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ABSTRACT lonotropic receptors for y-aminobutyric
acid (GABA) are important to inhibitory neurotransmission
in the mammalian retina, mediating GABAA and GABAc
responses. In many species, these responses are blocked by the
convulsant picrotoxinin (PTX), although the mechanism of
block is not fully understood. In contrast, GABAC responses
in the rat retina are extremely resistant to PTX. We hypoth-
esized that this difference could be explained by molecular
characterization of the receptors underlying the GABAC re-
sponse. Here we report the cloning of two rat GABA receptor
subunits, designated rpl and rp2 after their previously iden-
tifled human homologues. When coexpressed in Xenopus oocytes,
rpl/rp2 heteromeric receptors mimicked PTX-resistant GABAC
responses of the rat retina. PTX resistance is apparently con-
ferred in native heteromeric receptors by rp2 subunits since
homomeric rpl receptors were sensitive to PTX; rp2 subunits
alone were unable to form functional homomeric receptors.
Site-directed mutagenesis confirmed that a single amino acid
residue in the second membrane-spanning region (a methionine
in rp2 in place of a threonine in rpl) is the predominant
determinant of PTX resistance in the rat receptor. This study
reveals not only the molecular mechanism underlying PTX
blockade of GABA receptors but also the heteromeric nature of
native receptors in the rat retina that underlie the PTX-resistant
GABAC response.

y-Aminobutyric acid (GABA) is the major inhibitory neuro-
transmitter in the central nervous system (1). In the GABA
receptor family, the GABAA receptor gates a Cl- channel,
while the GABAB receptor is coupled to a guanine nucleotide
binding protein (2). These receptors have been characterized
by their differential responses to selective agonists and antag-
onists. GABAA-mediated responses can be blocked by a
selective antagonist, bicuculline, and GABAB-mediated ef-
fects can be activated by a specific GABA analog, baclofen (3).
Recently, a third type of GABA response has been described
that, unlike the others, is bicuculline and baclofen insensitive
and has been designated GABAC (2, 4). Like GABAA, the
GABAC response is mediated by a Cl- current, but the pharma-
cology is clearly different. GABAc responses were first reported
in the retina (5-12) but recently have also been found in the
hippocampus (13).
GABA p subunits, cloned from the human retina by Cutting

and colleagues (14-17), have been postulated to underlie
GABAC responses. The pharmacology of human p receptors
is similar to that reported for GABAC responses of rat and fish
retinal neurons orXenopus oocytes injected with bovine retinal
mRNA (5-7, 14, 16, 17). Strikingly, however, GABAc re-
sponses are quite sensitive to picrotoxinin (PTX) in each of
these preparations except rat retinal neurons (6, 8). Although
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PTX is thought to block vertebrate GABA receptors by acting
directly or allosterically in the channel (4, 18), the molecular
mechanism of its action is still not completely understood.
Human p subunits are capable of forming functional homo-
meric receptors, but heretofore the native subunit composition
of receptors formed from p subunits was not clear. One
hypothesis for the difference in PTX sensitivity of rat GABAc
responses involves formation of heteromeric receptors (6).
Thus, we searched for possible variants of GABA p subunits
in the rat retina.
Here we report the cloning of two GABA subunits from the

rat retina that are homologous to the previously reported
human p subunits (14, 15). Most importantly, one of the rat
subunits, unlike its human homologue, contains a single amino
acid difference of fundamental importance to the pharmacol-
ogy of the native responses. Functional expression in Xenopus
oocytes demonstrated that this subunit (p2) is responsible for
PTX resistance of the rat receptor. Site-directed mutagenesis
confirmed that PTX resistance in the native receptor is
determined by a single amino acid, a methionine instead of a
threonine in the second membrane region (M2) of the p2
subunit compared to the pl subunit. Preliminary reports of our
findings have been presented (19, 20).t

