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GABAj receptors are the G-protein-coupled receptors for
y-aminobutyric acid (GABA), the main inhibitory neurotrans-
mitter in the brain. GABA receptors are promising drug targets
for a wide spectrum of psychiatric and neurological disorders.
Receptor subtypes exhibit no pharmacological differences and
are based on the subunit isoforms GABAg;, and GABAg,,,.
GABAy,, differs from GABAg,,, in its ectodomain by the pres-
ence of a pair of conserved protein binding motifs, the sushi
domains (SDs). Previous work showed that selectively GABAg,,
contributes to heteroreceptors at glutamatergic terminals,
whereas both GABAg;, and GABAy;,, contribute to autorecep-
tors at GABAergic terminals or to postsynaptic receptors. Here,
we describe GABAg;;, a secreted GABAy; isoform comprising
the two SDs. We show that the two SDs, when expressed as a
soluble protein, bind to neuronal membranes with low nanomo-
lar affinity. Soluble SD protein, when added at nanomolar con-
centrations to dissociated hippocampal neurons or to acute hip-
pocampal slices, impairs the inhibitory effect of GABAg
heteroreceptors on evoked and spontaneous glutamate release.
In contrast, soluble SD protein neither impairs the activity of
GABAj autoreceptors nor impairs the activity of postsynaptic
GABAj receptors. We propose that soluble SD protein scav-
enges an extracellular binding partner that retains GABAg, -
containing heteroreceptors in proximity of the presynaptic
release machinery. Soluble GABAg, isoforms like GABA;; may
therefore act as dominant-negative inhibitors of heterorecep-
tors and control the level of GABA-mediated inhibition at glu-
tamatergic terminals. Of importance for drug discovery, our
data also demonstrate that it is possible to selectively impair
GABAG heteroreceptors by targeting their SDs.

* This work was supported by a grant from the European Community’s Sev-
enth Framework Programme (FP7/2007-2013) under Grant Agreement
201714. This study was also supported by the Swiss Science Foundation
(Grant 3100-067100.01) and a grant from Novartis Pharma AG. The costs of
publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

* Author’s Choice—Final version full access.

The nucleotide sequence(s) reported in this paper has been submitted to the Gen-
Bank™YVEBI Data Bank with accession number(s) AM418837.

51 The on-line version of this article (available at http://www.jbc.org) contains
supplemental text, three supplemental figures, and three supplemental
tables.

! These authors contributed equally.

2To whom correspondence should be addressed: Pharmazentrum, Klingel-
bergstrasse 50-70, CH-4056 Basel, Switzerland. Tel.: 41-61-267-1632; Fax:
41-61-267-1628; E-mail: bernhard.bettler@unibas.ch.

NOVEMBER 7, 2008 +VOLUME 283 +NUMBER 45

GABAj receptors mediate pre- and postsynaptic inhibition
in the nervous system and are implicated in a variety of disor-
ders, including cognitive impairments, anxiety, depression, and
epilepsy (1-3). Presynaptic GABAj receptors prevent neuro-
transmitter release via inhibition of Ca?* channels (4) and sec-
ond messenger-mediated effects downstream of Ca®" entry
(5—-8). They are commonly divided into auto- and heterorecep-
tors depending on whether they control the release of GABA®
or other neurotransmitters, respectively. Postsynaptic GABAy
receptors activate Kir3-type K* channels and generate slow
inhibitory postsynaptic currents (IPSCs) that hyperpolarize the
cell and shunt excitatory currents (9). Recombinant and native
studies showed that functional GABA receptors are obligate
heteromers composed of GABA; and GABA;, subunits (10—
13). Molecular diversity in the GABA}, receptor system arises
from the expression of multiple GABA; subunit isoforms. The
GABAy,, and GABAy,,, isoforms constitute two independently
regulated receptor subtypes, GABAg,,,) and GABAg, ),
whereas the functional role of several secreted GABAj; iso-
forms remains unclear (1, 14-17). Structurally, the GABAg,,
and GABAy,, isoforms solely differ in their N-terminal ectodo-
main by a tandem pair of SDs that are present in GABAg,, but
not in GABAy,, (18, 19). SDs, also known as complement con-
trol modules or short consensus repeats, mediate protein inter-
actions in adhesion molecules and in G-protein-coupled recep-
tors binding to peptide hormones (20, 21). Pharmacological
tools that distinguish GABAy,, 5y and GABAg,,, ,, receptors
are lacking; however, the native roles of GABA;,, and
GABAy,,, were dissociated using GABA,, '~ (la~/7) and
GABAg,,”/~ (1b~/") mice, which express one or the other
isoform (22). These mice revealed that heteroreceptors incor-
porate the GABAg,, subunit, whereas autoreceptors and
postsynaptic GABA, receptors incorporate GABA,, or
GABAy,;,, subunits (22-24). This suggests that the SDs of
GABAj,, bind to protein(s) that localize heteroreceptors
at glutamatergic terminals. A protein binding to the first SD of
GABAy,, is the extracellular matrix protein fibulin-2, but
whether it mediates GABAj receptor localization is unknown
(19).

