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SUMMARY

The human y-aminobutyric acidA (GABAJJ receptor a4 subunit
was recently cloned and characterized pharmacologically using
radioligand binding techniques. These studies suggested that
a4 subunits confer a novel diazepam-insensitive binding site.
To further investigate the pharmacology of the a4 subunit, we
expressed human cs4f32y2L subunit combinations in oocytes
and compared the expression and pharmacology of these re-
ceptors with al f32y2L, /32y2L, and other possible binary sub-
unit combinations. Apparent GABA affinity was 2-3-fold higher
for a4f32’y2L than for al I32y2L receptors. Functional modula-
tion of receptors by benzodiazepine-site ligands and other
classes of allosteric modulator were assayed over a broad
concentration range (0.01 -1 00 �M) on currents that were 10%
of the maximum GABA response. Diazepam (0.01 -1 �M) did not
modulate GABA responses at a4�2y2L receptors, whereas it
increased alf32y2L responses by �-11O%. Bretazenil (0.01-1
p.M), a benzodiazepine partial agonist, induced higher efficacy
modulation of a4�2y2L receptors (-83%) than of al j32y2L
(-25%). The benzodiazepine antagonist flumazenil (0.1-10 �M)

unexpectedly potentiated a4f32y2L responses up to -41 %,
and the benzodiazepine partial inverse agonist Rol 5-451 3 (1
�M) potentiated a4�2y2L responses by -63%. Two other ben-
zodiazepine-site ligands, CGS-9895 and methyl-6,7-dime-
thoxy-4-ethyl-f3-carboline-3-carboxylate, had qualitatively sim-
ilar effects at al �2y2L and a4/32y2L. Modulators such as
pentobarbital, 3a-hydroxy-5a-pregnan-20-one, mefenamic
acid, and loreclezole also induced similar potentiation at both
subtypes of receptor. The pharmacology conferred by the a4
subunit was similar to that conferred by the a6 subunit, to
which it shows highest levels of homology, but the two subunits

differ in sensitivity to the f3-carboline methyl-6,7-dimethoxy-4-
ethyl-f3-carboline-3-carboxylate. Properties of the a4-contain-
ing receptors are consistent with diazepam-insensitive binding
sites found in cerebral cortex and other forebrain structures.
Characterization of these receptors should further our under-
standing of mechanisms underlying the behavioral effects of
GABA modulators and help in the design of drugs with im-
proved, or novel, therapeutic profiles.

Mammalian GABAA receptors are composed of structurally

related polypeptide subunits assembled to form a ligand-
gated chloride channel (1). Molecular cloning studies have
identified 16 GABAA receptor subunits, which have been
divided into five families; subunits are designated al-6, p1-4,
-yl-3, 5, and p1-2 (1, 2). In addition, -y subunits are found in
two isoforms, designated long and short (L and 5), that are
generated by alternative RNA splicing (3). Native neuronal
GABAA receptors are thought to be pentameric assemblies
composed ofthree or four different types ofsubunit (1, 4). The
subunit diversity results in a very large number of potential
subunit combinations and thus in a large number of possible
GABAA receptor subtypes. At present, however, the precise
subunit composition and stoichiometry of the majority of
native receptors remain uncertain (5). Studies on cloned
GABAA receptors expressed in Xenopus laevis oocytes or

mammalian cells have shown that different subunit combi-

nations generate receptors that are biophysically and phar-

macologically distinct (6-13). The distinctions include differ-

ences in single-channel properties and desensitization

kinetics (6), differences in GABA affinity (7-9), and differ-
ences in sensitivity to allosteric modulators (10-13). Fur-
thermore, the various GABAA receptor subunits show dis-
tinct regional and developmental distributions in the central

nervous system (14), suggesting that different receptor sub-

types may play different roles in brain function.
Channel gating at GABAA receptors is allosterically mod-

ulated by a wide variety of compounds, including benzodiaz-
epines and related molecules (1, 4, 15), barbiturates (16),
neuroactive steroids (17-19), and other agents (12, 20, 21).

GABAA receptor modulators constitute a group of clinically
significant drugs, members ofwhich are in widespread use as

anxiolytics, anticonvulsants, muscle relaxants, sedative/hyp-

notics, and anesthetics (22, 23). The degree to which subtype-
selective modulation plays a role in side effect and therapeu-

tic profiles of individual modulators is uncertain. To begin to
address this, it is first necessary to undertake detailed phar-

macological characterization of the major putative GABAA
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receptor subtypes, to identify patterns of selectivity for the

modulators, and then to try to correlate this profile with

behavioral and clinical studies.
Heterogeneity in GABAA receptor pharmacology was first

detected in binding assays using radiolabeled benzodiaz-

epines (10, 11, 13). Receptor subtypes were therefore classi-
fled according to differences in benzodiazepine-site pharma-
cology. This scheme effectively divided the receptor

population into diazepam-sensitive sites (types I and II) (10,
11, 13) and diazepam-insensitive sites (24, 25). More re-

cently, cloning and molecular pharmacological studies have

pinpointed these classes to specific GABAA receptor sub-

units. For example, the distinction between diazepam-sensi-
tive types I and II is dependent on the a subunit; receptors

containing al subunits correspond to type I, whereas a2-,

a3-, and a5-containing receptors correspond to type II ( 11,

26, 27). Diazepam-insensitive sites are generated by GABAA

receptors containing a6 subunits in the cerebellum (28) and

(as detailed below) cs4 subunits in the forebrain (29-3 1).

