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The main determinant of furosemide inhibition on GABA receptors isA

located close to the first transmembrane domain
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Abstract

Inhibitory GABA receptors are regulated by numerous allosteric modulators, the most receptor-subtype specific of which isA

furosemide. It recognises receptors of the subunit composition a6b2r3g2, restricted to cerebellar granule cells. To locate furosemide’s
site of action we constructed chimeras of the furosemide-sensitive a6 and the furosemide-insensitive a1 subunit, and expressed and
studied them together with the b3 and g2 subunits in Xenopus oocytes by the two-electrode voltage clamp technique. The inhibition of
GABA-induced currents by furosemide mainly depended on a short domain proximal to the first transmembrane region of the a6 subunit.
q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

GABA receptors mediate the majority of the in-A

hibitory neurotransmission in the mammalian brain. They
have a pentameric structure derived from the assembly of

Ž . Ž . Ž .members of the a 1–6 , b 1–3 , g 1–3 , d, ´ andror p

subunit classes. Each subunit comprises a large extracellu-
lar amino-terminal domain containing a conserved 15-

Ž .amino acid cysteine loop, four transmembrane TM re-
Ž . Žgions TM1-4 and an extracellular carboxy-terminus Fig.

.1 . GABA receptors possess binding sites for a numberA

of allosteric modulators regulating GABAergic activity
Ž .for review see Hevers and Luddens, 1998 . Recombinant¨
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receptors containing the a6 subunit, the mRNA of which
Žis restricted to the cerebellar granula cells Luddens et al.,¨
.1990; Laurie et al., 1992; Bahn et al., 1997 and the more

Ž .ubiquitous a4 subunit Wisden et al., 1991 along with b2
or b3 are highly sensitive to inhibition by the high-ceiling
diuretic furosemide but are insensitive to classical benzodi-
azepine receptor agonists compared to receptors containing

Žthe a1 subunit Korpi et al., 1995; Knoflach et al., 1996;
.Wafford et al., 1996 . However, the domain required for

the action of furosemide has been only roughly described
Žto reside amino-terminal to TM1 of the a6 subunit Fisher

.et al., 1997 . To further pinpoint the main domain we
created four chimeras between the a1 and a6 variants
covering two adjacent stretches between the cysteine loop
and TM2 region. We expressed the a chimeras together
with the b3 and g2 subunits in Xenopus oocytes and
measured the effect of furosemide on the GABA-mediated
Cly-current. We identified two furosemide interaction sites,
the more prominent of which is located in the carboxy-
terminal part of the extracellular domain up to the first half
of the first transmembrane region of the a6 subunit.
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2. Materials and methods

2.1. Construction of chimeras

Taq polymerase and AocI were purchased from
Ž .Boehringer Mannheim Mannheim, Germany , MluI was

Ž .from New England Biolabs Bad Schwalbach, Germany .
Starting from the previously constructed rat a1 and a6

Ž .subunits a1MA and a6MA that contained additional
Ž X .unique restriction sites for MluI 3 to the cysteine loop

Ž .and AocI between TM2 and TM3, Wieland et al., 1991 ,
we generated chimeric GABA receptors spanning theA

Ž .region between these two sites Fig. 1 . To that end we
used the upstream primers a1MluI and a6MluI, which
hybridised to the sequences surrounding the MluI recogni-
tion sites of a1 and a6, respectively. We named the
corresponding downstream primers covering the AocI sites
a1 AocI and a6 AocI. The sequences of these four primers
were:

a1 MluI: 5X GGGAGCTACGCGTATACAAGAGCAG;
a6 MluI: 5X GGGAGCTACGCGTATCCGAAAAGCG;
a1 AocI: 3X CATAAGCCACCTTAGGGAGGGAATT-
TC;
a6 AocI: 3X CATAGGACACCTTAGGTAGAGAGT-
GCC.
We further employed two inner primers with the first

half complementary to a1 or a6 and the second half—
comprising 15 bases—complementary to a6 or a1, re-
spectively called 5X

a1–a6 and 5X
a6–a1. Primers exactly

reversely complementary to these primers were called
3X

a6–a1 and 3X
a1–a1. The sequences of primer 5X

a1–a6
and 5X

a6–a1 were:
5X

a1–a6: CCAGTATGACCTTCTTGGGCAAACAG-
TTTCTAG and
5X

a6–a1: CCAGTATGATTTGATTGGGCAAACAG-
TTGACTC, respectively.

