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ABSTRACT

Many drugs used to treat anxiety are positive modulators of
GABA, receptors, which mediate fast inhibitory neurotransmis-
sion. The GABAA, receptors can be assembled from a combina-
tion of at least 16 different subunits. The receptor’s subunit
composition determines its pharmacologic and functional pro-
perties, and subunit expression varies throughout the brain. A
primary goal for new treatments targeting GABA, receptors is
the production of subunit-selective modulators acting upon a
discrete population of receptors. The anxiolytic 4-amino-7-
hydroxy-2-methyl-5,6,7,8,-tetrahydrobenzo[b]thieno[2,3-b]pyridine-
3-carboxylic acid, but-2-ynyl ester (SB-205384) is widely considered
to be selective for a3-containing GABA, receptors. However, it has
been tested only on a1-, @2-, and a3-containing receptors. We
examined the activity of SB-205384 at recombinant receptors
containing the six different « subunits and found that receptors

containing the a3, a5, and a6 subunits were potentiated by
SB-205384, with the a6 subunit conferring the greatest res-
ponsiveness. Properties associated with chimeric a1/a6 sub-
units suggested that multiple structural domains influence
sensitivity to SB-205384. Point mutations of residues within
the extracellular N-terminal domain identified a leucine residue
located in loop E of the agonist binding site as an important
determinant of high sensitivity to modulation. In the a6 subunit
the identity of this residue is species-dependent, with the leucine
found in rat subunits but not in human. Our results indicate that
SB-205384 is not an a3-selective modulator, and instead acts at
several GABA, receptor isoforms. These findings have implica-
tions for the side-effect profile of this anxiolytic as well as for its use
in neuronal and animal studies as a marker for contribution from
a3-containing receptors.

Introduction

Anxiety disorders are the most common mental illness in
the United States, affecting approximately 40 million Amer-
icans over the age of 18, which represents nearly 18% of the
adult population (Kessler et al., 2005). Many commonly used
anxiolytics act by enhancing inhibitory neurotransmission
through the GABA, receptors (Whiting, 2006; Mohler, 2012;
Smith and Rudolph, 2012). These receptors are chloride-
permeable ligand-gated ion channels composed of a pentame-
ric combination of 16 different subunit subtypes («1-6, 81-3,
v1-3, 6, &, m, and 6). The expression of the different subunits
varies both regionally and developmentally (Olsen and
Sieghart, 2009). Therefore, drugs that act selectively on distinct
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receptor populations have the potential to produce targeted
therapeutic benefit without unwanted side-effects (Basile et al.,
2004; Rudolph and Knoflach, 2011).

The a3 subunit of the GABA, receptor is predominantly
expressed in the developing nervous system, with more re-
stricted expression in the adult brain (Laurie et al., 1992a).
Although studies with genetically modified mice suggest that
a2-, rather than a3-containing receptors mediate the anxiolytic
effects of benzodiazepines (Rudolph and Mohler, 2004), drugs
selectively targeting the «3-containing receptors have been
investigated for treatment of anxiety and chronic pain (Dias
et al., 2005; Knabl et al., 2008). One compound widely con-
sidered to be a3-selective is 4-amino-7-hydroxy-2-methyl-5,6,7,8,-
tetrahydrobenzo[b]thieno[2,3-b]pyridine-3-carboxylic acid, but-2-
ynyl ester (SB-205384) (Benham et al., 1994). SB-205384 has
been shown to reduce anxiety in animal models through a site
distinct from that used by benzodiazepines (Navarro et al., 2006,
2008). While this compound is commonly used in neuronal and
animal studies with the assumption that it selectively modulates
a3-containing GABA4 receptors (i.e., see Ing and Poulter, 2007
Uusisaari and Knopfel, 2008; Belujon et al., 2009; Chun and Jo,
2010; Miller et al., 2010), only a limited number of subunit
subtypes have actually been directly compared. SB-205384
was reported to slow the decay rate of the response to GABA

ABBREVIATIONS: SB-205384, 4-amino-7-hydroxy-2-methyl-5,6,7,8,-tetrahydrobenzo[b]thieno[2,3-b]pyridine-3-carboxylic acid, but-2-ynyl ester.
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when receptors contained a3 subunits, but not when they
contained a1 or a2 subunits (Meadows et al., 1998). Properties
of recombinant receptors containing the other o subtypes were
not examined.