3 The abbreviations used are: GABA, y-aminobutyric acid; EPSC, excitatory
postsynaptic current; mEPSC, miniature EPSC; IPSC, inhibitory postsynap-
tic current; mIPSC, miniature IPSC; SD, sushi domain; RSDP, recombinant
SD protein; mutRSDP, mutant RSDP; ACSF, artificial cerebrospinal fluid;
MES, 4-morpholineethanesulfonic acid; CHO, Chinese hamster ovary.
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In addition to the membrane-bound GABAy,, and GABA,,
subunit isoforms, the GABA, gene produces several secreted
isoforms that all include the SDs (14—-16). Secreted isoforms
containing SDs were also described for other receptors and
shown to exert dominant-negative effects by scavenging the
binding partners of the membrane-bound receptor (25, 26).
Here, we identified a novel secreted GABA;, isoform contain-
ing the SDs and addressed whether such soluble isoforms have
the potential to block neuronal GABA; receptor functions in a
dominant-negative manner.

EXPERIMENTAL PROCEDURES

Characterization of GABAg,; ¢cDNA and mRNA—An
oligo(dT) primed double-stranded cDNA made from the cor-
tex/cerebellum of 7-day-old rats (34) was screened with a **P-
labeled SD-specific cDNA hybridization probe as described
(27). For Northern blot analysis, total RNA was isolated from
mouse brain and cultured mouse cortical neurons using TRIzol
reagent (Invitrogen). In situ hybridization was performed as
described previously (28) using digoxigenin-labeled GABAy, ;-
specific antisense RNA probes.

GABAp,; Protein Expression—Because a GABAg,;-specific
antibody is lacking, we tagged GABAy,, and GABAy,; with the
c-Myc epitope (29) and inserted the cDNAs into the expression
vector pCI (Promega). Conditioned medium of transfected
HEK293 cells (Lipofectamine 2000, Invitrogen) was collected
after 48 h and used to immunoprecipitate secreted GABAy;
protein. Briefly, the medium was incubated with protein G-aga-
rose (Roche Applied Science) for 2 h, precleared by centrifuga-
tion at 10,000 X g for 10 min, and incubated overnight with a
monoclonal anti-Myc antibody (9E10, Sigma-Aldrich, diluted
1:1000) coupled to protein G-agarose. After five washes in radio
immunoprecipitation assay buffer (150 mm NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate containing a protease inhibi-
tor mixture (Roche Applied Science)), immunoprecipitated
proteins were eluted from the protein G-agarose using 2X SDS
loading buffer, separated on SDS-PAGE, and analyzed by West-
ern blotting. To control for GABAy,, and GABAg,; expression
levels, transfected HEK293 cells were lysed in radio immuno-
precipitation assay buffer, and the lysate was precleared at
10,000 X g for 10 min and mixed with 2X SDS loading buffer.
For Western blot analysis, we used rabbit polyclonal anti-Myc
(PRB-150C diluted 1:1000, Covance) and peroxidase-coupled
secondary antibodies (donkey anti-rabbit diluted 1:2500,
Amersham Biosciences). Blots were developed using the
enhanced chemiluminescence detection system (Amersham
Biosciences) and exposed to Kodak Bio-Max maximum resolu-
tion x-ray films (Sigma-Aldrich).