Ž .All polymerase chain reactions PCRs were performed
in the Perkin Elmer instruments 2400 or 9600 in 100 mM
Tris–HCI, pH 8.3, 1.5 mM MgCl , and 500 mM KCl. In a2

first series of PCRs we used the a1MA as a template with
the primer pairs a1MluIr3X

a1–a6 and 5X
a6–a1ra1 AocI

to generate products of 127 bp and 284 bp length, named
a1-100 and a1-260, respectively, with the names referring
to the length, given in numbers of base pairs, in the final
plasmid products. Each initial product contained the 15-
base overlap complementary to a6 on the 3X and 5X ends
plus an extension 5X to the MluI or 3X to the AocI site,
respectively. The corresponding PCR-fragments a6-100
and a6-260 covering the a6-sequence with short a1-ex-
tensions were generated using the a6 MluIr3X

a6–a1 and
5X

a1–a6ra6 AocI primer pairs. All PCRs reactions were
Ž .run with initial denaturation 948C and final elongation

Ž .steps 728C of 5 min each. The two 127 bp and the two
284 bp long fragments were synthesised in 30 cycles of

Ž . Ž . Ž .948C 30 s , 558C 30 s and 728C 30 s . We then diluted
the first four products 1:100 in H O. The fragment a6-100,2

containing the MluI site of a6, and the adjacent heterolo-
gous fragment a1-260, containing the AocI of a1, were
combined for the PCR synthesis of the hybrid a61 frag-
ment, taking advantage of the 15-base overlap of a6-100
with a1-260. The primer pair for this PCR was a6MluI
and a1 AocI. The equivalent construction of a16, extend-
ing from the MluI site of a1 to the AocI site of a6,
employed the primer pair a1MluI and a6 AocI. The PCR
conditions preceding and following the initial denaturation
and elongation steps, performed as described above, were:

Ž . Ž . Ž .eight cycles with 948C 15 s ; 458C 3 s ; 728C 30 s
Ž .immediately followed by 20 cycles of 948C 30 s ; 558C

Ž . Ž .30 s and 728C 30 s . The final PCR products called a16
and a61, were purified on a spin column and digested
with AocI and MluI. After separation on a 2% agarose
gel, the appropriate bands of 354 bp length were cut out of

Žthe gel and the DNA recovered by a commercial kit Jet
.Sorb, Genomed, Research Triangle Park, NC, USA . The

a1MA and a6MA plasmids were double digested with
MluI and AocI. The resulting vectors lacking the 354 bp
inserts were recovered from 0.6% agarose gel by the same
procedure as described above. The two PCR products a16
and a61 were separately cloned into the two large frag-
ments, resulting in the four chimeras a1-16, a1-61, a6-16
and a6-61, each one containing either a 102 bp or a 258
bp long heterologous insert. The authenticity of the plas-
mid inserts was verified by sequencing on a Perkin Elmer
470 sequencer. The starting amino acid positions of the
exchanged domains in a1 and a6 were for the MluI site
159 and 158, for the AocI site 277 and 276 and for the

Ž .internal overlap 192 and 191, respectively Fig. 1 .

2.2. Electrophysiological methods

Xenopus laeÕis oocytes were isolated and injected ac-
Ž .cording to standard procedures Kuner et al., 1993 with

mRNA encoding the wild-type or the chimeric a variants
in addition to the wild-type rat b3 and rat g2 short variant.
Two-electrode voltage clamp recordings were performed

Žin frog Ringer solution 115 mM NaCl, 1 mM KCl, 1.8
mM CaCl , 10 mM HEPES, adjusted to pH 7.5 with2

.NaOH . Recording electrodes contained 1 M KCl. Mem-
brane currents were recorded at a holding potential of y70

ŽmV using a Gene Clamp 500 amplifier Axon Instruments,
. ŽFoster City, CA, USA . Furosemide 1–3000 mM; Sigma,

.St. Louis, MO, USA was co-applied into the bath for 5 s
with GABA at the specific EC concentration which were30

individually determined in preliminary experiments for all
subunit combinations.