Because of the clinical and experimental importance of
subunit-selective modulators, the goal of this work was to
evaluate the effect of SB-205384 at receptors containing each
of the six different @ subunit-subtypes of the GABA, receptor.
We used patch-clamp recordings from transiently transfected
human embryonic kidney 293T cells to determine the mod-
ulatory effect of SB-205384 on the activity of recombinant
GABA, receptors and to identify the structural basis for its
subunit-selective activity.

Materials and Methods

Transfection of Mammalian Cells. Full-length ¢cDNAs for the
rat or human GABA, receptor subunits (obtained from Dr. Robert
Macdonald, Vanderbilt University) in mammalian expression vectors
were transfected into the human embryonic kidney cell line 293T
(GenHunter, Nashville, TN). Cells were maintained in Dulbecco’s
modified Eagle’s medium plus 10% fetal bovine serum, 100 IU/ml
penicillin, and 100 pg/ml streptomycin. Cells were passaged by a
2-minute incubation with 0.05% trypsin/0.02% EDTA solution in
phosphate buffered saline (10 mM Na,HPO,, 150 mM NaCl, pH = 7.3).

The cells were transfected using calcium phosphate precipitation.
Plasmids encoding GABA,4 receptor subunit cDNAs were added to the
cells in 1:1:1 ratios (a:B:v/5) of 2 ug each. To allow isolation of positively
transfected cells, 1 pug of the plasmid pHook-1 (Invitrogen/Life
Technologies; Grand Island, NY) containing cDNA encoding the surface
antibody sFv was also transfected into the cells (Chesnut et al., 1996).
Following a 4—6-hour incubation at 3% CO., the cells were treated with
a 15% glycerol solution in BES-buffered saline (50 mM BES(V,N-bis[2-
hydroxyethyl]-2-aminoethanesulfonic acid), 280 mM NaCl, 1.5 mM
NayHPO,) for 30 seconds. The selection procedure for pHook expression
was performed 18-52 hours later. The cells were passaged and mixed
for 30—60 minutes with 3-5 ul of magnetic beads coated with antigen
for the pHook antibody (approximately 6 x 10° beads) (Chesnut et al.,
1996). Bead-coated cells were isolated using a magnetic stand. The
selected cells were resuspended into Dulbecco’s modified Eagle’s
medium, plated onto glass coverslips treated with poly L-lysine, coated
with collagen, and used for recordings 20-28 hours later.

Electrophysiological Recording Solutions and Techniques.
For all recordings the external solution consisted of (in mM): 142 NaCl,
8.1 KCl, 6 MgCly, 1 CaCly, and 10 HEPES with pH = 7.4 and
osmolarity adjusted to 295-305 mOsm. Recording electrodes were
filled with an internal solution of (in mM): 153 KC1, 1 MgCl,, 5 K-EGTA
(ethylene glycol-bis (8-aminoethyl ether) N,N,N'N’-tetraacetate), and
10 HEPES with pH = 7.4 and osmolarity adjusted to 295-305 mOsm.
GABA (Sigma-Aldrich, St. Louis, MO) was diluted into external
solution from freshly made or frozen stocks in water. SB-205384
(Tocris Bioscience, Bristol, UK) and flumazenil (Tocris Bioscience) were
dissolved in dimethylsulfoxide and diluted into external solution, with
the highest dimethylsulfoxide level applied to cells of 0.1%. Patch
pipettes were pulled from borosilicate glass with an internal filament
(World Precision Instruments, Sarasota, FL) on a two-stage puller
(Narishige, Tokyo, Japan) to a resistance of 5-10 M(). For whole-cell
recordings GABA was applied to cells using a stepper solution ex-
changer with a complete exchange time of <50 milliseconds (open tip,
SF-77B; Harvard Apparatus, Holliston, MA). For macropatch record-
ings the 3-barrel square glass was pulled to a final size near 200 pum.
Rise times (10-90%) of the junction potential at the open tip were
consistently faster than 400 microseconds and were tested using a
diluted external solution. There was a continuous flow of external
solution through the chamber. Currents were recorded with an Axon
200B (Axon Instruments, Foster City, CA) patch clamp amplifier.