To detect native GABAg,; protein, we generated the anti-SD
monoclonal antibody 43H12. GABA, -deficient mice (11) were
immunized intraperitoneally with 50 ng of GST-SD fusion pro-
tein in alum, and after 4 weeks, they were boosted intravenously
with 10 ug of GST-SD fusion protein in phosphate-buffered
saline. 5 days after boosting, spleen cells were used to generate
hybridomas, which were screened for the production of IgG
anti-SD antibodies (30). Prior to metabolic labeling, cortical
neurons in culture (31) were incubated for 30 min in 15 ml of
methionine- and cysteine-free Dulbecco’s modified Eagle’s
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medium (Sigma-Aldrich) containing 1% dialyzed fetal calf
serum. The cells were then labeled for 5 h with 5 ml of 150
pCi/ml >S-EXPRESS protein labeling mix (PerkinElmer Life
Sciences). GABAg; proteins with SDs were immunoprecipi-
tated from conditioned cell culture medium and lysed cells
(radio immunoprecipitation assay buffer) using anti-SD anti-
body 43H12. Radiolabeled proteins were revealed by autora-
diography after SDS-PAGE.

2’ Tyr-RSDP Binding—Recombinant SD protein (RSDP)
and mutant RSDP (mutRSDP) were produced and purified as
described (supplemental materials). RSDP was dialyzed against
10 mm MES buffer (pH 6.1, Sigma-Aldrich), concentrated to
0.95 mg/ml by ultrafiltering (anisotropic membrane YM-10
Centricon, Millipore), and labeled with '*°I to a specific activity
of 1846 Ci/mmol (ANAWA Trading SA). To prepare mem-
branes for competition binding experiments, CHO-K1 (ATCC)
and 293FT (Invitrogen) cells were homogenized in Krebs-Tris
buffer (20 mm Tris-Cl, pH 7.4, 118 mm NaCl, 5.6 mM glucose,
1.2 mm KH,PO,, 1.2 mm MgSO,, 4.7 mm KCl, 1.8 mm CaCl,)
and centrifuged for 30 min at 40,000 X g, and the pellet was
resuspended in buffer. Rat cortex synaptic membranes were
prepared as described (27). Membranes were suspended in
Krebs-Tris buffer supplemented with 0.2% (w/v) bovine
serum albumin at a concentration of 200 — 400 pg/ml. 100-ul
aliquots were incubated with 0.5 nm "*>°I-Tyr-RSDP for 90
min at room temperature in the presence or absence of unla-
beled RSDP protein. After cooling on ice for 20 min, samples
were centrifuged for 30 min at 20,000 X g (4 °C). The pellet
was rinsed three times with 1 ml of ice-cold buffer, and the
radioactivity was determined by Cerenkov counting. Con-
centration response curves were generated from triplicate
determinations (GraphPad).