The cDNA encoding the GABAA receptor a4 subunit was

first cloned from bovine and then from rat cDNA libraries

(29, 30). Characterization of receptors composed of rat

a4j32-y2L subunits indicated that a4 conferred an atypical

profile of sensitivity to benzodiazepines. Specifically, the
a4�32-y2L receptors showed high affinity binding of the par-
tial inverse agonist Ro15-4513, moderate affinity binding of

the antagonist flumazenil, and insensitivity to the full ago-
nists diazepam and flunitrazepam and the type I-selective
compound CL218,872 (30). Cloning of the human a4 cDNA

was reported only recently (31). Pharmacological character-
ization of human a4j32y2L receptors using radioligand bind-

ing assays revealed a similar benzodiazepine profile to that
seen in rat. In addition, these studies showed that a4�32-y2L
receptors had distinctly higher affinity for some /3-carbolines
than did a6/32y2L receptors, thereby distinguishing two dis-

tinct classes of diazepam-insensitive sites (31). The pharma-
cology of a4/32y2L receptors resembles that of diazepam-

insensitive sites found in rat forebrain (32), suggesting that

this subtype of neuronal receptors is due to a4-containing

subunit combinations (31).
Characterization of cloned a4-containing GABAA receptors

has been accomplished mainly through radioligand binding

assays (29-31). With this approach, it is difficult to predict
the functional consequences of ligand binding (i.e., to deter-
mine whether the modulator is an agonist, antagonist, or

inverse agonist). To address this issue, we used electrical

recordings to study the pharmacology of functional human

a4-containing GABAA receptors expressed in X. laevis oo-
cytes. For comparison, we also assayed receptors composed of
al/32y2L subunits, a typical diazepam-sensitive subunit corn-
bination (6, 8), and, as a control, receptors composed of the

binary subunit combination f32’y2L. Portions of this work
have been presented in abstract form (33).

Materials and Methods

Preparation of RNA. cDNA clones were isolated from the fol-
lowing sources (31). cr4 was isolated from normal human cerebral

cortex provided by the Alzheimer’s Disease Research Center at Uni-

versity of Southern California. “Human /32” was engineered from rat
/32. y2L was generously provided by Dr. Peter Seeburg (University of

Heidelberg). cRNA was transcribed from HpaI-linearized cDNA us-

ing methylated cap analog and T7 RNA polymerase, as described in

the mMessage mMachine protocol (Ambion, Austin, TX). In brief, 20

jig of the cDNA constructs encoding human el, a4, /32, and y2L

GABAA receptor subunits were digested with HpaI and treated with

proteinase K. The linearized cDNAs were precipitated and resus-

pended in buffer (1X = 10 mM Tris, 1mM EDTA, pH 7.6). cRNA was
made using T7 polymerase, 1-2 j.tM cDNA template, and ribonucle-
otide mixture (37#{176}for 60 mm). cRNA was diluted to 1 .tg/pJ with

diethylpyrocarbonate-treated water and stored in 1-2-�tl aliquots at
-80#{176}.

Expression of receptors in Xenopus oocytes. Surgery on X.

laeuis and dissection and defolliculation ofoocytes were performed as
described previously (34, 35). Oocytes were stored in Barth’s medium

containing 88 mM NaCl, 1 nmi KC1, 0.41 mM CaC12, 0.33 mM
Ca(NO3)2, 0.82 nmu Mg504, 2.4 mM NaHCO3, 5 mM HEPES, pH

adjusted to 7.4 with NaOH, and 0.1 mg/ml gentamycin. Immediately
before injection, cRNA stocks were thawed, mixed in appropriate

subunit combinations, and, where necessary, diluted 10-fold with
H20. Individual oocytes were then microinjected with mixtures con-
taming - 1-5 ng of cRNA encoding each GABAA receptor subunit.

The ratio of a, 3, and y subunits was 1:1:1 or 5:1:1 for tertiary

combinations and 1:1 or 5:1 for the binary combinations, where 1

indicates 1 ng of cRNA/oocyte.

Electrophysiology. Membrane current responses were mea-

sured at a holding potential of - 70 mV using a conventional two-
electrode voltage clamp (Dagan TEV-200; Dagan, Minneapolis, MN).

Recordings were made 3-14 days after cRNA injection. Individual
oocytes were placed on a nylon mesh, impaled with electrodes, and
superfused with Ringer’s solution from a multibarreled linear array

ofthin-walled glass capillary tubes (o.d., 2 mm) mounted to a micro-

manipulator (35). The frog Ringer’s solution contained 115 mM NaCl,

2 m�i KC1, 1.8 mM CaCl2, and 5 mMHEPES, pH adjusted to 7.4 with

NaOH. All drugs were dissolved in Ringer’s and applied to oocytes

via the linear array. GABA concentration-response data were ob-

tamed by exposing oocytes to increasing concentrations of GABA

until an apparent maximal current was reached. Potency and effi-
cacy of allosteric modulators were assayed by determining the con-

centration of GABA that evoked 10% of the maximum current and
then using this response as a control current for measuring the
effects of drugs.

Data analysis. GABA concentration-response data were fit to the

following logistic equation (Origin, MicroCal, Northampton, MA):

I’Imax 1/I 1 + (EC5�J[GABA1)b � where b is the slope, EC50 is the
concentration of GABA that produces a half-maximal response (the
apparent affinity of the agonist), I is the current at a given concen-
tration of GABA, and ‘max �5 the maximum GABA response. Modu-

lation of control (10%) GABA responses by benzodiazepines and
other drugs, whether potentiation or inhibition, was measured in

terms of percentage change from the control value. Numerical data

given in the text are mean ± standard error, followed in parentheses
by the number of separate experiments (oocytes tested) and the
number of different frogs from which the oocytes were obtained
(batches of oocytes injected); if the second number is not given, one
frog was used.

Drugs. Diazepam was purchased from Sigma Chemical (St. Louis,

MO), and Ro15-4513 was purchased from Research Biochemicals

(Natick, MA). DMCM and CGS-9895 were generous gifts from Ciba-
Geigy (Summit, NJ), and loreclezole was a generous gift from the

Janssen Research Foundation (New Brunswick, NJ). RolG-6028

(bretazenil) and Ro15-1788 (flumazenil) were kindly provided by
Hoffman-La Roche (Nutley, NJ). The neuroactive steroid 3a-5a-P

was synthesized in-house. All other chemicals were from Sigma.

Benzodiazepines, steroids, and other test compounds were initially
dissolved in DMSO at a concentration of3O-100 m�i and then diluted

to make a series of DMSO stock solutions of 0.01-100 mM. DMSO

stocks were stored at 4#{176}in the dark for 1-4 weeks without apparent
changes in activity. Working solutions were made by dilution of

DMSO stocks into Ringer’s solution just before drug application. For
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final drug concentrations of0.01-10 ,.�M, DMSO was 0.1% by volume.