Construction of Mutated Subunit ¢cDNAs. Point mutations
were generated using the QuikChange procedure and products
(Agilent Technologies, Santa Clara, CA). Oligonucleotide primers
were synthesized by Integrated DNA Technologies (Coralville, IA),
and DNA sequencing was performed by the University of South
Carolina Environmental Genomics core facility (Columbia, SC).

Analysis of Whole-Cell and Macropatch Currents. Whole-cell
currents were analyzed using the programs Clampfit (pClamp9 suite;
Axon Instruments) and Prism (GraphPad Software, San Diego, CA).
Concentration-response data were fit with the four-parameter logistic
equation: Current = (Minimum current + [Maximum current —
Minimum current])/1 + (107(log ECso—log [agonist])*n) where n
represents the Hill number. All fits were made to normalized data
with current expressed as a percentage of the maximum response for
each cell. Macropatch currents from outside-out patches were digitized
at 10 kHz and analyzed with the pClamp 9.0 suite of programs. The
deactivation rate was determined by fitting the decay current with the
Levenberg-Marquardt least squares method with two exponential
functions. Student’s paired or unpaired ¢ tests, analysis of variance, and
Tukey-Kramer multiple comparisons tests were performed using the
Instat program (GraphPad Software) with a significance level of P < 0.05.

Results

Effect of the a« Subtype on Positive Modulation by
SB-205384. Cells were transfected with each of the six
different a subunit subtypes along with the same B (33) and
v (y2L) subunits. To determine the sensitivity to modulation,
a submaximal concentration of GABA (EC5_19) was coapplied
with 0.3 uM SB-205384 for 5 seconds to cells voltage-clamped
at —50 mV (Fig. 1, A and B). Three of the six isoforms, those
containing the a3, o5, and @6 subunits, showed significantly
greater enhancement of the current by this concentration of
SB-205384. These findings are consistent with those of
Meadows et al. (1998) in which only a1-, #2-, and a3-containing
receptors were examined.

From full concentration-response relationships, we found
that receptors with the a6-subunit had the greatest sensitivity
to SB-205384 (Fig. 1C). The average ECs, (and peak response)
for potentiation of the response to GABA was 280.4 = 23.7 nM
(5319 = 97.7%) for a6B83y2L (n = 6). This compared with
695.5 = 156.0 nM (359.6 * 42.9%) for a3B3y2L (n = 5) and
730.0 = 200.0 nM (389.2 + 11.0%) for «583y2L (n = 4). The less
sensitive isoform «1B3y2L had an average ECs, (and maxi-
mum potentiation) of 1.73 + 0.49 uM (209.4 = 11.2%) (n = 4).
The average log EC5 for a6 was significantly different from
that of a1 (P = 0.001), @3 (P = 0.05), and a5 (P = 0.05). The
properties of @3- and a5-containing receptors were not different
from one another (P > 0.05), but both were different from a1
(P = 0.05).

Earlier studies showed that the y subtype influenced
sensitivity to modulation by SB-205384, with y2-containing
receptors showing a greater response than those with the y1
subunit (Meadows et al., 1998). Since the a6 subunit commonly
assembles with the § subunit in extrasynaptic locations of
cerebellar granule neurons (Farrant and Nusser, 2005) we
examined the effect of 0.3 uM SB-205384 on the «6838 isoform
(Fig. 1, A and B) and found that activity of these receptors
was also enhanced by 0.3 uM SB-205384. A previous report
suggested that SB-205384 was unlikely to act through the
benzodiazepine binding site as it did not alter binding of
flunitrazepam to neuronal GABA, receptors (Benham et al.,
1994). Our findings that both a6-containing and y-lacking
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Fig. 1. Effect of the a subtype on positive modulation by SB-205384. (A) Representative traces from cells transiently transfected with one of the a
subtypes, as indicated, along with 83 and y2L, showing the current response to GABA alone (gray) or GABA + 0.3 uM SB-205384 (black). Cells were
voltage-clamped at —50 mV in the whole-cell recording configuration. GABA concentration was 0.03 uM («66), 0.1 uM (a6y2), 0.3 uM (a4, a5), 1 uM (a1,
a2), or 3 uM (a3), representing an ECj5 1 for each isoform (Saxena and Macdonald, 1996; Picton and Fisher, 2007). (B) The peak current amplitude was
measured in response to GABA and GABA + 0.3 uM SB-205384. The response was normalized to the average response to GABA alone for each cell. Bars
represent mean * S.E.M., with the number of cells shown by the number in parentheses. **P = 0.01; or ***P = 0.001 indicate a significant difference
compared with a1 using analysis of varience and Tukey-Kramer multiple comparisons tests. (C) Concentration-response relationships for SB-205384.
The peak current amplitude was normalized to the response to GABA alone for each cell. Solid or dashed lines represent fits to averaged data with EC5,
values (and maximum potentiation) of 288 nM (530.0%) for «6B83y2L (n = 6), 635 nM (387.0%) for a583y2L (n = 4), 680 nM (366.4%) for a333y2L (n = 5),

