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SUMMARY
Using systematic combination of al , cr3, and a5 with flu , fl2, and
�3, together with ‘yl , �y2, and -y3, we have investigated the
contributions of the various a, f�, and �y subunits to the pharma-
cology of �y-aminobutyric acid (GABA)A agonists. We have char-
actenzed GABA, (RS)-dihydromuscimol, pipendine-4-sulfonic
acid, and 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyndin-3-ol with re-
combinant human GABAA receptors expressed in Xenopus oo-
cytes. Our observations indicate that the a subunit is the major
determinant of efficay for partial GABAA agonists. When cr1 and
cr3 or cr1 and a5 are coexpressed, the an subunit determines

the maximum efficacy, whereas the affinity is determined by the
entire combination of subunits. Thus, the results of the present
study demonstrate that the pharmacology of GABAA agonists is
dependent on the subunit composition of the GABAA receptor
complex. Functional GABAA receptors containing two different a
subunits show pharmacological profiles distinctly different from
those of receptors containing a single a subtype, indicating that
two different a subunits can be coexpressed in one functional
GABAA receptor complex.

The GABAA receptor complex is composed of a hetero-
oligomeric membrane protein that forms a chloride-permeable
ion channel. The functional GABAA complex is formed by a

combination of a, fi, and -y or � subunit proteins, most of which
exist in several variants and alternatively spliced versions (1-
11). The molecular diversity of GABAA receptors is also re-

flected in the pharmacologically different actions of allosteric
modulators of GABAA receptor function (12, 13). The subunit

composition-dependent pharmacology of benzodiazepines and
/3-carbolines at GABAA receptor complexes has been character-

ized in detail, and it has been concluded that the a and �

subunits both contribute to the affinity and agonist/antagonist!
inverse agonist effects of these compounds (10, 11, 14-16). In

contrast to this, only little is known regarding the subunit

composition-dependent pharmacology of compounds acting di-
rectly at the GABAA receptor recognition site. We have now

attempted to carry out a systematic study to examine the roles
played by different a, fi, and ‘y subunits in determining the

affinity and efficacy of four compounds acting at the GABAA

agonist binding site.

This work was supported by grants from the Lundbeck Foundation and the
Danish State Biotechnology Programme (1991-1995).

We have previously characterized the high affinity, GABAA

receptor, agonists DHM (17), P4S (18, 19), and THIP (20, 21)

in receptor binding assays and with electrophysiological record-

ings from cat spinal cord neurons. Experiments in which [3H]

diazepam binding was stimulated with GABAA agonists have
shown that P4S may not be able to activate the receptor to the

same extent as muscimol or GABA (22), suggesting that P4S

may be a partial agonist. However, this finding has not been

confirmed in other assays. We have now characterized the

pharmacology of GABA, DHM, THIP, and P4S at functional

GABAA receptors expressed in Xenopus oocytes. By systematic
variation of the subunit composition, we have tried to map the

influence of different subunits on the efficacy and affinity of

the aforementioned compounds.

Materials and Methods

cDNAs. cDNAs encoding human al, a3, a5, flu, f32, /33, yl, and �y2

subunits have been deScribed elsewhere (15, 16, 23). Cloning and

sequencing of cDNAs encoding human -y3 subunits will be described

elsewhere.’

I Whiting et a!. , unpublished manuscript.
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Fig. 1. Structures of GABA and the GABAA receptor agonists DHM,
THIP, and P4S.
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Ooeyte expression. Xenopus oocytes were removed from anesthe-
tized frogs and manually defolliculated with fine forceps. After mild
collagenase treatment (type LA, 0.5 mg/ml, for 10 mm) to remove

follicle cells, the oocyte nuclei were then directly injected with 10-20
nl of injection buffer (88 mM NaCl, 1 mM KC1, 15 mM HEPES, pH

7.0; filtered through nitrocellulose) containing different combinations
ofhuman GABAA subunit cDNAs (6 ng/ml) engineered into the expres-
sion vector pCDM8 or pcDNAAmp. After incubation for 24 hr, oocytes
were placed in a 50-ed bath and perfused with modified Barth’s medium