MATERIALS AND METHODS
cDNA Cloning. Reverse transcription PCR experiments

were conducted using postnatal day 12 rat retinal total RNA
with forward (5'-TGCNACATGGACTTCNGCC-3') and re-
verse (5'-CGAACACAAAGCTGACCCAG-3') primers based
on the sequence of the human GABA pl subunit (N = mixed
nucleotides of G, C, A, and T). cDNA fragments thus obtained
were subcloned, sequenced, and used as probes to screen a A ZAP
II (Stratagene) rat retinal cDNA library. Bluescript plasmids were
excised from positive clones and analyzed by automated sequenc-
ing to yield the rat pl subunit. Point mutations were introduced
into cDNA clones by double-stranded, site-directed mutagenesis
(Stratagene) and confirmed by sequencing.

In Vitro Transcription, Expression, and Oocyte Recording.
Rat p subunits were studied by using a two-microelectrode
voltage clamp in the Xenopus laevis oocyte expression system
2-9 days after injection of 20-60 ng of complementary RNA
(cRNA) (21). Drugs were applied via a rapid superfusion
system. Data were sampled at 2.2-11.1 Hz at room tempera-
ture.

Abbreviations: GABA, y-aminobutyric acid; PTX, picrotoxinin; hpl,
human GABA pl subunit; rpl, rat GABA pl subunit; cRNA, com-
plementary RNA.
*To whom reprint requests should be addressed at: Children's Hos-
pital, 300 Longwood Avenue, Enders Building, Suite 361, Boston,
MA 02115.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. U21070).
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RESULTS
Cloning Rat GABA p Subunits. Screening a rat retinal

cDNA library with probes obtained by reverse transcription
PCR, we isolated clones of high sequence identity with the
previously cloned human GABA p subunits (14, 15). One of
these clones contained an open reading frame of 1422 bp
encoding a predicted protein of 474 amino acids. This protein
shared 95% (449/473) identical amino acids with the human pl
receptor subunit (hpl) and was therefore designated rat pl (rpl;
Fig. 1). The major differences between hpl and rpl occurred near
the N terminus and between M3 and M4; the conserved
regions among all GABA receptors, such as the Cys-Cys loop
and the membrane regions, were preserved. The nonidentical
amino acid residues did not alter the predicted functional
motifs, including glycosylation and phosphorylation sites (14).
A second clone, designated rp2, had a deduced amino acid
sequence that shared 91% (423/465) amino acid identity and
the same length as hp2 (Fig. 1) (15). Comparison of hp2 and
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rp2 revealed one additional phosphorylation site for cAMP-
dependent kinase in rp2 between M3 and M4. Like the human
p subunits, rpl and rp2 were quite similar to each other,
especially in the membrane-spanning regions. Thus, we were
surprised to find a methionine in rp2 in place of a threonine
in rpl at a site that is highly conserved among all other
ligand-gated Cl- channels in the M2 region.
Pharmacology of Recombinant Rat GABA p Subunits. In

oocytes, rpl subunits, but not rp2 subunits, formed functional
homomeric GABA receptors. Many characteristics of homo-
meric rpl receptors were similar to those of human p receptors
(16, 17), to GABAC responses encoded by bovine retinal
mRNA (7), and to GABAc responses of primary retinal
neurons (5, 6, 8-12). These properties included little if any
desensitization to GABA and insensitivity to diazepam or
pentobarbital (data not shown). The GABA dose-response
curve for homomeric rpl receptors was well fit by the Hill
equation with EC50 = 1.1 + 0.1 ,uM (mean ± SEM; n = 17
oocytes) and a Hill coefficient of 2.3 ± 0.1 (Fig. 2A). Although
this EC50 was slightly lower than those of their human pl and
p2 counterparts, reported to be 1.8 and 1.7 ,tM, respectively
(17), the Hill coefficient was nearly identical (17). However,
unlike the native GABAC responses of rat retinal neurons (6,
8), homomeric rpl receptors were relatively sensitive to PTX,
similar to receptors formed from hpl or hp2 subunits. PTX
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FIG. 1. Comparison of deduced amino acid sequences of the
GABA pl and p2 subunits from human and rat. Conserved amino
acids are listed only for rpl. Differences between homologous subunits
of different species are indicated (* for rpl vs. hpl and # for rp2 vs.
hp2). The regions of the Cys-Cys loop (dashed line) and the four
proposed membrane-spanning motifs (solid lines) are preserved across
the human and rat genes.
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PTX concentration (,uM)