At this dilution, the vehicle had little or no effect on control GABA

responses. Bretazenil, CGS-9895, DMCM, and Ro15-4513 at a final

drug concentration of 100 �.tM required DMSO at 0.3-1% to minimize

precipitation. As reported previously (36), DMSO alone (0.3% and

1%) was observed to inhibit GABA control responses as follows: at
a1f32y2L (1:1:1), 0.3% DMSO inhibited control responses by 9.0 ± 1%

(three oocytes), and 1% DMSO inhibited 24 ± 2% (three oocytes). At

a4f32y2L (5:1:1), 0.3% DMSO inhibited control responses by 4.7 ±

1%, and 1% DMSO inhibited control responses by 19 ± 2% (three

oocytes). At f32y2L, 0.3% DMSO did not induce measurable inhibi-
tion, whereas 1% DMSO inhibited control responses by 14 ± 5% (four

oocytes). To estimate true levels of modulation for these compounds

at 100 jtM, the inhibition induced by DMSO alone was factored into
the value for underlying control currents.

Results

Expression of a4-Containing GABAA Receptors in
x. Iaevis Oocytes

Expression of ternary subunit combinations

a4fi2’y2L and a1�2y2L. Oocytes injected with the a4/32y2L

(1:1:1) combination of cRNAs showed variable levels of ex-
pression. In three batches of oocytes (each batch was taken

from a different frog), maximum GABA responses ranged
from 220 to 3125 nA (mean, 1560 ± 270 ,.tM; 14 oocytes, three
frogs). GABA concentration-response curves in these cells

showed >3-fold variability in EC50 values; in two cases, the

curves had distinctly low slopes (Fig. 1, top). EC50 values

ranged from 23 to 74 j.tM (mean, 44 ± 16 .tM; 14 oocytes, three

frogs). Slopes ranged from 0.69 to 1. 1 (mean, 0.87 ± 0.12).

There was no clear correlation among EC50, slope, and level

ofexpression. The cslf32y2L (1:1:1) combination expressed at
higher levels (mean, 2450 ± 110 p.M; 27 oocytes, four frogs).

EC50 values were also variable, ranging from 29 to 255 �M

(mean, 101 ± 51 SM). Slopes, however, were consistently

>1.2 (mean, 1.3 ± 0.05) (Fig. 2, bottom). Reasons for the wide

variability between batches of al/32-y2L oocytes were not

investigated.

The variable levels of expression for a4f32y2L (1:1:1) sug-
gested inadequate expression of a4 subunits or problems

with assembly of cr4-containing receptors. The low slope val-
ues measured in oocytes expressing a4f32’y2L (1:1:1) sug-

gested two possibilities: (i) a heterogeneous population of

receptors, as a result of underexpression of a4, with respect

to /32 and y2L, or (ii) inaccurate measurement of peak re-

sponses, as a result of populations of receptors with rapid

desensitization kinetics.

To address these issues, we increased the ratio of a4-

encoding cRNA in the injection mixture. Oocytes expressing
a4f32y2L (5:1:1) showed stronger and more consistent levels

of expression than those expressing at a ratio of 1:1:1. Max-
imum GABA responses ranged from 1510 to 2475 nA (mean,

1780 ± 70 p.M; 21 oocytes, four frogs). More importantly, the
a4/32y2L (5:1:1) combination gave GABA concentration-re-

sponse curves with more-consistent GABA affinities and
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Fig. I . Concentration-response curves for GABA in oocytes express-

ing cr4/32y2L (top) and cr1 �2y2L (bottom) receptor combinations at the
injection ratios noted. Individual curves represent best logistic fit (see
Materials and Methods) to data from a batch of oocytes from a single
frog. Right of symbols, curve parameters for individual fits [EC�,O, slope
(the number of oocytes assayed within each batch)]. Matching symbols
from the top and bottom represent data obtained from oocytes taken
from the same frog injected with the different subunit combinations.

[GABA] (SM)

Fig. 2. Concentration-response curves for GABA from the same batch
of oocytes from a single frog. Top, data from al f32y2L, a4J32y2L,
/32-y2L, and a4�2 combinations plotted as a function of total current
activated by GABA. Bottom, same data as in top scaled to the maximal

current for each subunit combination. As in Fig. 1 , curves represent

best logistic fit of data using the equation presented in Methods and
Materials. Curve parameters (EC5O and slope) are presented in Table 1,
as are the n values for each curve.
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steeper slopes (Fig. 1, top). EC50 values for a4/32y2L (5:1:1)

ranged from 9 to 13 jLM (mean, 11 ± 1 �M; 21 oocytes, four

frogs), and slopes were 1.3-1.5 (mean, 1.4 ± 0.05 SM). Incor-

poration of -y-subunits into receptors expressed by the

a4/32y2L (5:1:1) combination was tested by measuring the

sensitivity of maximum GABA responses to Zn2�(37). Ex-
pressed in terms of a fractional response (where control = 1),

the current in 100 jLM ZnCl2 was 0.86 ± 0.03 (10 oocytes).

Injection of al/32’y2L at a ratio of 5:1:1 did not increase

expression compared with the 1:1:1 ratio. Wide variations in

GABA affinity were not detected in oocytes expressing

al/32y2L (5:1:1); however, only three batches of oocytes were

assayed. EC50 values for al/32y2L (5:1:1) ranged from 27 to

45 p.M (mean, 34 ± 6 ,.tM; 13 oocytes, three frogs), and slope
values were similar to the 1:1:1 ratio, ranging from 1.3 to 1.4
(mean, 1.3 ± 0.06)(Fig. 1, bottom). As described previously

(37), receptors expressed by al/32y2L were insensitive to

Zn2�. For example, in one batch of oocytes, the fractional
maximum response in 100 p.M ZnC12 was 1.01 ± 0.01 (six

oocytes).
Expression of binary subunit combinations and sin-

gle subunits. Injection of binary subunit combinations and

single subunits served two purposes: (i) to test the expres-

sional potential of cs4 subunits in these forms, and (ii) to

investigate what other subunit combinations may be present

in oocytes expressing a4/32y2L, possibly contributing to and
distorting assays of allosteric modulation.