[88 m�i NaC1, 1 mM KC1, 10 mM HEPES, 0.82 mM MgSO4, 0.33 mM

Ca(N03),, 0.91 mM CaC1,, 2.4 mM NaHCO3, pH 7.5]. Cells were impaled

with two 1-3-MO electrodes containing 2 M KC1 and were voltage

clamped between -40 and -70 mV. The cells were continuously per-

fused with saline at 4-6 ml/min, and drugs were applied in the perfus-
ate. GABA or GABAA agonists were applied until the peak of the

response was observed, usually 30 sec or less. At least 3 mm of wash
time were allowed between each agonist application, to prevent desen-
sitization. Data from each oocyte were analyzed with respect to the
maximum response, relative to either the plateau level of a full GABA
concentration-response curve or the response to 3 mM GABA (no
difference). Concentration-response curves were calculated using a
nonlinear, least-squares, fitting program with the equation f(x) = B,�/
[1 + (ECr,o/xY’], where x is the drug concentration, EC�o is the concen-

tration of drug eliciting a half-maximal response, and n is the Hill

coefficient. P4S, THIP, and DHM were synthesized as described pre-
viously (19, 24, 25). Additional P4S was obtained from Tocris Neura-
mm, and all other compounds were obtained from Sigma Biochemicals
or Research Biochemicals. The computer program GraFit 3.0 (Eritha-

cm Software, Staines, UK) was used to analyze and plot data.

Results

General. GABA, DHM, THIP, and P4S (Fig. 1) were all

characterized using GABAA receptors in which the a subunit

(al, a3, or a5) and the fi subunit (/31, fl2, or 133) were varied in

the presence of �y2. Concentration-response curves for each
single oocyte were analyzed and the maximum response for
GABA was established. Maximum responses for other agonists

were always determined relative to the maximum GABA re-
sponse in the same oocyte. Results from these studies based on

systematic variation of the a and fi subunits are shown in Figs.
2 and 3 and Table 1.

Role of the a subunit. Affinity for GABA was clearly
dependent on the type of a subunit present in the receptor. For
most combinations, the affinity was between 10 and 30 �M;

however, a3-containing receptors, particularly when combined
with �1, exhibited a lower affinity (Fig. 3A). Also, a5-containing
receptors generally had a slightly higher affinity for GABA
than did al- or a3-containing receptors. DHM was a full

agonist at receptors containing all subunit combinations and,
as can be seen in Fig. 3A, had a pattern of subunit-dependent

affinity very similar to that of GABA. The same general pattern

of affinities was seen for all compounds, with the highest
affinity for a5/33y2 and the lowest for a3/31’y2. Generally,
GABA gave the largest variation in affinity, showing a 70-fold

OH OH
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lAgonisti (pM)

Fig. 2. Concentration-response curves for GABA, THIP, DHM, and P4S
in oocytes injected with crl /32y2. Data points are mean values ± standard
errors from at least four individual oocytes. Curves were fitted using the
equation described in Materials and Methods. Parameter values and
standard errors are shown in Table 1.

difference between a5�33�y2 and a3f�1-y2, compared with 15-fold
for DHM, 12-fold for THIP, and 8-fold for P4S.

The a subunits showed a marked effect on the degree of
efficacy of partial agonists (Fig. 3B). THIP and P4S both

showed levels of efficacy dependent on the type of a subunit

present. P4S was a partial agonist with approximately 32%
efficacy with GABAA receptors containing al but with 70-90%

efficacy with oocytes expressing a3f3ry2 and approximately
90% efficacy with receptors containing aS. Similarly, THIP

showed a much lower degree of efficacy with receptors contain-
ing a3 (50%), compared with those containing al (70-78%) or

aS (81-100%) (Fig. 3B). There were, however, minor deviations

from this generalization. For example, the maximum efficacy

of P4S dropped to 49% with aSfll-y2 receptors, compared with
90% for a5/32�y2 or a5f33y2 receptors.