Electrophysiology—300-um-thick horizontal hippocampal
slices were prepared from postnatal day 22—28 mice (VT 1000
vibratome, Leica) in cooled artificial cerebro-spinal fluid
(ACSF) (in mM: 119 NaCl, 2.5 KCl, 1.3 MgCl,, 2.5 CaCl,, 1.0
NaH,PO,, 26.2 NaHCO,, and 11 glucose) equilibrated with
95% O,, 5% CO, at pH 7.3. After recovery for >1 h, slices were
incubated for 6 h with RSDP (1.0 ug/ml), transferred to the
recording chamber, and superfused (2 ml/min) with ACSF at
30-32 °C. Visualized whole cell voltage clamp recording was
used to measure holding currents (Kir3 channels) and synaptic
currents from the somata of CA1 pyramidal neurons. Synaptic
currents were evoked by voltage pulses (100 us, 2—5 V) deliv-
ered through a bipolar Pt-Ir electrode (25 wm in diameter)
placed in the stratum radiatum. Miniature postsynaptic cur-
rents were recorded in the presence of tetrodotoxin (0.5 um,
Latoxan). For measuring miniature and evoked currents, patch
electrodes (~3 megaohms) were filled with a solution contain-
ing, in mm: 30 cesium gluconate, 100 CsCl, 4 MgCl,, 10 creatine
phosphate, 3.4 Na,ATP, 0.1 Na;GTP, 1.1 EGTA, and 5 Hepes
(pH adjusted to 7.3 with KOH). Adenosine-mediated presyn-
aptic inhibition was measured in the presence of CGP54626 (2
uMm). For measuring Kir3 currents, cesium gluconate and CsCl
were replaced by 130 mm potassium gluconate. GABAergic and
glutamatergic currents were pharmacologically isolated using
kynurenic acid (2 mm) and picrotoxin (100 um), respectively.
Neurons were clamped at —50 mV. Currents were amplified
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(Axopatch 200B, Axon Instruments), filtered at 1 kHz, and dig-
itized at 5 kHz. Miniature excitatory postsynaptic currents
(mEPSCs) and miniature inhibitory postsynaptic currents
(mIPSCs) were detected and analyzed using MiniAnalysis soft-
ware (version 6.0.3, Synaptosoft, Decatur, GA). Significant dif-
ferences between two distributions of mEPSC and mIPSC
amplitude and interevent intervals were determined by using
the Kolmogorov-Smirnov test, with p < 0.01 indicating sig-
nificance. Evoked synaptic currents were analyzed using
analysis of variance (GraphPad), with p < 0.01 indicating
significance. Kir3 currents were statistically analyzed using
the nonparametric Mann-Whitney test, with p = 0.05 indi-
cating significance (INSTAT, version 3.0, GraphPad). The
recording of miniature postsynaptic currents in dissociated
cultured neurons was as described above. Hippocampal neu-
rons were prepared from 16.5-day mouse embryos and cul-
tured at a density of ~750 cells/mm? on poly-L-lysine coated
glass coverslips for 3 weeks, as described (31). Neurons with
a basal frequency of ~3 Hz were used in the experiments.
The experimenter was blind to the treatment of the hip-
pocampal cultures or the slices. Baclofen and CGP54626
were from Novartis, and all other reagents were from Fluka
or Sigma-Aldrich.