and 1.20 uM (203.5%) for a1B83y2L (n = 4).

receptors are sensitive to modulation also provide support for
this conclusion. In addition, we found that the benzodiazepine
site antagonist flumazenil (Ro15-1788) did not alter modula-
tion of a3B3y2L receptors, with an average enhancement of
202.9 + 4.9% by 0.3 uM SB-205834 alone and 204.4 + 8.5%
with 10 uM flumazenil at the same cells (n = 3, P > 0.1, paired
t test). We used a3-containing receptors for these experiments
because flumazenil acts as an allosteric modulator of «6-
containing receptors (Sigel and Baur, 2000). Together, these
results demonstrate that SB-205384 acts through a site
distinct from that of benzodiazepine agonists.

Effect of SB-205384 on Macroscopic Kinetic Proper-
ties of Recombinant GABA, Receptors. Previous studies
using cultured cerebellar neurons (Meadows et al., 1997) or
recombinant receptors expressed in oocytes (Meadows et al.,
1998) found that the primary effect of SB-205384 was
a slowing of the decay rate following agonist removal. We
also observed a prolonged current decay in our whole-cell
recordings (Fig. 1A). To quantify this effect and to better
predict the impact of SB-205384 on postsynaptic responses to
GABA, we examined its effect on the current deactivation rate
following maximal receptor activation using rapid application
recordings. GABA (1 mM) was applied for 5 milliseconds to
excised, outside-out patches in combination with 0.3 uM
SB-205384 (Fig. 2A). Consistent with our findings in whole-cell

recordings, deactivation was significantly slowed for receptors
containing the a3, a5, or @6 subunit, but not the a1 subunit
(Fig. 2B).

Multiple Domains of the @6 Subunit Influence Sen-
sitivity to SB-205834. To determine the structural basis
for the subunit selective effects of SB-205834, we took ad-
vantage of chimeric subunits (Fig. 3A) that exchanged the
extracellular N-terminal domains of the a1 and «6 subunits
(Fisher et al., 1997). Previous studies showed that receptors
containing the a1/a6 construct, which includes the N-terminal
domain from the a1 subunit and the transmembrane domains
from the a6 subunit, are characterized by a lower sensitivity to
GABA and faster deactivation compared with a1-containing
receptors. In contrast, receptors with the a6/al construct,
which contain the extracellular N-terminal domain of the a6
subunit, have high GABA sensitivity and very slow deactiva-
tion (Fisher, 2004). We found that receptors containing
either the a1/a6 or a6/al subunits showed some sensitivity
to modulation by SB-205384, but that the effects on peak
amplitude and slowing of deactivation appeared to be sep-
arated by these chimeric subunits. At the al/a6-containing
receptors, SB-205834 had little effect on the peak response
(Fig. 3, B and C) but slowed the deactivation rate in outside-out
recordings (Fig. 3, D and E). Conversely, at a6/a1-containing
receptors, SB-205834 enhanced the peak response (Fig. 3, B
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Fig. 2. Effect of SB-205384 on macroscopic deactivation. (A) Representa-
tive outside-out patch current traces from receptors containing the
subunits indicated in response to a 5 ms application of 1 mM GABA
(gray) or 1 mM GABA + 0.3 uM SB-205384 (black). Patches were voltage-
clamped at —70 mV. (B) The current decay in response to a brief
application of GABA was fit with the sum of two exponential components.
Symbols and bars represent the weighted mean time constant = S.E.M.,
and the number in parentheses indicates the number of patches examined.
The average time constant for deactivation was significantly slowed by 0.3
M SB-205384 for receptors containing the a3, a5, or a6 subunits. *P =
0.05; **P = 0.01; or ***P = 0.001 indicate a significant difference compared
with GABA alone applied to the same patch; n.s. indicates a nonsignificant
difference (P > 0.05) (Student’s paired ¢ test).