Three binary subunit combinations (a4f32, a4y2L, and
/32-y2L) and two single subunits (a4 and /32) were injected.

Each subunit combination was injected on more than one
occasion, and a4/32 and cr4y2L were injected at either 1 : 1 or

5:1 ratios. Representative data from a single batch of oocytes

are given in Fig. 2 and Table 1. Expression of functional

GABA-activated currents in oocytes injected with a4/32 was

unexpectedly weak compared with al/32 (data not shown),
constituting only 2-1 1% of responses recorded for the

a4/32y2L combination (Fig. 2, top). Apparent GABA affinity

was high for a4/32, but slope values were distinctly low (Fig.
2, bottom). Oocytes injected with a4y2L failed to express

receptors that could be activated by GABA. As predicted by

the latter result, a4 injected alone also did not generate

GABA-gated channels. The only binary subunit combination

that expressed at levels approaching the ternary combina-

tions was 13272L (Fig. 2, top). Maximum GABA responses for

/32-y2L receptors ranged from 280 to 1500 nA (mean, 674 ± 67

nA; 24 oocytes, four frogs). The characteristics of GABA con-

centration-responses curves were inconsistent, with gener-

ally low apparent affinities and shallow slopes (Fig. 2, bot-

torn). EC50 values for j32-y2L (1:1) ranged from 44 to 162 �M

TABLE 1

(mean, 122 ± 39 �.tM; 19 oocytes, three frogs), and slopes were

0.66-1.1 (mean, 0.84 ± 0.13 p.M). The /32 subunit injected
alone expressed very weakly, - 1% of the ternary subunit
combinations, and the responses were not further character-

ized.

These results indicated that only f32y2L receptors showed

any real potential for generating inaccuracies in the assess-

ment of allosteric modulation at a4/32y2L and csl/32y2L sub-

unit combinations. To control for this possibility, effects of

allosteric modulators on /32-y2L receptors were assayed in
parallel with measurements for a4/32y2L and al/32y2L.

Direct activation of a4-containing receptors by pen-

tobarbital. In separate experiments, we found that a1f32

subunit combinations induced moderate-to-strong expression
of GABA-activated currents (data not shown). Maximum

GABA responses were 52-74% (six oocytes, two frogs) of

responses elicited by cslf32y2L (see also Refs. 6 and 7). As

noted above, levels of expression for a4/32 combinations were

therefore unexpectedly low, typically � 10% of responses elic-

ited by a4f32y2L (Table 1). To test whether expression of

a4-containing receptors was being underestimated due to low

efficacy agonism by GABA, we assayed the effects of a high

concentration of pentobarbital, applied alone or together

with a saturating concentration of GABA. Sample data are

given in Table 2.

In oocytes expressing a4/32y2L combinations, 300 �M pen-

tobarbital, applied alone, elicited currents that were -27% of
the maximum GABA response. Coapplied with 10 mM GABA,

300 �M pentobarbital caused a -� 12% increase in the maxi-

mum GABA current. In contrast, for oocytes expressing a4/32
subunit combinations, 300 �M pentobarbital alone elicited

currents that were - 16-fold larger than the maximum cur-

rents elicited by 10 mM GABA alone. Coapplication of pento-

barbital and GABA at these concentrations generated cur-
rents that were -25-fold larger than maximum GABA

responses. The mean response activated by GABA plus pen-

tobarbital was 1095 ± 220 nA (i.e., comparable to the current

elicited by GABA in oocytes expressing a4f32’y2L) (Table 2).

This type of effect was not seen in oocytes expressing a4y2L

subunit combinations or a4 alone. Pentobarbital also elicited

large currents in oocytes expressing al/32y2L, -73% of the

maximum GABA response, but effected no increase in max-

imum current when coapplied with GABA. In oocytes ex-

pressing /32-y2L subunit combinations and /32 alone, pento-

barbital again activated substantial currents, often showing

greater efficacy than GABA; in these cases, coapplication

with GABA resulted in 3-5-fold increases in current over the

maximum GABA response.

Expression characteristics of GABA responses in oo cytes injected with van ous combinations of a4 , al , /32 and ‘y2L

Subunit combination ratio (a:f3:y) ‘ma�c

nA

EC50 Slope n

alf32y2L
a4�2y2L

a4j32

a4j32
j32-y2L

a4y2L

a4

�2

5:1:1
5:1:1

1:1

5:1 :-

-:1:1
1:-:1

5:-:-
-:1 :-

2480 ± 140
1930 ± 110

44 ± 12

21 2 ± 52
922 ± 107

nocurrent

no current
23 ± 4

27 ± 1.6
9.3 ± 0.8
6.1 ± 1.8

not tested
162 ± 8.3

not tested

1.3 ± 0.05
1.3 ± 0.07

0.56 ± 0.1

not tested
0.76 ± 0.02

not tested

4
6
4
5
5
7

4
5



10 m�.i GABA

‘max

300 m’vi pentobarbital

(lllma,,)

10 mr�i GABA + 300 mr�i
pentobarbital (lllm�x)

nA

al/32y2L 5:1:1 2387 ± 179 0.73 ± 0.07 1.00 ± 0.01 4
a4f32y2L 5:1:1 1612 ± 204 0.27 ± 0.09 1.12 ± 0.03 5
a4/32 1:1:- 45 ± 11 15.6 ± 1.1 25.1 ± 3.0 4
f32y2L -:1 :1 563 ± 98 2.36 ± 0.23 3.29 ± 0.37 6
/32 -:1:- 23 ± 4 0.91 ± 0.16 4.53 ± 0.83 5
a4 1:-:- nocurrent nocurrent nocurrent 5
a4y2L 1 :-: 1 no current no current no current 4
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TABLE 2
Responses to pentobarbital

Subunit Subunit ratio
combination (a:�:y)