Role of the � subunit. In the presence of al, different /3

subunits had very little effect on either affinity or efficacy of

GABAA agonists (Fig. 3). In the case of aS, a slight increase in

affinity was observed for most agonists, in the order /33 > /32>

/31. Also, the a3/31y2 combination produced receptors with
particularly low affinity for all agonists. Different /3 subunits
did not affect efficacy, with the exception of that of P4S, which
was a full agonist at a3/32y2 receptors (99% efficacy), compared
with 61% and 75% efficacy at a3f31’y2 and a3/32�y2 receptors,

respectively. P4S was also a partial agonist at a5fl1’y2 receptors

(49% efficacy), compared with 90% and 92% efficacy at a5f32’y2-
and a5/33’y2-containing receptors, respectively. Overall,

changes in the type of /3 subunit produced smaller effects on
agonist pharmacology than did changes in the a subunit.

Role of the ‘y subunit. To further investigate the influence
of the subunit composition on the affinity and efficacy of

GABAA agonists, we also varied the ‘y subunit in two receptor

complexes with fixed a13 compositions. Because GABA and

DHM were both full agonists with the tested combinations of
a and �3 subunits in the presence of ‘y2, we decided to use

GABA, THIP, and P4S in these experiments.

� All three agonists showed highest affinities using combina-
HN � tions containing the ‘y3 subunit (Fig. 4; Table 1), with decreas-

ing affinity when �y2 and �y1 were incorporated, although in the
presence of a3/31 there was a much smaller change in affinity

P4S with different ‘y subunits. The partial agonists THIP and P4S

both showed significant reductions in efficacy with 71-contain-

ing receptors, whereas both compounds exhibited increased
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2 K. A. Wafford, unpublished observations.

TABLE 1
Pharmacology of GABAA agonists in oocytes injected with difterent subunit combinations
Ec.� values and degrees of maximal efficacy, relabve to GABA, of GABA, DHM, THIP, and P4S in oocytes expressing different combinations ofo, fi, and -y subunits are
shown. Values represent means ± standard errors of at least four experiments.

GABA DHM ThIP P4S

Maxima Maxim� Maxima Maxkn�

efficacy EC,, efficacy EC�, efficacy EC� efficacy EC,�

% zM % MM % �M % �iM

al�91y2 100 25±4 96±4 7±2 78±6 358±60 32±11 52±5
al$2y2 100 20±3 100±0 5±1 76±4 143±15 38±5 25±4
al/33’y2 100 8±2 92±4 4±1 70±3 238±43 21±6 44±8
a3�91’y2 100 208 ± 72 92 ± 3 33 ± 4 56 ± 6 499 ± 43 61 ± 3 165 ± 24
a3/32’y2 100 11±2 99±2 10±6 44±4 246±41 99±1 36±8
a3/33’y2 100 28±4 98±2 9±1 53±6 233±32 75±6 65±7
aS/3l’y2 100 15±3 93±4 7±1 81±2 218±59 49±9 74±13
a5fi2y2 100 16±2 101±1 5±1 97±5 129±25 90±6 46±3
a5/33’y2 100 3±1 99±1 2±1 99±1 40±9 92±7 22±4
al a3/32y2 1 00 26 ± 5 42 ± 4 1 45 ± 6
al a5/32y2 1 00 1 8 ± 7 32 ± 5 76 ± 13
a3�31 ‘yl 100 1 14 ± 34 32 ± 9 385 ± 25 63 ± 4 300 ± 112
a3j91’y2 100 208 ± 71 56 ± 6 499 ± 42 61 ± 3 165 ± 24
a3�iy3 100 32 ± 6 73 ± 7 277 ± 63 82 ± 1 41 ± 2
a5/33�yl 100 24 ± 3 68 ± 5 339 ± 45 24 ± 4 166 ± 2
a5fl3y2 100 3 ± 1 99 ± 1 40 ± 9 92 ± 7 22 ± 3
aS/33�y3 100 2±1 93±5 28±10 86±6 16±4

efficacy with 72- and 73-containing receptors. The � subunit
thus seems to be a co-determinant for efficacy as well as affinity
of agonists in recombinant GABAA receptors.