and C) but did not substantially slow the deactivation rate (Fig.
3, D and E). This suggests that structures in multiple regions of
the subunit contribute to the high sensitivity associated with
the a6 subunit.

Residues within the Extracellular N-Terminal Do-
main Influence Subtype-Selectivity of SB-205384 Ac-
tivity. The results from the chimeric subunits showed that
structures within the extracellular N-terminal domain of
the a6 subunit contributed to the ability of SB-205384 to
increase the amplitude of responses to submaximal GABA

concentrations. This region contains nearly 200 amino acids but
is fairly homologous among the a subunit subtypes. Comparing
the sequences from rat subunits, we identified only three
residues within this region that were unique to the a3, o5, and
a6 subunits, and only two that were identical in a3, a5, and a6,
but not shared by the other a subtypes. Each of the three sites
was mutated in the a6 subunit to the homologous residue in the
al subunit (Ala35Arg, Thr112Met, and Leul19Iso). None of
these mutations altered GABA sensitivity of the receptors, with
GABA EC5g values 0f 2.0 * 0.3 uM (a6a35r, 2 = 3), 1.6 = 0.3 uM
(abr1120m, 1 = 3), and 1.2 * 0.3 uM (a6y,1191, » = 3), compared
with 1.4 = 0.3 uM (n = 3) for the wild-type a«683y2 receptor.
Only the mutation of a6 leucinel19 to isoleucine significantly
reduced the potentiation by 0.3 uM SB-205384 (Fig. 4). The
homologous mutation in the a3 subunit had a comparable
effect, reducing responsiveness to modulation by SB-204384
(Fig. 4A), with no effect on GABA sensitivity [GABA ECso
values of 37.0 + 2.7 (a3 wild-type, n = 4) and 33.4 + 5.6 uM
(a8r1201, » = 4)]. This leucine is shared among a3, a5, and a6
while the other « subunits all have an isoleucine at this
location. The reverse mutation in the a1 subunit (Iso120Leu)
significantly enhanced the potentiation by SB-205384 (Fig. 4, A
and B) without changing GABA sensitivity: GABA ECs, values
of 18.4 = 1.6 (a1 wild-type, n = 4) and 21.0 *+ 3.1 uM (111201,
n = 3). Consistent with the results from the chimeric subunits,
the mutations at this site altered the ability of SB-205384 to
enhance the current amplitude but did not appear to impact the
slowing of the decay rate, which was still prominent in the
ab1.1191-containing receptors and not in the a111201,-containing
receptors (Fig. 4B).

While the «6(1,1101) mutation significantly reduced the
potentiation by SB-205384, it produced a receptor with
characteristics intermediate to the wild-type response, and
comparable to properties of the a1/a6 chimeric subunit. This
suggests that other residues within the a6 subunit, likely
found in regions beyond the first transmembrane domain,
must also contribute to its higher sensitivity.

Discussion

The large degree of structural heterogeneity associated
with the GABA4 receptor has led to the search for subunit-
selective modulators. We examined the effect of the a-subunit
subtype on sensitivity to positive allosteric modulation by the
benzothiophene compound SB-205384. We found that the
activity of receptors containing a3, a5, or a6 subunits was
enhanced by coapplication with this modulator, with an
increase in current amplitude at submaximal GABA concen-
trations and a slowing of deactivation at saturating concen-
trations. We also found that the §-containing receptors could
be potentiated by SB-205384, demonstrating that a y subunit
is not necessary for modulation. Previous studies showed that
the B2 and y2 subunit subtypes conferred greater responsive-
ness than B1 or y1 (Meadows et al., 1998). Altogether, this
represents a unique subunit-selectivity profile compared with
other widely used GABA,4 receptor modulators, and suggests
that SB-205384 would be expected to slow the decay of
postsynaptic responses and enhance inhibitory neurotransmission
in brain regions where any of these three « subtypes are
expressed. Lack of activity at a1-containing receptors, which
are the most common isoforms in the adult brain, may reduce
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recordings in response to 5-second applications of GABA alone (gray) or
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the occurrence of unwanted effects such as sedation (Rudolph
and Knoflach, 2011).