Allosteric Modulation of a4fi2y2L, al 132y2L, and fi2y2L
Subunit Combinations

General protocol for modulation assays. The primary
purpose of these experiments was to characterize the phar-

macological profile of a4/32-y2L subunit combinations with
respect to allosteric modulators. Side-by-side characteriza-
tion of a1f32-y2L subunit combinations was mainly for com-
parison, and experiments on /32y2L subunit combinations
were included to control for possible contamination of the

a4/32y2L subunit combinations with these thheteromeric re-

ceptors. Functional modulation was assessed on currents
that were 10% of the maximum GABA response. The con-
centration of GABA required to elicit this 10% response
showed dependence on subunit combination. For alf32y2L

(1:1:1), concentrations ranged from 4 to 40 �M (mean, 21 ± 2

p.M; 36 oocytes, four frogs); for a4/32y2L (5:1:1), the range was

1.75-10 p.M (mean, 3.8 ± 0.3 �tM; 35 oocytes, four frogs); and
for /32’y2L (1:1), the range was 4.5-11 j.�M (mean, 7.7 ± 0.6 p.�;
23 oocytes, two frogs). Benzodiazepine-site ligands were as-
sayed at 5 concentrations over the range of 10 n�i to 100 p.rvt.

Other types of modulator were tested at a single concentra-
tion. In each case, oocytes were pretreated for 30-60 sec with
the modulator before activation of receptors by coapplication

of GABA (e.g., Fig. 3, records). All potentiation or inhibition
of membrane current responses was measured in terms of

percentage increase or decrease in the control 10% response.
Pharmacological assays of modulators were generally made

using a4/32y2L at a 5:1:1 ratio ofinjection, whereas al/32y2L
was used at either 1:1:1 or 5:1:1.

Modulation by benzodiazepine-site agonists. Three
benzodiazepine-site agonists were assayed: (i) diazepam, a
benzodiazepine classified as a typical full-efficacy agonist (4);

(ii) bretazenil, an imidazobenzodiazepinone classified as a

low-efficacy partial agonist (4, 38); and (iii) CGS-9895, a

pyrazoloquinolinone also reported to be a partial agonist (39).
Diazepam, over the concentration range of 0.01-1 p.M, did

not induce any significant modulation of a4/32y2L subunit
combinations (Fig. 3). Slight potentiation was detectable
with 10 �M diazepam and increased sharply to 84 ± 5% at

100 /.LM. In contrast, diazepam potentiated al/32’y2L subunit

combinations with both high and low affinity components.
The high affinity potentiation had an EC50 value of -50 n�t

and saturated at -1 �tM with an efficacy of 110 ± 16% (7).

The low affinity component became evident only using 100

�LM diazepam. Diazepam potentiated /32y2L subunit combi-

nations with high potency. As seen with cr1f32’y2L, the EC50
value was -50 aiM and maximum efficacy was 75 ± 6%. In

this case, no increase in potentiation was seen at 100 p.M

diazepam.

Bretazenil induced potent and surprisingly robust poten-

tiation of a4f32y2L subunit combinations (Fig. 4, top). At 1
p.M, bretazenil caused a 83 ± 7% increase in current, which
was in sharp contrast to the absence of potentiation seen

with diazepam. The effects of bretazenil at al(32-y2L were

consistent with partial agonism. Potentiation saturated -1
p.M where the increase in current was only 25 ± 11%. EC50

values seemed to be - 10 nz�i, but they were difficult to esti-

mate due to the low efficacy of modulation. For both ternary

subunit combinations, there was an appreciable increase in
potentiation, moving from 10 to 100 p.M bretazenil. Interest-
ingly, bretazenil had only inhibitory effects on /32y2L recep-
tors, at which it behaved like a low-efficacy inverse agonist.

CGS-9895, at concentrations of � 1 p.M, induced low-level

potentiation of a4f32-y2L combinations (Fig. 4, bottom). At 1

p.M, the effect was 41 ± 4%. Modulation became more pro-

nounced with 10 p.M CGS-9895 and seemed to saturate -100
p.M at the point at which potentiation was 211 ± 45%. The

same general pattern was observed for al/32y2L subunit
combinations, except that potentiation was not detected at

concentrations of < 1 p.M CGS-9895 and efficacy was greater

at high concentrations. For the binary /32y2L combination,
CGS-9895 was similarly inactive at low concentration but

induced robust potentiation at 10 and 100 p.M.

Modulation by benzodiazepine-site antagonists.
Flumazenil (Ro15-1788), an imidazobenzodiazepinone, is

generally classified as a benzodiazepine-site antagonist (4).

As such, fiumazenil would be expected to have no direct

effects on control GABA responses but should antagonize

actions ofother benzodiazepine-site ligands (see discussion of

blocking experiments).
Unexpectedly, fiumazenil was a positive modulator of

a4j32y2L subunit combinations (Fig. 5). The EC50 value for

potentiation was - 100 nM, and the effect peaked at 48 ± 3%.

A decline in the level of potentiation was observed at 100 p.M.

For alf32y2L receptors, fiumazenil evoked no significant
modulatory effects at concentrations of 0.01-1 p.M. At 10 p.M,

however, some potentiation was detected, and 100 p.M fiuma-

zenil induced a 30 ± 3% increase in current. The effects of

fiumazenil on /32y2L receptors, if any, were weak and incon-

sistent.

Modulation by benzodiazepine-site inverse agonists.
Two benzodiazepine-site inverse-agonists were assayed: (i)
Ro15-4513, an imidazobenzodiazepinone, which is classified
as a partial inverse agonist (4), and (ii) DMCM, a /3-carboline

that is classified as a full inverse agonist (4, 40).

