or potentiate GABA responses by binding to 
the ionophores and favouring inactive or active states 
respectively. Using a biologically active labelled ana- 
logue of picrotoxinin, [ 3Hl-~~ihy~opicrotoxinin, as a 
probe for the ionophores, they found that a number of 
convulsant drugs, inciuding barbiturates, bicyciophos- 
phates, and bicyclocarboxylate ortho esters displace 
dihydropicrotoxinin, but not GABA, from binding sites 
on rat brain membranes. Of these, the so-called cage 
structures are known to inhibit GABA postsynaptic 
responses: this may be the result of ionophore 
~tagonism. 

Anaesthetic and anticonvulsant barbiturates mimic 
and potentiate GABA-mediated postsynaptic inhibi- 
tion. Since these barbiturates also displace dihydropi- 
crotoxinin. albeit weakly, they may be acting in part as 
ionophore agonists 1261. Pentobarbitone-induced 
changes in membrane conductance of neurones in tis- 
sue culture can be antagonised by picrotoxin 1271. 

BACLOFEN 

introduced as a lipophilic derivative of GABA better 
able to penetrate blood-brain barriers, baclofen, B-Q- 
chlorophenyl)-GABA, is used in the ~eatment of spas- 
ticity originating from various neurological disorders 
[ 281. Much indirect evidence suggests that baclofen has 
a GABA-mimetic action, but it is not a direct GABA 
agonist at most bicuculline-sensitive receptors and is 
relatively ineffective in displacing GABA or bicucul- 
line bound to brain membranes 1 11. Its GABA-mimetic 
properties are perhaps related to GABA release since it 
has been shown to enhance the release of GABA from 
slices of rat globus pallidus 1291 and from rat brain 
synaptosomes [ 301. This stimulation of GABA release 
is stereoselective. being confined to the (+)-isomer 
1291, while the (-)-isomer influences dopamine metab- 
olism I3 11. The latter effect is not antagonised by 
picrotoxin and is thus inde~ndent of the major GABA 
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pathways. Experiments on brain slices have shown that 
baclofen inhibits the evoked release of glutamate and 
aspartate at lower doses than are needed to stimulate 
release of GABA 1321, and its depressant action on 
primary afferent ~~smission in the spinal cord seen at 
low doses is more likely to be a presynaptic action 
depressing transmitter release [ 331. Thus, the antispas- 
tic effects of baclofen are best explained by inhibition of 
release of excitatory transmitters rather than any 
GABA-mimetic action. 

ENDOGENOUS INHIBITORS 

The kinetics of GABA and muscimol binding to rat 
brain membranes are dependent on the methods used to 
prepare the membranes, detergent extraction enhancing 
both the atlinity of binding and the number of binding 
sites (see Table 1). This is due to the removal of 
endogenous inhibitors of GABA binding 1341. There 
are at least three such inhibitors which can be separated 
by partitioning between chloroform-methanol and 
water, and subsequent cation exchange chromatogra- 
phy of the aqueous phase. The chloroform-methanol 
soluble inhibitory activity appears to be associated with 
phosphatidyle~~olamine 134 *f. Inhibitory activity 
not retained by cation exchange chromatography is 
associated with an acidic protein 13.5 1, while that eluted 
by dilute base may be due to occluded GABA 1361. 
These inhibitors are naturally incorporated in brain 
membranes and may modulate the aKmity of GABA for 
its receptor sites and the total number of available 
receptor sites. 

Kinetic studies show that phosphatidyleth~olamine 
acts as a non-competitive inhibitor of the high affinity 
binding of GABA to rat membranes, thus masking the 
availability of high affmity binding sites I34 *I. Treat- 
ment of brain membranes with phospholipase C in- 
creases the availability of high aflinity binding sites 
{ 371, as does base exchange with eth~ol~~e I34 *I. 
There is evidence that a deficiency of phospholipid 
inhibitor may be responsible for the increased number 
of GABA high affinity binding sites found in some 
brain areas of patients with Huntington’s disease [ 3 71. 
Increased brain levels of glycerophosphoeth~oiamine 
are found in Huntington’s disease and it is likely that 
abnormal phospholipid metabolism is linked to the 
neuropathogenesis of this disease. 

The acidic protein inhibitor has a molecular weight 
of some 15,000 and influences both the number of high 
affinity binding sites and their aflinity 135,381. This 
protein also inhibits benzodiazepine binding and it can 
be displaced from brain membr~es by incubation with 
diazepam 1381. It thus forms a link to explain the 
GABA potentiating actions of benzodiazepines which 
may act by displacing this endogenous inhibitor of 
GABA receptors. Chronic administration of diazepam 
or phenobarbital to rats leads to a decrease in the 
number of GABA receptor sites in the striatum; this 
supports the notion of reguiatory components of 
GABA receptors being involved in the action of benzo- 
diazepines and barbiturates [ 391. Of course these drugs 
have other actions on the GABA system, barbiturates 
on ionophores as discussed above and benzodiazepines 
stimulating the evoked release of GABA 1401. 

* And unpublish~ observations. 

Occluded GABA in membrane preparations is in a 
non-exchangeable, osmotically insensitive pool which 
may be associated with cryptic GABA receptors buried 
in the membrane. This appears to influence both the 
availability and aflinity of GABA receptors f 34 ‘1. This 
could be the basis of the apparent desensitization of 
GABA responses seen in vivo with spinal motoneu- 
rones 1331. GABA combining with receptors and both 
being buried in the membrane. 

Removal of endogenous inhibitors of GABA recep- 
tors could underlie phenomena such as denervation 
supersensitivity. Evidence suggesting denervation su- 
persensitivity of GABA receptors has been obtained 
following unilateral kainic acid-induced lesions in rat 
striatum. This enhances behavioural responses to mus- 
cimol injected into the substantia nigra and increases 
the apparent density of GABA binding sites in mem- 
branes prepared from the substantia nigra 14 I]. 

Endogenous inhibitors of GABA receptors might be 
involved in many aspects of the function of this major 
inhibitory transmitter. They are obvious sites for drug 
action. They could serve to tune GABA dose response 
curves to suit specific situations as in the desensitiza- 
tion and su~rsensitivity examples above, and may play 
an impo~~t role in synaptic development and in syn- 
aptic changes involved in learning and memory. Endog- 
enous inhibitors thus far appear to be unique to GABA 
receptors amongst the known transmitter systems, and 
this may reflect the relative importance of the major 
inhibitory transmitter system as an organising influence 
on brain function. 

CONCLUSION 

There are now clear indications for a multiplicity of 
GABA receptors in the CNS and different classes of 
GABA agonists and antagonists are emerging, Further- 
more, endogenous inhibitors may modulate the number 
and activity of GABA receptors. These observations 
should serve as a stimulus for the development of 
substances which have very selective actions on GABA 
function and lead to a more rational basis for GABA 
pharmacology. 
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