Production of the a3 subunit is highly regulated by
development, with widespread expression in the embryonic
and neonatal brain (Laurie et al., 1992a). With maturation,
the @3 subunit becomes more regionally restricted, and in the
adult is found at high levels primarily in the cortex (Wisden
et al., 1992). Several studies have suggested that receptors
containing these subunits mediate at least part of the
anxiolytic, analgesic, myorelaxant, and anesthetic effects of
GABA-modulating drugs (Rudolph and Mohler, 2004; Dias
et al., 2005; Knabl et al., 2008; Straub et al., 2013), and
deficits in signaling through «3-containing receptors have
been linked to disruption of sensorimotor gating (Yee et al.,
2005). The anticonvulsant drug stiripentol preferentially
enhances activity of a3-containing receptors (Fisher, 2009)
and has been found to be effective in treatment of some
childhood seizure disorders (Chiron, 2007). Modulation of a3-
containing receptors by SB-205384 suggests that it may have
anxiolytic effects and could have an age-dependent modula-
tory effect in reducing neuronal excitability. Expression of the
ab subunit is largely restricted to the hippocampus, where it
contributes to the extrasynaptic receptor population respon-
sible for the tonic inhibitory current in pyramidal neurons
(Wisden et al., 1992; Caraiscos et al., 2004). Based on effects of
ab-selective modulators as well as characteristics of mice
lacking this subunit, positive modulation of these receptors
by SB-205384 may be expected to decrease memory and
cognitive performance (Atack et al, 2006; Cheng et al., 2006;
Martin et al., 2009, 2010). The a6 subunits are found only in
cerebellar granule cells, where they contribute to both
synaptic and extrasynaptic populations of GABA4 receptors
(Laurie et al., 1992b; Nusser et al., 1998). We found that
these subunits confer the highest sensitivity to modula-
tion by SB-205384, consistent with the ability of this com-
pound to modulate GABA-activated currents in cerebellar
granule cells (Meadows et al., 1997), which primarily express
the @1 and a6 subunits (Laurie et al., 1992b). The a6-containing
receptors in the cerebellum are also targets for modula-
tion by ethanol; positive modulation of both the synaptic
(y-containing) and extrasynaptic (5-containing) populations
would be expected to disrupt motor coordination (Hanchar
et al., 2005).

The leucine/isoleucine residue identified as important for the
a subtype—selective effect of SB-205384 is located within loop E
in the extracellular domain, which forms part of the agonist

GABA + 0.3 uM SB-204384 (black). Cells were voltage-clamped at —50
mV. (C) The peak current amplitude was measured in response to GABA
and GABA + 0.3 uM SB-205384. The response was normalized to the
average response to GABA alone for each cell. Bars represent mean = S.E.
M. with the number of cells shown by the number in parentheses. Symbols
indicate a significant difference of the chimeric subunits compared with a1
(*P = 0.05) or to a6 (***P = 0.001) using analysis of variance and Tukey-
Kramer multiple comparisons tests. (D) Representative outside-out patch
recordings from receptors containing the chimeric subunits indicated in
response to a 5-millisecond application of 1 mM GABA (gray) or 1 mM
GABA + 0.3 uM SB-205384 (black). Patches were voltage-clamped at —70
mV. (E) The current decay was fit with the sum of two exponential
components. Symbols and bars represent the weighted average + S.E.M.,
and the number in parentheses indicates the number of patches. **P =
0.01 indicates a significant difference compared with GABA alone, while
n.s. indicates a nonsignificant difference (Student’s paired ¢ test).
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Fig. 4. A single residue within loop E of the extracellular N-terminal
domain confers high sensitivity to modulation by SB-205384. (A) The peak
current amplitude was measured in response to GABA and GABA + 0.3
uM SB-205384. The response was normalized to the average response to
GABA alone for each cell. Bars represent mean + S.E.M., with the number
of cells shown by the number in parentheses. (B) Wild-type data are
repeated from Fig. 1B. Symbols indicate a significant difference of the
mutated subunits compared with their wild-type counterparts (*P = 0.05;
*#*P = 0.01; ***P = 0.001) using analysis of variance and Tukey-Kramer
multiple comparisons tests (@6) or unpaired Student’s ¢ test (a1, @3). (C)
Whole-cell recordings in response to 5 second applications of GABA alone
(gray) or GABA + 0.3 uM SB-204384 (black). Cells were voltage-clamped
at —50 mV.