Contrary to expectations, Ro15-4513 induced potentiation

of a4f32y2L subunit combinations (Fig. 6). The EC50 value for

the effect was -50 nM, and modulation seemed to saturate at
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Fig. 4. Modulation of GABA control responses by (top) bretazenil and
(bottom) CGS-9895. As described in the legend for Fig. 3, concentra-
tion-response data from multiple experiments of the type illustrated in
Fig. 3 (top) were averaged and plotted as a percentage of control
(mean ± standard error). For bretazenil on al /32y2L, six oocytes; on
a4/32y2L, six oocytes; and on f32y2L, four oocytes. For CGS-9895 on
a1f32y2L, four oocytes; on a4f32y2L, three oocytes; and on /32y2L,
three oocytes.
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Fig. 3. Top, sample records of modulation evoked by diazepam on
al/32’y2L, a4/32y2L, and /3272L Traces at each subunit combination
represent current responses evoked consecutively from a single oo-
cyte, with gaps representing -1-2 mm. Holding potential was -70 mV

and was pulsed to -60 mV (upward deflections) to time drug applica-
tions and to assess membrane conductance. Bars, drug applications;
downward deflection, inward current. GABA concentrations were ad-
justed in each experiment to evoke control responses, which were
-10% of maximal GABA currents. In the examples shown, the GABA
concentrations used were 15 j�M for al f32y2L, 2.9 �.tM for a4/32y2L, and
7.5 �M for f3272L. Dashed line, magnitude of the control response as a
visual aid for modulatory effects; verticalscale bar, 200 nA for al j32y2L,
100 nA for a4/32y2L, and 20 nA for f32y2L; horizontaiscale bar, 0.8 mm
in all cases. Bottom, concentratmon-response data from multiple exper-
iments of the type illustrated in the top were averaged and plotted as
a percentage of control (mean ± standard error). For al f32y2L, 10

oocytes; for a4/32y2L, five oocytes; and for /32y2L, four oocytes.
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Fig. 5. Top, sample records of modulation evoked by flumazenil on
al f32y2L, a4�2�y2L, and �2y2L. The methods are similar to those
descnbed in the legend to Fig. 3. In the examples shown, the GABA
concentrations used were 1 8 ).LM for al �32y2L, 2.2 �tM for a4f32-y2L, and
7.5 p.M for J32y2L Verticalscale bar, 100 nA for al f32y2L and a4f32-y2L,
and 50 nA for j32y2L; horizontal scale bar, 0.8 mm in all cases. Bottom,
concentration-response data from multiple experiments of the type
illustrated in the top were averaged and plotted as a percentage of
control (mean ± standard error). For al �2y2L, five oocytes; for
a4132y2L, six oocytes; and for f32y2L, four oocytes.
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Fig. 6. Top, sample records of modulation evoked by Ro15-4513 at
alf32y2L, a4�32y2L, and j32’y2L. The methods are very similar to those
described in the legend to Fig. 3. In the examples shown, the GABA
concentrations used were 5.5 p.,�i for al f32y2L, 3.5 �M for a4/32y2L, and
5.5 p.M for �2y2L. Vertical scale bar, 100 nA for al �2’y2L, 50 nA for
a4f32y2L, and 20 nA for J32y2L; horizontaiscale bar, 0.8 mm in all cases.
Bottom, concentration-response data from multiple experiments of the

type illustrated in the top were averaged and plotted as a percentage of
control (mean ± standard error). For al /32y2L, six oocytes; for
a4f32y2L, seven oocytes; and for �2y2L, four oocytes.

1-10 p.M. At 1 p.M, Ro15-4513-induced potentiation was 63 ±

6%. Raising concentrations to 100 p.M caused only a modest

increase in current. As expected, 0.01-10 p.M Ro15-4513 in-
duced low-efficacy inhibition of a1�32y2L receptors, which is
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consistent with partial inverse agonism. In some cases, inhi-

bition inverted into slight potentiation at 100 p.M, but this

was not consistent (e.g., Fig. 6, records). Interestingly, Ro15-

4513 induced robust inhibition of �2’y2L receptors. The EC50

value for this effect was -50 riM, and the maximum level of

inhibition was 65 ± 4%.

In contrast to Ro15-4513, low concentrations of DMCM

induced inhibition of a4�32y2L receptors (Fig. 7). Peak effect

was seen at 100 nM, where the reduction in current was 26 ±

2%. At concentrations of > 1 p.M, however, there was a sharp
inversion to net potentiating effects (7, 40). Potentiation in-

duced by 10 and 100 p.M DMCM was 58 ± 12% and 125 ±

13%, respectively. The EC50 value for potentiation seemed to

be > 10 p.M. The same pattern of modulation was evident for
al/32y2L and �2’y2L receptors, but maximum levels of inhi-

bition were slightly higher: 44 ± 5% for a1�2y2L and 55 ±

9% for /32y2L.

Sensitivity of modulation to blockade by flumazenil.
Previous electrophysiological studies indicated that DMCM

interacts at distinct high and low affinity sites on cloned
a1f32’y2L receptors expressed in HEK 293 cells (41). Thus,
DMCM evokes inhibition at a high affinity site and potenti-
ation at a low affinity site; the high affinity inverse agonist
effect of DMCM is blocked by flumazenil, whereas the lower
affinity potentiation is insensitive (41). Biphasic modulatory
effects were also observed in the current study. In addition to

the inhibition/potentiation observed with DMCM (Fig. 7), a
number of benzodiazepine-site ligands showed potentiation
with clear biphasic character, also suggesting distinct high

and low affinity effects (Figs. 3 and 4). To begin to investigate

this possibility, we performed a limited series of experiments

addressing four questions: Were the HEK 293 cell experi-
ments with DMCM described by Tm et al. (41) reproducible in

oocytes? Were the low affinity components of diazepam mod-

ulation mediated by fiumazenil-insensitive sites? Was the
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Fig. 7. Modulation of GABA control responses by DMCM. Concentra-

tion-response data from multiple experiments of the type illustrated in
Fig. 3 (top) were averaged and plotted as a percentage of control
(mean ± standard error). At a1�32y2L, six oocytes; at a4f32y2L eight
oocytes; and at f32-y2L, four oocytes.

potentiation induced by CGS 9895 inhibited by fiumazeml?

Was potentiation of a4f32y2L receptors by flumazenil and

Ro15-4513 additive?

As outlined above, in control experiments DMCM induced

a biphasic modulation of al/32y2L, with inverse agonism

observed at � 1 p.M and potentiation observed at � 10 p.M (Fig.