FIG. 2. GABA dose-response curve and PTX dose-inhibition
curve for homomeric rpl receptors. (A) GABA activates rpl homo-
meric receptors with EC5o = 1.1 ± 0.1 AM (mean ± SEM; n = 17
oocytes) and a Hill coefficient of 2.3 ± 0.10. GABA responses were
normalized to that of 100 ,tM GABA for each oocyte. (B) Dose-
dependent inhibitory effects of PTX on GABA-evoked currents from
homomeric rpl receptors. IC50 values of PTX for 1, 2, and 20 ,uM
GABA were 0.52 ± 0.10 (n = 4), 1.1 ± 0.1 (n = 6), and 40.0 ± 5.5
(n = 8), respectively.
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inhibition of homomeric rpl responses was dependent on
GABA concentration (Fig. 2B), similar to homomeric hpl,
hp2, and other preparations (7, 9, 16, 17).

rp2 Subunits Confer PTX Resistance. Although rp2 sub-
units did not form functional homomeric receptors, coexpres-
sion of rpl/rp2 resulted in heteromeric GABA receptors that
were resistant to PTX. We initially evaluated PTX sensitivity
by using 100 ,uM PTX to block 2 ,uM GABA-evoked currents;
responses in oocytes injected with rpl cRNA alone were almost
completely blocked under these conditions (Fig. 3A). As we
increased the percentage of rp2 coinjected with rpl cRNA, the
proportion of PTX-resistant GABA current increased (Fig. 3
B and C). The dependence of PTX resistance on rp2 was
evaluated quantitatively (Fig. 4A). The receptors underlying
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FIG. 3. Correlation of PTX resistance with the percentage of rp2
or mutated rpl(T314M) cRNA coinjected with rpl cRNA into Xeno-
pus oocytes. A total of 30 ng of cRNA was injected into each oocyte,
except in C and F where 60 ng was injected to increase the amplitude
of the currents. PTX (100 ,uM; solid bar) was used to test the
antagonist sensitivity of the responses to GABA (2 ,uM; open bar). (A)
For homomeric rpl receptors, PTX at a concentration of 100 ,uM
almost totally blocked current evoked by 2 ,uM GABA (degree of
inhibition, 99.3% ± 0.3%, mean + SEM; n = 6). (B) PTX blocked 74%
+ 1.9% (n = 6) of the GABA-evoked current when 50% rpl cRNA
was coinjected with 50% rp2 cRNA. (C) PTX blocked 51% ± 4%
(n = 7) of the GABA-evoked current when 25% rpl cRNA was