RESULTS

GABApg,; Encodes a Secreted Glycoprotein—To identify
GABAy, isoforms, we screened a rat cortex/cerebellum cDNA
library with an SD-specific hybridization probe. We isolated
cDNAs for a novel isoform of ~1.6 kb that we named GABAy,;.
GABAg,; diverges from GABAg,, downstream of exon 4 and
encodes a protein of 229 amino acids (Fig. 1A and supplemental
Fig. 14). The N-terminal 157 amino acids of GABA,; are iden-
tical to GABAg;, and encode the signal peptide as well as the
two SDs; the C-terminal 72 residues exhibit no significant
homology to known proteins. Northern blot analysis revealed
GABAg,; transcripts of ~1.6 kb in brain tissue and cultured
cortical neurons (Fig. 1B). An SD-specific hybridization probe
demonstrated that GABA,; and GABAy,, transcripts are of
similar abundance (Fig. 1B). The GABAy,; transcript distribu-
tion in brain sections (Fig. 1C) is similar to that described for
GABAg,, (32). Hydropathicity analysis revealed that GABA;;
protein lacks transmembrane domains (supplemental Fig. 1B).
Western blot analysis of transiently transfected HEK293 cells
showed that the Myc-tagged GABAy,; protein has a molecular
mass of ~29 kDa (Fig. 1D). Deglycosylation of GABA,; with
peptide N-glycosidase F decreased the molecular mass to ~23
kDa (data not shown), which corresponds to the calculated
molecular weight of the mature protein. Immunoprecipitation
experiments recovered GABAg;; but not membrane-bound
GABA;,, from conditioned HEK293 cell-culture medium,
demonstrating that GABAy,; is a secreted protein (Fig. 1D). We
next addressed whether endogenously expressed GABAy,; pro-
tein is detectable in neurons. We did not succeed in generating
a GABAg,-specific antibody; however, we generated an
anti-SD  monoclonal antibody that immunoprecipitates
GABAy,, protein from brain tissue (Fig. 1E, left panel). In addi-
tion, the antibody immunoprecipitates a protein with a molec-
ular mass corresponding to that of GABAg, ; from metabolically
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FIGURE 1. Characterization of the GABAg,; isoform. A, schematic represen-
tation of the 5" end of the GABA,, gene indicating the exons encoding the
GABAg,,, GABAg,,,, and GABAg,; isoforms. GABAg,; results from an 870-bp
extension of exon 4 at its 3’ end (exon 4'), generating an open reading frame
of 687 nucleotides encompassing the two SDs. B, Northern blot analysis of
GABAg,, and GABAg,; transcripts. Total RNA extracted from primary mouse
cortical (ctx) neurons in culture or mouse brain was hybridized to the 32P-
labeled probes indicated in A. The pan probe encodes part of the extracellular
GABA binding domain and detects ~4.5-kb GABAg,, and ~4.1-kb GABAg;,
transcripts (not resolved). The SD1/2 probe encodes the two SDs and detects
GABAg,, and ~1.6-kb GABA; transcripts. The 1j probe encodes 510 nucleo-
tides at the 3’ end of exon 4'. C, in situ hybridization with the digoxigenin-
labeled 1j probe. Top, horizontal section depicting the dorsal tier of the brain;
bottom, high magnification of coronal section depicting lobules of the cere-
bellum. The locations of the CA1/3 field of hippocampus proper (CA1/3), den-
tate gyrus (DG), medial habenula (MH), and the granular layer (GL) and molec-
ular layer (ML) of the cerebellum are indicated. Scale bars, 2 mm (top) and 200
um (bottom). D, HEK293 cells expressing Myc-tagged GABAg,, (myc-1a) or
GABAg;,; (myc-Tj) proteins. Conditioned medium (cond. med.) was subjected
to immunoprecipitation with a rabbit anti-Myc antibody and analyzed in par-
allel with total cell lysate on Western blots using a mouse anti-Myc antibody.
Membrane-bound GABAg; , protein was selectively detected in the cell lysate,
whereas secreted GABAg;; protein was additionally detected in the cell-con-
ditioned medium. E, left panel, the anti-SD monoclonal antibody 43H12
immunoprecipitates GABAg,, but not GABAg;,, from mouse brain lysates.
Immunoprecipitated GABAg, protein (IP anti-SD) was analyzed in parallel with
total brain lysate (input) on Western blots using a pan GABAg, antibody (12).
Right panel, the anti-SD monoclonal antibody 43H12 immunoprecipitates
two proteins with a molecular mass corresponding to that of GABAg, , (**) and
GABAg;; (*) from metabolically labeled cortical neurons. Radiolabeled pro-
teins were revealed by autoradiography.
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FIGURE 2. Specific binding sites for '2°I-Tyr-RSDP in rat cortex synaptic membranes. A, expression of RSDP
in Pichia pastoris. Top, a schematic representation of RSDP containing the two SDs flanked by two tobacco etch
virus cleavage sites (TEVcs) and C-terminal c-Myc and polyhistidine (His,) tags. Bottom, recombinant protein
identified on Western blots using anti-Hisg antibodies. RSDP is N-glycosylated as indicated by the shift from
~29 kDa to the calculated molecular mass of ~23 kDa after peptide N-glycosidase F (PNGaseF) treatment.
RSDP is stable at 37 °C for at least 7 days (data not shown). B, '?*I-Tyr-RSDP (0.5 nm) binding to 20 ug of
membranes from cortex, CHO-K1, and HEK293FT cells, in the absence or presence of 200 nm unlabeled RSDP
protein. Data are means =+ S.D. from three independent experiments. C, inhibition of '2°|-Tyr-RSDP (0.5 nm)
binding to 40 g of cortical membranes by different concentrations of unlabeled RSDP. The inhibition curve
was calculated using nonlinear regression. Data points are means = S.E. from three independent experiments.
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FIGURE 3. RSDP impairs GABA; receptor-mediated inhibition of spontaneous glutamate release in dis-
sociated hippocampal neurons in culture. A, the percentage of inhibition of the mEPSC frequency by
baclofen (100 um) was assessed in individual neurons under control condition (ACSF, n = 5) and after incuba-
tion with 4 nm (n = 5) or 40 nm (n = 7) RSDP for the times indicated (for values, see supplemental Table S1).
B, time course of the RSDP effect on the baclofen-induced mEPSC frequency inhibition in individual neurons
(n = 5 per condition). C, summary histograms illustrating that incubation with 40 nm RSDP for 1 h impairs
baclofen (bac)- but not adenosine (adeno)-mediated mEPSC frequency inhibition. Values are means = S.E. of
the percentage of inhibition of the mEPSC frequency (100 um baclofen, ACSF, 88.6 * 2.4% n = 5;RSDP, 15.7 =
3.2%, n = 5, *** p < 0.001, Kolmogorov-Smirnov; 100 um adenosine, ACSF, 70.2 = 4.0%, n = 5; RSDP, 78.6 *
2.7%, n = 5). D, representative mEPSC recordings under baseline conditions, during adenosine application,
after washing with ACSF (wash), during baclofen application, and after antagonizing GABAg receptors with
CGP54626. Recordings from one cell each incubated with ACSF or RSDP are shown.