binding site at the interface between 8 and « subunits (Kloda
and Czajkowski, 2007; Bergmann et al., 2013). Interestingly,
the identity of this residue in the a6 subunit is species-
dependent. In humans (Hadingham et al., 1996) and most
other mammals, an isoleucine is encoded, while the leucine
residue is limited to rat, mouse, and hamster. The a3 and a5
subunits do not show this variation, and the leucine residue is

encoded in rat and human sequences for both of these subunits
(Wingrove et al., 1992; Hadingham et al., 1993). As a result,
SB-205384 may be expected to have less effect on cerebellar
function in humans than in rat or mouse models. Although we
found that exchanging these residues in the «l, a3, or a6
subunit did not impact GABA sensitivity, consistent with our
previous report (Drafts and Fisher, 2004), a less conservative
mutation of al-isoleucinel20 to valine caused a 10-fold re-
duction in GABA EC5¢ (Westh-Hansen et al., 1997), showing
that structural changes at this site can influence agonist
sensitivity. Although our data cannot differentiate effects on
binding from those on signal transduction we feel it is unlikely
that «6-L119 forms part of the binding site for SB-205384
because of its location within the GABA binding pocket. If that
were the case, SB-205384 might be expected to disrupt GABA
binding and act either as an agonist or antagonist. Therefore,
we consider it more likely that this residue contributes to the
signal transduction pathway for allosteric modulation.

This leucine/isoleucine residue is adjacent to the highly
conserved arginine residue (R119 in «1), which is critical for
binding of agonists and antagonists (Westh-Hansen et al.,
1999) and has been suggested to play an important role in the
interaction between loop E of the @ subunit and loop C of the
B subunit (Cromer et al., 2002; Laha and Wagner, 2011,
Bergmann et al.,, 2013). The conformation of loop C is
considered to be an important regulator of the activation of
cys-loop ion channels (Sine and Engel, 2006). Previous studies
have demonstrated that long-distance conformational changes
in loop E can occur in response to binding of allosteric
modulators of GABA,4 receptors such as the benzodiazepines
(Kloda and Czajkowski, 2007; Sancar and Czajkowski, 2011).
This conformational change could then alter GABA affinity,
thus providing a potential structural basis for positive
allosteric modulation. Our results suggest that the substitu-
tion of isoleucine for leucine within this region reduces the
modulatory effect of SB-205384, possibly by preventing its
ability to effectively alter the agonist binding site. Our studies
were not able to identify a potential binding site for SB-205384,
although the ability to enhance activity of a6- and 8- containing
receptors, along with the lack of inhibition by flumazenil,
demonstrate that this compound does not act through the well-
described high-affinity benzodiazepine site. The character-
istics associated with the al/a6 chimeric subunit suggest
that its binding site may be located outside of the large
N-terminal extracellular domain and could be associated
with the transmembrane domains. Further studies will be
needed to clarify the binding site(s) and mechanisms of
action of this compound.

Our results demonstrate that SB-205384 is not an «a3-
selective modulator as previously believed. As a result, studies
interpreted under this assumption should be reconsidered.
However, its ability to also enhance activity of «5- and «6-
containing receptors may increase its utility as a scientific tool
to examine the roles of these GABA, receptor populations. In
addition, our findings that structural variation within the
GABA binding site can influence the subunit-selective effects
of SB-205384 may identify a common signal transduction
pathway used by a variety of allosteric modulators.
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