coinjected with 75% rp2 cRNA. (D) PTX blocked 78% + 0.6% (n =

4) of the GABA-evoked current when 10% wild-type rpl cRNA was

coinjected with 90% mutated rpl(T314M) cRNA. (E) PTX blocked
64% + 2.3% (n = 4) of the GABA-evoked current when 80%
wild-type rpl cRNA was coinjected with 20% rpl(T314M) cRNA. (F)
PTX blocked 36% ± 4.0% (n = 7) of the GABA-evoked current when
50% wild-type rpl cRNA was coinjected with 50% rpl(T314M) cRNA.
GABA-evoked currents became smaller in magnitude as the percent-
age of mutated cRNA increased.
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FIG. 4. Composition of p subunits influences the proportion of
GABA current not blocked by a fixed concentration of PTX and the
dose-inhibition curve of PTX. (A) Plot of the GABA current remain-
ing in the presence of 100 ,uM PTX vs. percentage rp2 cRNA (open
triangles) or rpl(T314M) cRNA (solid circles) coinjected with rpl
cRNA. GABA responses were normalized to the maximal current
evoked in each oocyte. (B) Dose-inhibition curves of PTX for 2 ,uM
GABA responses from receptors expressed after coinjection of 25%
rpl cRNA and 75% rp2 cRNA (open triangles), coinjection of 25% rpl
and 75% rpl(T314M) (solid triangles), or injection of rpl subunits
alone (solid circles). The dose-inhibition curve of PTX for rpl/rp2
subunits displays two components. IC50 of PTX for rpl/rpl(T314M)
subunits was 634 ± 34 jtM (n = 8).

the component of GABA current blocked by PTX may be
composed predominantly of homomeric rpl subunits. This is
suggested because the PTX dose-inhibition curve after coin-
jection of p subunits [rpl(25%)/rp2(75%); Fig. 4B] contained
two components, one similar to that of homomeric rpl recep-
tors (Fig. 4B) and a second shifted dramatically to the right.
Although the EC50 for heteromeric rpl/rp2 receptors was

similar to that of homomeric rpl receptors, the absolute
magnitude of GABA-evoked currents decreased as the pro-
portion of injected rp2 cRNA increased. This finding suggests
that the presence of rp2 results in a lower efficiency of receptor
assembly, as recently proposed (17, 22). Alternatively, the
presence of rp2 may alter receptor-ionophore coupling or
channel gating, reducing the overall input/output gain. In any
event, the above results lead to two important conclusions.
First, rpl and rp2 subunits form functional heteromeric re-
ceptors that mimic PTX resistance of native GABAC responses
in the rat retina. Second, PTX resistance appears to be based
on the intrinsic structure of the rp2 subunit.

Site-Directed Mutagenesis Elucidates the Basis for PTX
Resistance. To investigate the molecular basis for PTX resis-
tance, we analyzed the amino acid sequence predicted by rpl
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and rp2. We looked at the M2 region because of reports that
PTX acted at least in part by blocking ligand-gated Cl-
channels (refs. 23 and 24, but see refs. 18, 25, and 26).
Strikingly, in this region the rp2 clone differed from rpl by only
2 amino acids (Fig. 5). At the first of these sites, however, both
rpl and hpl have a proline residue, while rp2 and hp2 have a
serine. This difference cannot account for PTX resistance
conferred by rp2; data from Cutting and co-workers (27)
suggest that, if anything, receptors composed of hp2 subunits
are more sensitive to PTX than hpl subunits, just the opposite
of our findings with rat subunits. Moreover, this site is not
conserved among GABA and glycine subunits (Fig. 5). In
contrast, the amino acid residue at the second site of interest
is conserved in all known GABA subunits as a threonine,
except in rp2 where a methionine resides. This residue was
therefore likely to be critical for PTX resistance.
To determine whether this amino acid residue contributes to

PTX resistance, we performed site-directed mutagenesis to sub-
stitute a threonine for the methionine, yielding rp2(M299T).
Similar to wild-type rp2, this mutant did not form functional
homomeric GABA receptors. However, coexpression of
rp2(M299T) with rpl formed functional GABA receptors that
were sensitive to PTX. These presumptive heteromeric receptors
displayed virtually the same GABA dose-response and PTX-
inhibition curves as homomeric rpl receptors (data not shown).
This raises the possibility, however, that rp2(M299T) cRNA was
not functionally expressed and that only homomeric rpl subunits
contributed to these responses. This possibility is highly unlikely
because of evidence for the formation of heteromeric rpl/
rp2(M299T) receptors; GABA-evoked currents after coinjection
of rpl/rp2(M299T) cRNAs were substantially smaller than those
recorded after injection of rpl cRNA alone but were very similar
to their"rpl/rp2 counterparts. Since rpl/rp2 receptors have a
different pharmacology (PTX resistance) from homomeric rpl
receptors, we infer that heteromeric receptors were indeed
formed. Taken together, these results suggest that substitution of
threonine for methionine at residue 299 of rp2 eliminates PTX
resistance of rpl/rp2 receptors. Since a methionine is normally
present in this position, this site can account for the PTX
resistance of native rat GABAc receptors.
A remaining question is whether PTX resistance can also be