Ž .The EC and maximal currents mean"S.D. were for30

a6b3g2: 1.5 mM"1 and y465 nA"156, for a1b3g2:
71.6 mM"18 and y2716 nA"413, for a6-16b3g2:
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Ž . Ž . Ž .Fig. 1. A Chimeric a subunits constructed from a1 and a6. The chimeric nature of the different subunits is indicated by thin a1 and bold a6 lines, respectively, illustrating the 102 bp and 258 bp
Ž .fragments exchanged. The putative four transmembrane regions are depicted schematically, the putative cysteine loop is represented by a half-circle. B Amino acid sequences of the wild type and chimeric

a subunits in the region exchanged between the a1 and a6 subunits. Amino acids identical in a1 and a6 are only indicated in the consensus sequence. The amino acids of TM1 and TM2 are underlined.
The first digit of the amino acid numbers refer to the position in a1.
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Fig. 2. Inhibition of GABA-mediated currents by furosemide. The dose–
response relationships of furosemide were obtained at a GABA concen-
tration yielding 30% of the maximal current. Symbols and bars represent

Ž . Ž .means"S.D. for a1b3g2 ns5 and a6b3g2 ns6 and were fit to a
four parameter logistic equation. Furosemide blocked the current with an
IC of 37 mM"17 in a6b3g2 receptors but had only a minor effect in50

a1b3g2 receptors.

18.3 mM"4.6 and y1220 nA"535, for a6-61b3g2:
4.3 mM"1.2 and y896 nA"178, for a1-16b3g2: 6.9
mM"1.4 and y2756 nA"960 and for a1-61b3g2: 9.1
mM"2.3 and y2230 nA"484, respectively. The varia-
tions of the maximal currents of the various wild-type and
chimeric receptors are most likely due to different expres-
sion levels as previously observed by binding assays and
electrophysiological recordings of recombinant GABAA

Žreceptors Kleingoor et al., 1993; Korpi and Luddens,¨
.1997 . Applications were separated by 50-s washes. Only

oocytes showing stable control responses to GABA before
and after each to GABA at the start and the end of an
experiment were considered. Acute action of furosemide
on the NaqrKqrCly cotransporter could be excluded as
no effects of furosemide was observed in the absence of
GABA. Furthermore, the reversal potentials of the oocytes

Ž .were identical between y30 and y20 mV immediately
before and after five consecutive 5-s applications of 50
mM furosemide plus 1 mM GABA to a6b3g2 receptor

Ž .expressing oocytes data not shown . Each experiment was
carried out using at least two different donor frogs.

2.3. Data analysis

Currents were recorded and analysed using the pClamp
Ž .6.0.3 software Axon Instruments . Peak currents were

normalised and expressed as a percentage of the control
Ž . Žcurrent and fit to the equation: Is I q I y I r 1min max min

.n.qxrx , where I represents the normalised current, x0

the furosemide concentration, x the concentration induc-0

ing 50% of maximal inhibition, and n the Hill coefficient.
Data were expressed as mean"S.D.

3. Results

Preliminary experiments obtained with the use of
Ž .chimera C1 Wieland et al., 1991 indicated that the amino

acid residues permissive for the main inhibitory action of
the loop diuretic furosemide are located within a region
between the cysteine-loop and the start of TM3 on the a6

Ž .subunit not shown . To define the domain mediating the
action of furosemide four a subunit chimeras were con-

Ž .structed Fig. 1 . The chimeras and the wild-type a1 and
a6 subunits were co-expressed with b3 and g2 subunits in
Xenopus oocytes and their concentration–response rela-
tionships determined. Furosemide reversibly inhibited
GABA-mediated currents in a6b3g2 receptors with an

Ž Ž . .IC of 37 mM"17 Hill coefficient n : 0.8"0.2 . The50 H

efficacy of furosemide was 94%"2 at 1 mM furosemide
Ž .ns6; Fig. 2 . In a1b3g2 receptors 3 mM furosemide

Ž .blocked GABA-induced currents by 21%"10 ns5 .
Chimera a1-61, which contained the 102 bp long fragment
derived from a6, was even less sensitive to furosemide as
3 mM furosemide did not interfere at all with the GABA-

Ž .elicited current ns12; Fig. 3 . However, a6-16b3g2
and a1-16b3g2 receptors were highly sensitive to inhibi-

Žtion by furosemide with IC values of 31 mM"13 n :50 H
. Ž .0.85"0.22 and 41 mM"16 n : 0.89"0.07 , respec-H

tively, with a maximal inhibition at 1 mM furosemide of
Ž . Ž .89%"3 ns8 for a6-16b3g2 and 78%"3 ns6 for

Ž .a1-16b3g2 receptors Fig. 3 . With the chimera comple-
mentary to the latter, i.e., a6-61, furosemide had an
intermediate effect on GABA-induced currents compared

Fig. 3. Inhibition of GABA-mediated currents by furosemide. The dose–
response relationships of furosemide were obtained at a GABA concen-
tration yielding 30% of the maximal current. Symbols and bars represent
means"S.D. and were fit to a four parameter logistic equation. All
chimeras were expressed together with the b3 and g2 subunits. The IC50

Ž .values are 31 mM"13 for a6-16b3g2 ns8 , 41 mM"16 for a1-
Ž . Ž .16b3g2 ns6 and 201 mM"78 for a6-61b3g2 ns8 receptors.