7). Inverse agonism induced by 1 p.M DMCM was reduced by
1 p.M fiumazenil (not shown) and reversed to potentiation by

10 p.M fiumazenil (Fig. 8, top). In contrast, potentiation in-

duced by 100 p.rvt DMCM was unaffected by 10 and 100 p.M

flumazenil. These experiments confirmed the results de-

scribed previously in HEK 293 cells (41), supporting the idea

ofhigh and low affinity sites for DMCM and further suggest-

ing that fiumazenil is not an effective antagonist at the low
affinity site.

For diazepam at celJ32y2L receptors, the high affinity po-
tentiation induced at 1 p.M was inhibited 97% by equimolar

fiumazenil, whereas potentiation induced by 100 p.M diaze-

pam was only partially blocked (Fig. 8, top). This partial

inhibition was probably due, at least in part, to blockade of
the underlying high affinity component. The low affinity
potentiation induced by diazepam (100 p.M) on a4�2’y2L was
only weakly blocked by 1-100 p.M fiumazenil (Fig. 8, bottom).

Modulation of both types of receptor by 10 p.M CGS 9895 was

only partially inhibited by 10-100 p.M fiumazenil. Finally, 1
p.M fiumazenil had essentially no effect on the level of poten-
tiation induced by 1 p.M Ro15-4513 on a4�32-y2L receptors
(Fig. 8, bottom).

Modulation by other classes of drugs. Four additional
compounds were tested for modulation ofa4f32-y2L, a1�2’y2L,
and j32y2L subunit combinations: pentobarbital, a sedative
barbiturate (7); 3a,5a-P, a neuroactive steroid (33);
loreclezole, an anticonvulsant triazole (12, 23, 42-44); and

mefenamic acid, a nonsteroidal anti-inflammatory drug (20).

These modulators were assayed at a single concentration in

experiments designed to test whether a4j32-y2L receptors
were sensitive to modulation and whether there were large

differences in sensitivity among the three subunit combina-
tions. GABA control responses at a4j32y2L receptors were
potentiated by all four drugs (Fig. 9). For pentobarbital (10

p.M) and 3a,5a-P (0.03 p.M), potentiation was slightly more
pronounced for a4f32y2L compared with a1f32-y2L and �2y2L,
whereas for mefenamic acid (3 p.M) and loreclezole (1 p.M), the

relative sensitivities were reversed. At the concentrations

tested, both pentobarbital and mefenamic acid elicited appre-

ciable membrane current responses when applied alone (not

shown).

Discussion
Functional pharmacology at a4-containing recep-

tors. GABA receptors containing a4 subunits are thought to
be a physiologically relevant diazepam-insensitive subtype in
mammalian forebrain (14, 29-31, 45). Our results are func-

tional confirmation for binding data suggesting that a4-con-
taming receptors exhibit a unique and novel benzodiazepine-

site pharmacology that resembles, but is distinct from, that
of receptors containing the structurally related ce6 subunit.

Expression of a4-contaimng receptors in oocytes.
Expressional potency and the properties of GABA concentra-

tion-response curves for a4-contaiing receptors show depen-
dence on the ratio ofa4-encoding cRNA coinjected with cRNA
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Fig. 8. Sensitivity of modulation to blockade by
flumazenil at al f32y2L (top) and a4132y2L (bottom).
As above, GABA responses that were -1 0% of
maximal GABA currents were used as a basal re-
sponse. Modulators were then coapplied with GABA
either alone (control) or coapplied with flumazenil at
the concentrations shown. The general method of
drug application is as outlined in legend to Fig. 3
(top). As in the preceding figures, the data are plot-
ted as a percentage of the GABA basal response
(mean ± standard error from three to five experi-

ments using different oocytes, except in the case
noted by *, which represents only two experiments).

encoding /32 and y2L. Our experiments suggest that the

a4-encoding cRNA expresses at lower levels than cRNAs
encoding al, �2, and y2L or that a4 subunits do not assemble

efficiently into the ternary complex. Pentobarbital induces
direct currents from ce4�2y2L that are --25% of maximal
GABA current. This pattern is also observed for ternary
receptors containing al, a2, a3, and aS subunits (46). In
contrast, pentobarbital induces direct currents from a6�32y2S

that are significantly larger that the maximal currents elic-
ited by GABA (46). Thus, with respect to direct modulation

by pentobarbital, a4f32-y2L receptors are distinct from

a6f32y2S receptors.
The binary combination a4f32 exhibits very low expression

of GABA current and very low slopes in our experiments, as

reported previously for a4�1 (29). Pentobarbital induces
much more substantial direct currents from a4�2, suggesting

either that GABA is a low-efficacy agonist or that desensiti-
zation kinetics of a4�2 receptors are more rapid than our
slow drug application can resolve. Because a4 and �2 sub-

units colocalize in regions of the thalamus that exhibit very

low levels of -y2 (14), it may be worthwhile to characterize

a4�32 receptors in more detail, using excised patches and fast
drug application techniques.

Modulation of a4�2y2L receptors by benzodiaz-
epine-site ligands. Interaction of benzodiazepine-site li-

gands with receptors containing the a4 subunit has been
investigated in some detail using radioligand binding assays

(29-31) but only superficially by electrophysiological tech-
niques (29). Binding studies show that a4�2y2 receptors do
not have high affinity sites for diazepam (30, 31) but do

exhibit high affinity for the partial or inverse agonists breta-

zenil, CGS-9895, Ro15-4513, and DMCM and moderate af-
finity for the benzodiazepine-site antagonist flumazenil (31).
This profile is similar to that observed for a6-containing

receptors, with subtle differences in affinity for some ligands

(28, 31, 32).

Our experiments confirm these data functionally and dem-

onstrate unexpected modulatory effects for certain benzodi-
azepine-site ligands on a4�2y2L receptors. As expected, di-
azepam (si p.y�) does not evoke potentiation of a4�2y2L.
However, bretazenil (� 1 p.M) evokes robust potentiation at

a4�2y2L. Similarly, flumazenil evokes moderate potentia-
tion of a4J32’y2L, as recently reported for a6�32y2L (47).