influenced by residue 295 of rp2 (homologous to residue 310
in rpl). To investigate this, we used the ability of rpl subunits
to form homomeric receptors and made an additional mutant,
rpl(P310S). Compared to wild type, homomeric rpl(P310S)
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FIG. 5. Comparison of M2 regions of ligand-gated Cl- channels,
including the rat glycine a subunit; the Drosophila GABA Rdl subunit;
the rat GABA al, p31, -yl, 8, pl, and p2 subunits; and the human pl
and p2 subunits. The 2 amino acid residues different in rpl (residues
310 and 314) and rp2 (residues 295 and 299) are indicated by shaded
areas. Note that in the rp2 subunit a methionine has replaced the
threonine of the rpl subunit at a site that is highly conserved among
ligand-gated Cl- channels.

receptors exhibited substantially smaller GABA-evoked cur-
rents. Consistent with the report of Cutting and co-workers (27),
homomeric rpl(P310S) receptors displayed a higher EC50 (9.1 +

1.4 uM, mean + SEM; n = 5) and a substantial reduction in the
effect ofGABA concentration on PTX inhibition. The IC50 value
of PTX for 2 ,uM GABA (1.1 ± 0.1 p,M; n = 10) was virtually
the same as for 20 ,tM GABA (1.2 + 0.1 ,uM; n = 7). With the
alteration in PTX antagonism in this mutant, we could not
quantitatively compare PTX sensitivity to wild-type rpl homo-
meric receptors. However, homomeric rpl(P310S) receptors, like
hp2, appear to be more sensitive to PTX than their wild-type pl
counterparts. Thus, this residue cannot account for the PTX
resistance conferred by the rp2 subunit.

If the native "substitution" of a methionine for a threonine
at residue 299 of rp2 produced PTX resistance in heteromeric rat
p receptors, then one might expect that site-directed mutagenesis
of the homologous rpl residue 314 would produce PTX-resistant
rpl mutant receptors. We therefore constructed the subunit
rpl(T314M). Unfortunately, homomeric channels formed from
this subunit displayed only very tiny GABA-evoked currents.
Instead, we studied PTX sensitivity of receptors formed by
coexpressing rpl/rpl(T314M). GABA-evoked currents de-
creased in magnitude as the percentage of rpl(T314M) cRNA
increased (Fig. 3 D-F). The decrease in GABA-induced current
was not due to a shift in the agonist dose-response curve since the
EC50 was not significantly different for homomeric (rpl/rpl) vs.
heteromeric rpl/rpl(T314M) receptors (data not shown). Qual-
itatively similar to the effect of rp2 on wild-type heteromeric
receptors, PTX resistance increased with the proportion of
injected rpl(T314M) cRNA (Figs. 3 D-F and 4A). However, the
PTX dose-inhibition curve for rpl(25%)/rpl(T314M)(75%) was
shifted to the right compared to rpl(25%)/rp2(75%) (Fig. 4B).