labeled cortical neurons (Fig. 1E, right panel). In the absence of
aspecific GABAg,; antibody, this provides indirect evidence for
the existence of a stable GABAy,; protein in vivo.
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Neuronal Membranes Exhibit
High Affinity Binding Sites for the
SDs—To address whether SDs
interact with specific binding sites
in neuronal membranes, we pro-
duced a truncated GABAy,; protein
containing the two SDs but lacking
the C-terminal 72 residues (Fig. 24).
This RSDP was radiolabeled with
'2°] at tyrosine residues and used
in competition binding experi-
ments. Approximately half of the
125[-Tyr-RSDP bound to rat cortex
synaptic membranes was specifi-
cally displaced by unlabeled RSDP
(Fig. 2B). No specific '*°I-Tyr-
RSDP binding sites were detected in
cell membranes of HEK293FT and
CHO-K1 cells (Fig. 2B). Concentra-
tion-response curves revealed a half-
maximal inhibition of ***I-Tyr-RSDP
binding at ~2 nM of unlabeled RSDP
(n = 3,95% confidence interval 1.1—
3.4 nwm; Fig. 2C).

RSDP Impairs GABAy Receptor-
mediated Inhibition of Spontaneous
Glutamate Release—GABAg het-
eroreceptors inhibit the spontane-
ous release of glutamate, likely by
interfering with the release process
downstream of Ca>* entry (7, 8, 22).
We addressed whether exogenous
application of RSDP to dissociated
hippocampal neurons in culture
exerts a dominant-negative effect
on heteroreceptors by scavenging a
binding partner of their GABAy,,
subunits. Under control conditions
in ACSF, the GABAj; receptor ago-
nist baclofen (100 um) significantly
reduced the frequency (Fig. 3, A and
B) but not the amplitude (data not
shown) of mEPSCs recorded from
pyramidal neurons, consistent with
a presynaptic mode of action. At 4
nM of RSDP, a maximal impairment
is seen after 12 h (Fig. 3A). At 40 nm
of RSDP, a partial impairment of
presynaptic inhibition was observed
as early as 10 min after RSDP appli-
cation, whereas a near complete
impairment was observed after 1 h
(Fig. 3, A and B). This shows that
the effect of RSDP is concentra-
tion-dependent. RSDP did not

interfere with the inhibition of spontaneous glutamate
release mediated by adenosine A1 receptors (Fig. 3, Cand D),
which converge on the same effectors as GABAj receptors
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FIGURE 4. RSDP selectively impairs GABAg, , ,, receptors located at glu-
tamatergic terminals. A, the percentage of mEPSC and mIPSC frequency
inhibition by baclofen (bac, 100 um) and adenosine (adeno, 100 um) under
control condition (ACSF, white bars) and after incubation of acute hippocam-
pal slices from wild-type (WT) mice with RSDP (40 nwm, black bars) for 6 h.
Baclofen was significantly less efficient in reducing the frequency of mEPSCs
recorded from CA1 pyramidal neurons incubated with RSDP than from neu-
rons incubated with ACSF (ACSF, 71.0 + 5.4% inhibition, n = 5; RSDP, 7.6 +
2.2% inhibition, n = 9; ***, p < 0.001, Kolmogorov-Smirnov; see also supple-
mental Table S2). RSDP was without effect on adenosine-mediated mEPSC
frequency inhibition (ACSF, 67.0 = 5.3% inhibition, n = 5; RSDP, 76.0 = 3.0%
inhibition, n = 9; supplemental Table S2). As an additional control, RSDP was
also without effect on the baseline mEPSC frequency or amplitude (for values,
see supplemental Table S3). RSDP did not affect the baclofen- or adenosine-
mediated inhibition of the mIPSCs frequency recorded from CA1 pyramidal
neurons (for values, see supplemental Table S2). RSDP did not alter the ampli-
tudes of Kir3 current responses induced by baclofen and adenosine in CA1
pyramidal neurons (n = 6 per condition). B, RSDP impairs the baclofen-medi-
ated mEPSC frequency inhibitionin 1b ™/~ mice (ACSF, 67.0 = 3.0% inhibition;
RSDP, 6.0 £ 2.0%; n = 4; ***, p < 0.001, Kolmogorov-Smirnov). Incubation
with RSDP had no effect on baclofen- or adenosine-mediated effects on the
mIPSC frequency (for values, see supplemental Table S2) or on Kir3 current
amplitudes. Baclofen-induced Kir3 current responses were reduced in the
1b~/~ when compared with wild-type mice, as described (22). C, baclofen
failed to depress the mEPSCs frequency in 1a~’~ mice due to the lack of
GABAg heteroreceptors in these mice (22). The basal mEPSC frequency in
1a~/~ mice was increased (for values, see supplemental Table S3), as reported
previously (22). RSDP was without effect on the baclofen- or adenosine-me-
diated inhibition of the mIPSC frequency (for values, see supplemental Table
S2) or on Kir3 currents in 1a~/~ mice. All values are means = S.E.