Receptors containing two different a subunits. To ex-

amine more closely the effects of a subunits on the pharmacol-
ogy of GABA and P4S, we coinjected al (at which P4S is a
partial agonist) and a3 or a5 (at which P4S is a full agonist) in
combination with /3272. The results (Fig. 5; Table 1) showed
that the affinity of GABA was unaltered by the presence of two
different a subunits (ala3 or alaS) in the same receptor

complex, being most similar to that for al/3272. The maximum
response to P4S was not significantly different from the max-
imum response with al/32’y2 receptors but was significantly
lower than that with a3f3272 or a5f32-y2 GABAA receptors. The
affinity of P4S for the double-a subunit hetero-oligomers was
significantly lower than its affinity for combinations containing
identical a subunits, for example, 145 ± 6 �tM for a1a3132’y2

and 76 ± 13 �M for ala5/32y2, compared with 36 ± 8 �sM for

a3fl272 and 25 ± 4 �tM for a1fl272. Thus, the assembly of
receptors containing two different a subunits results in a novel
pharmacology with respect to GABAA agonists.

Discussion

Several studies have addressed the question of the location
of the agonist binding site(s) in the GABAA receptor complex
(26-28). In early studies, [3H]muscimol was shown to label a

receptor protein corresponding to the (3 subunit (29); however,
recent experiments have also identified [3H]muscimol photo-
affinity labeling on protein fragments that correspond to an a

subunit (30). Homomeric a, /3, and � receptors all assemble
with low efficiency and respond to GABA, suggesting the pres-

ence of GABA binding site(s) on all subunits; however, exper-
iments comparing a/3, fly, and a�y combinations show robust

expression only for afi and fry. Futhermore, no currents have
been observed for a#y combinations,2 suggesting that the /3

subunit of the GABAA receptor complex is a component of

critical importance for GABA binding. Similarly, site-directed
mutagenesis studies have identifed domains of the /3 subunit

that are critical for activation by GABA but that do not affect

pentobarbital activation of the receptor (31). Another study

has also identified amino acid residues on the a subunit that

contribute to GABA agonist and antagonist affinity (32), sug-
gesting that GABA agonist binding is clearly not restricted to

a single type of receptor subunit.

By systematic variation of the a and /3 subunits in the

presence of 72, we observed that both the a and /3 subunits can
contribute to the affinity of GABAA agonists. This is most
convincingly seen in Fig. 3A, where the variation in ECro values

was influenced by different forms of a and (3 subunits. The

same general pattern of affinities was seen for all of the com-
pounds, suggesting that these GABAA agonists interact with
the same residues on individual receptor combinations. In light

of these observations, it is tempting to speculate that the

agonist site of the GABAA receptor complex is formed at the

interface between the a and /3 subunits. This idea, however, is
not supported by data comparing receptors with different �

subunits. The � subunit was also shown to contribute signifi-

cantly to the affinity of GABAA agonists (Fig. 4), suggesting

that affinity is influenced by a, /3, and � subunits. Other studies
have compared the ECro values of GABA for different GABAA
receptor combinations expressed in Xenopus oocytes. The find-

ings here are generally in agreement with those other studies,

with the exception of results with the a3j32’y2 combination,
which had a higher affinity for GABA than reported in other

studies (26, 33). The explanation for this is currently unclear

but one possibility is a species difference, because other studies
used rat cDNAs, compared with human cDNAs used in this

study. From the data depicted in Fig. 4, it is clear that agonist

efficacy is determined primarily by the a subunit and is rela-
tively unaffected by variation of the /3 subunit. Thus, for

receptor combinations containing al P45 was a partial agonist

with an efficacy of approximately 30%, compared with GABA,

whereas P45 was almost a full agonist for combinations with
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a3 or a5. Quite interestingly, THIP was also a partial agonist

with alf3x’y2 and a3flx72 subunit combinations but, in contrast
to P4S, THIP had a higher degree of efficacy with al/3x-y2 and
a5/3x’y2 than a3/3x72 combinations. Previous studies have com-

pared these two compounds at the p1 subunit, as well as at
a5fi1 combinations (34). Both compounds were inactive as

agonists at the former type of recombinant GABAA receptor,
but THIP was a full agonist and P4S a partial agonist at aS/il
receptors (34). In another study, both compounds were shown

to be antagonists at the homo-oligomeric p1 GABAA receptor
found exclusively in retina (35).