Strong potentiation of a4f32y2L receptors by bretazenil could

contribute to reported sedative effects of bretazenil in hu-

mans (48), and potentiation of a4- and a6-containing recep-
tors by flumazenil may explain certain behavioral effects of

this drug in animal studies. Although the pyrazoloquinoline

CGS-9895 exhibits high affinity binding at a4[32-y2L (31), it
evoked only low efficacy potentiation at concentrations of � 1
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Fig. 9. Modulation of GABA control responses by pentobarbital,
3a,5a-P, mefenamic acid, and loreclezole at a1�2y2L, a4f32-y2L, and
�2y2L Experiments were performed as described in the legend to Fig.
3, except that only a single concentration of each modulator was
assayed at each subunit combination. Data from four oocytes for each
data point were averaged and plotted as a percentage of control
(mean ± standard error).

p.M in our oocyte assays. Thus, the functional significance of

the reported high affinity binding is unclear.

The inverse agonists DMCM and Ro15-4513 exhibit dis-
tinctly different effects with respect to functional modulation

of a4�2y2L receptors. As previously reported for a1�2’y2 (7,

40), DMCM evokes biphasic inhibition/potentiation of
a4�32y2L, whereas it has only potentiating effects on

a6/32y2L (40, 44). In contrast, Ro15-4513 evokes only poten-
tiation at both a4f32y2L and a6�2’y2S (46). Thus, although a4
and a6 are closely related structurally and both are diazepam
insensitive, the current experiments confirm that benzodiaz-

epine sites on a4 and a6 can be distinguished pharmacolog-

ically.

Modulation by other drugs. Our experiments demon-

gtt’ate tLt U�eeAlIAA modulators pen�.oharh�a1, L,LP,

mefenamic acid, and loreclezole do not show pronounced
differences in modulation of a4j32y2L and alj32y2L recep-

tors. These data suggest that the sites at which these other

modulators act are not dependent on the type of a subunit in

the receptor or are conserved between the cel and a4 sub-

units. The former point is reinforced by the observation that

all four compounds induce strong modulation of �32y2L recep-

tors.

Potentiation of a4132-y2L receptors by imidazobenzo-
diazepines. The three benzodiazepine-site ligands that

evoke potentiation of a4f32y2L, bretazenil, flumazenil, and

Ro15-4513, are all imidazobenzodiazepines (Fig. 10). This is

consistent with binding studies that demonstrate that these

compounds have high affinity for diazepam-insensitive sites
(30, 31, 49). We suspect that other 6-oxoimidazobenzodiaz-

epines (e.g., Ro15-3505 and Ro19-4603) will also be positive

modulators of a4- and a6-containing receptors (47). Binding
studies further suggest that 6-phenyl-substituted imidazo-
benzodiazepines (e.g., triazolam and midazolam) have low

affinity for diazepam-insensitive sites (49) and therefore
should not potentiate a4/32y2L. To test this hypothesis, we
assayed midazolam (0.01-1 p.M) for modulation of a4f32-y2L

and, as predicted, found no ‘ Together with pre-
vious studies (47, 49), our results indicate that imidazoben-

zodiazepines lacking a 6-phenyl substitution represent a

good structural lead for the design of potent GABAA receptor
modulators that show selectivity for diazepam-insensitive
subtypes.

High and low affinity modulation by benzodiaz-
epine-site ligands. The current experiments demonstrate

distinct high- and low-potency modulatory effects of benzodi-

azepine-site ligands on both a1�2-y2L and a4f32y2L recep-

tors. This is exemplified by two component modulation

evoked by diazepam and bretazenil and most clearly by the

biphasic inhibitory/potentiating actions ofDMCM (41). Phar-

macological separation of these effects is convincingly dem-

1 E. R. Whittemore, W. Yang, J. A. Drewe, and R. M. Woodward, unpub-
lished observations.

diazepam

Br 0

bretazenil

N�N

CGS 9895 Fig. 10. Structures of selected molecules assayed for
modulation of GABAA receptors in oocytes.
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onstrated for a1f32-y2L, for which flumazenil does not have

agonist activity. Attempts to separate these two effects phar-

macologically for a4�2y2L are confounded by the direct po-

tentiating activity of flumazenil for a4�32y2L.

Tm et al. (41) proposed that the low affinity agonist site for
DMCM is distinct from modulatory sites for barbiturates and

neuroactive steroids. Furthermore, Stevenson et al. (44) pre-

sented evidence that the low affinity site for �-carbolines like

DMCM is the same site at which loreclezole evokes modula-
tion, or at least that signal transduction for the two effects is

mechanistically related, both being dependent on an amino

acid residue (Asn289) within the �32 subunit. These authors

further predict that other benzodiazepine-site ligands may

also have actions at the loreclezole site (44).

The simplest explanation for our results is that the high
affinity site present on a4f32y2L receptors is a modified form

ofthe classic diazepam-binding site. This site no longer binds

diazepam and other 1,4-benzodiazepines (31) but remains

accessible to select imidazobenzodiazepines and to �-carbo-
lines such as DMCM (Fig. 10). The a4�2y2L receptors also

have a distinct low affinity modulatory site. Diazepam and
DMCM are positive modulators at this site, and low potency
effects of CGS-9895 may also be mediated via this mecha-
nism. We did not test the /3-subunit dependence of these

effects to investigate whether they share the same profile as

loreclezole (44). Nevertheless, a4f32y2L receptors are ro-

bustly potentiated by loreclezole, leaving open the possibility

that low-potency modulation of a4�2y2L receptors by diaze-
pam and DMCM is mediated by the loreclezole-binding site.

Conclusions. GABAA receptors containing a4 subunits

are thought to represent a major diazepam-insensitive sub-

type in mammalian forebrain (31). Our data show that the
human a4132-y2L receptor exhibits a distinct and novel phar-

macological profile to benzodiazepine-site ligands. The
unique pharmacology of a4-containing receptors may lead to

a more precise understanding of the mechanisms underlying
behavioral effects of GABAA modulators and to the design of
drugs with novel or improved therapeutic profiles.
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