DISCUSSION
Our results suggest that the PTX resistance of GABAc
responses in rat retina is due to rp2 subunits in heteromeric
rpl/rp2 receptors. Moreover, a single amino acid in the M2
region of rp2 (methionine instead of threonine at residue 314
in rpl) is responsible for PTX resistance in the native receptor.
The rpl subunit differs from rp2 by an additional amino acid
in the M2 region, corresponding to proline residue 310 in rpl
and serine residue 295 in rp2. However, substitution of serine
for proline at this site in rpl did not decrease PTX sensitivity.
We therefore conclude that the proline/serine variation at this
site is not the predominant factor conferring PTX resistance
by the rp2 subunit, although this site might affect PTX
sensitivity under other conditions. In fact, in an invertebrate
GABA receptor subunit the mutation of alanine to serine at
a homologous site abolished PTX sensitivity (28). In an
a-helical structure, the two amino acids corresponding to
residues 310 and 314 of rpl could represent adjacent residues
facing the pore (29), and thus each could affect PTX sensi-
tivity. In any event, we find that a single amino acid residue
located inside the predicted ion channel is critical for PTX
action, lending further support to the notion that the channel
itself is the major site of PTX blockade.
We also found that the amplitude of GABA-evoked currents

of homomeric rpl(T314M) or rpl(P310S) receptors was sig-
nificantly reduced compared to wild type. In addition, the
GABA-induced currents of heteromeric rpl/rpl(T314M) re-
ceptors decreased in magnitude as we increased the amount of
injected rpl(T314M) cRNA (Fig. 3 B and C). These results
suggest that substitution of amino acid residues at these two
sites, presumably facing the channel pore (29), may also affect
channel gating, as previously demonstrated for acetylcholine
receptors (30). This may at least partially account for the fact
that receptors formed from homomeric rp2 subunits, contain-
ing serine and methionine residues at these two positions,
displayed no detectable currents. Nonetheless, substitution of

Neurobiology: Zhang et al.
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the methionine with a threonine in rp2 did not restore detect-
able GABA-evoked currents. In contrast to rp2, hp2 subunits
can form functional homomeric receptors, but the currents are
substantially smaller than their hpl counterparts (17). The
N-terminal region is known to be critical for the assembly of
functional ligand-gated receptors, including homomeric hp2
receptors (22, 31, 32). It is therefore possible that defects in
both assembly and channel gating in the rp2 subunit prevent it
from forming functional homomeric receptors.

It has been proposed that the two cloned human p subunits
underlie the GABAC responses of native receptors (16).
However, prior to the present study, the subunit composition
of this type of GABA receptor had not been elucidated. We
took advantage of the PTX-resistant property of the rat retinal
GABAc receptor to discern the subunit composition of re-
combinant receptors. Since homomeric rpl receptors are
sensitive to PTX, we are able to show that rpl and rp2 subunits
form functional heteromeric GABA receptors because of their
PTX resistance. It is therefore very likely that the native
PTX-resistant GABAC receptor in the rat retina is composed
of both rpl and rp2 subunits. However, the existence of
additional p subunits cannot be excluded.
Our findings may provide an explanation not only for PTX

resistance/sensitivity of GABAc receptors but also for other
vertebrate GABA receptors that are coupled to Cl- channels,
including the GABAA subtype, which is inhibited by PTX (4,
33). PTX may therefore prove to be useful as a specific probe
for examining motifs crucial to Cl- permeability in a variety of
receptor-channel complexes.

In summary, we demonstrate that a single amino acid
residue in the rp2 subunit renders heteromeric rpl/rp2 recep-
tors resistant to PTX. Our results lend further support to the
proposal that GABA p subunits underlie the previously re-
ported GABAc responses in the retina of various species (6, 8).
Recently, similar responses to GABA were reported in rat
hippocampal neurons, suggesting that this form of ionotropic
GABA receptor is more ubiquitous than previously thought
(18). In a more general sense, the fact that a single amino acid
residue can profoundly affect the PTX sensitivity of GABA
receptors calls into question classification schemes based solely
on pharmacological properties. Clearly, the ability to coas-
semble subunits to form functional heteromeric channels
remains central to the definition of a receptor family. Our
work, together with that of others (16), provides credence for
the fulfillment of this concept by p subunits as the molecular
basis for GABAC responses.
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