The relationship between structure and degree of efficacy of
GABAA agonists was different from the structure-affinity re-
lationship for the same series of compounds, suggesting that
efficacy is dependent on the structure of the agonist as well as
the subunit combination. The observation of different deter-
minants for agonist efficacy and for affinity is supported by
recent evidence that mutagenesis of a single amino acid in the

72 subunit changes the efficacy of certain benzodiazepines
without changing their affinity. Thus, it is not possible to

0

0

predict the efficacy of an agonist at a certain recombinant

GABAA receptor complex based on results from other subunit
combinations. The effects of variation of the � subunit clearly
indicate that this subunit also can contribute to the efficacy of
partial GABAA agonists, and agonist efficacy is thus determined

primarily by the a and � subunits. From these data we cannot

conclude that the binding site is located at the interface between
two of the subunits. It seems more likely that the binding site

is located on one subunit and that the interaction between all
subunits in the receptor complex determines the three-dimen-

sional structure ofthe binding site and therefore the interaction
with and effects of ligands.

The Xenopus oocytes and the application system used do not

allow fast events, like desensitization, to be detected or quan-
tified. Therefore, it is likely that the determined maximum
responses to the full agonists GABA and DHM are underesti-
mated and that the described pharmacology may represent the

pharmacology of the desensitized state of the receptors. If this

is the case, then the result would be affinities slightly lower
than those measured in systems where more rapid perfusion is
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used. Effects on the EC,,o values, however, are probably small,

because results from similar experiments with transfected cells,

where rapid application reduces the effects of desensitization,

show EC� values similar to those determined in oocytes (37).
Similarly, it is possible that differences in desensitization of

different subunit combinations may account for some of the

observed differences in partial agonist efficacy. If the maximum

response to the full agonist GABA is underestimated, P4S and
THIP would appear as less efficacious partial agonists. Addi-

tional patch-clamp studies on transfected cells will be required

to determine whether there are any effects of receptor kinetics
on partial agonist efficacy.

In a previous study using subunit combinations of two or

more different a and /3 subunits, it was proposed that receptors
that contain more than one a subunit may exist (38). A recent

study has also shown that al and a3 subunits coassemble with

/3272 to form a single receptor with an intermediate GABA
affinity and properties distinct from those of receptors consist-

ing of a1f32’y2 or a3f32’y2 (39). The present experiments were
designed to examine the properties of the receptor produced by
coexpression of two different a subunits (ala3 or alaS) in one

receptor complex. The resulting GABAA receptor showed a

pharmacological profile distinctly different from that seen with

ax/32’y2 receptors containing a single a subunit. The maximum
response to P45 with ala3/3272- or a1a5f3272-containing

receptors was clearly more like that with a1/32�y2 than a3f3272

or a5fl272 receptors. The affinity for P45 was, however, lower

than that observed using any of the combinations containing
only a single a subunit, indicating that the GABAA receptors

formed are different from the axfl2y2 receptors. These results

are consistent with data on immunoprecipitated receptors,

using subunit-specific antibodies to establish which subunits

are coexpressed in the same receptor (40). Evidence suggests

that, although the major GABAA receptor populations in the
brain contain a single type of a subunit, there apparently are

small populations that contain both al and a3, al and a2, a2

and a3, and al and a6 (38, 40-41). It is interesting to note that

these combinations can form GABAA receptor complexes with

pharmacological properties distinctly different from those con-

taming a single a subunit. Because the GABAA receptor is
probably a pentameric structure, it is also possible that other
receptors containing multiple /3 or � as well as a subunits may
form as subpopulations in the brain, with different pharmaco-
logical properties. These results therefore add yet another layer
ofcomplexity to the heterogeneity of GABAA receptor channels.
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