Ž .Furosemide had no effect on a1-61 containing receptors ns12 .
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to the other three chimeras, with an IC value of 20150
Ž .mM"78 n : 0.63"0.15 and a maximal inhibition ofH
Ž .73%"5 ns8; Fig. 3 .

4. Discussion

Furosemide inhibits GABA-evoked currents at micro-
Žmolar concentrations in receptors containing an a6 Korpi

. Žet al., 1995 or a4 subunit Wafford et al., 1996; Knoflach
.et al., 1996 . In contrast, replacing the a4 or a6 subunit

by any other a variant leads to a dramatic decrease in the
potency and efficacy of furosemide. Previously, it has been

w35 xdemonstrated that furosemide enhances t- S butylbicy-
clophosphorothionate binding to GABA receptor chan-A

nels in the absence and presence of GABA by increasing
the affinity of binding, suggesting that it acts non-competi-

Ž .tively at an allosteric regulatory site Korpi et al., 1995 .
To determine the domains on the a subunits involved in
furosemide inhibition we constructed chimeras in which
adjacent fragments of 102 bp and 258 bp length of the a1

Ž .and a6 subunits were exchanged Fig. 1 . We expressed
them together with the natural subunit companions b3 and

Ž .g2 Luddens and Wisden, 1991 .¨
We found that the 258 bp fragment of the a6 subunit is

sufficient for normal furosemide-inhibition of the GABA-
induced current in the a6-16b3g2 and a1-16b3g2
chimeric receptors. In contrast, a1-61b3g2 receptors in-
cluding the 258 bp fragment of the a1 variant were
completely insensitive to furosemide. Neither the potency
nor the efficacy of furosemide on these chimeras was
statistically different from a6 wild-type containing recep-
tors suggesting the main structural domain for furosemide
antagonism to reside on this domain of the a6 subunit.

Ž .Recently, Fisher et al. 1997 described a high-affinity
inhibition by furosemide in a chimeric construct containing
the amino-terminal domain of the a6 subunit. This con-
struct included the first half of TM1, thus partly overlap-
ping with the 258 bp fragment. Therefore, together with
our present data, the primary determinant for furosemide
inhibition appears to be in a short stretch of amino acids
amino-terminal to the second half of TM1.

a1b3g2 and a1-61b3g2 receptors are insensitive to
furosemide, excluding the a1 backbone and the 102 bp
fragment of a6 as contributing to the furosemide sensitiv-
ity. However, a6-61b3g2 receptors were also blocked by
furosemide but with a potency which was tenfold reduced
compared to wild-type a6b3g2 or a6-16b3g2 receptors,
suggesting an additional recognition site for furosemide on
the a6 subunit not detectable in the presence of the high
potency site. A similar low potency inhibition by
furosemide was previously observed with a chimera con-
taining the amino-terminal extracellular domain of the a1
subunit and the remainder derived from the a6 subunit
Ž .Fisher et al., 1997 . As the a6-61 chimera originates from

the a6 variant with the TM1 and TM2 replaced by the 258
Ž .bp fragment of the a1 subunit Fig. 1 , we can conclude

that the low-potency site for furosemide is located at the
carboxy-terminal end of the a6 starting with TM2, though
the possibility remains that this site is part of a single
binding pocket.

In addition to a6-containing receptors, furosemide
Ž .blocks human a4b3g2 receptors Wafford et al., 1996 ,

though with the low potency observed by Fisher et al.
Ž .1997 for receptors containing the chimeric carboxy-

Ž .terminal a6 construct see above . Therefore, they sug-
gested that a4b3g2 receptors may only contain the lower
potency site for furosemide. Our results confirm the exis-
tence of a low potency site since we observed it only in
a6-61b3g2 receptors in which the high potency site is
absent due to the a1-derived 258 bp fragment. However,

Ž .Knoflach et al. 1996 reported, that the high-potency
furosemide inhibition of GABA-evoked currents of recom-
binant rat a4b2g2 and a6b2g2 receptors is indistin-
guishable, i.e., in combination with the b2 instead of the
b3 subunits. As the amino acid sequences of the human
and rat a4 subunits within the exchanged 258 bp region
are identical, the different b subunits employed are left as
an explanation for the contradictory results. Thus, the a4
but not the a6 containing receptors are postulated to be
differentially affected in their furosemide sensitivity by the
b2 and b3 variant.
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