(7, 22). This demonstrates that RSDP does not indiscrimi-
nately act at presynaptic G-protein-coupled receptors.
RSDP Selectively Impairs GABA g, ,) Receptors Located at
Glutamatergic Terminals—We next investigated whether RSDP
similarly impairs GABAp heteroreceptors in acute hippocam-
pal slices. Under control conditions, baclofen significantly
reduced the mEPSC frequency recorded from CA1 pyramidal
neurons (Fig. 44), whereas there was no significant change in
the mEPSC amplitude distribution (not shown). Consistent
with the results obtained with dissociated neurons, baclofen
was ineffective in reducing the mEPSC frequency after incuba-
tion of slices with 40 nm RSDP (Fig. 44). Baclofen is also
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described to inhibit the mIPSC frequency by acting at autore-
ceptors (5, 33). Although baclofen inhibited the frequency of
mIPSC recorded from CA1l pyramidal neurons, RSDP was
without effect on this inhibition (Fig. 44). Likewise, RSDP did
not alter the amplitude of Kir3 currents induced by baclofen in
CA1 pyramidal neurons (9, 11, 22), demonstrating that RSDP
has no effect on postsynaptic GABAj receptors (Fig. 44). These
data suggest that RSDP selectively interferes with the function
of GABAy heteroreceptors, which incorporate the GABAg;,
subunit. However, GABAy,, also contributes to autoreceptors
and postsynaptic GABAy receptors (22-24). In the above
experiments, RSDP effects on GABAg,,,, autoreceptors or
postsynaptic GABAy,, ,, receptors may remain undetected
due to the concomitant action of GABAg,,,,, receptors at
GABAergic terminals and postsynaptic sites. We therefore
used hippocampal slices of 1b~/~ mice to address whether
RSDP interferes with the activity of GABAg,, ,, autoreceptors
and postsynaptic GABAg,, ., receptors. We found that in
1b~’~ slices, RSDP neither impaired autoreceptor responses
nor impaired baclofen-activated Kir3 currents (Fig. 4B). In con-
trast, RSDP strongly impaired heteroreceptor responses in
1b~’/" slices (Fig. 4B), thus corroborating the data obtained in
wild-type slices (Fig. 44). RSDP was without effect on pre- and
postsynaptic GABA, responses in 1la~/~ mice, in which all
GABAj, receptors incorporate the GABAy,,, subunit (Fig. 4C).
As a control, RSDP again failed to impair the actions of pre- and
postsynaptic adenosine Al receptors in all genotypes (Fig. 4,
A-C). In summary, these results demonstrate that RSDP exclu-
sively impairs GABAy,, », receptors located at glutamatergic
terminals.

RSDP Impairs GABAg Receptor-mediated Inhibition of
Evoked Glutamate Release—Activation of presynaptic GABA,
receptors not only reduces the frequencies of mEPSCs and
mlIPSCs but also reduces the amplitudes of evoked EPSCs and
IPSCs (7, 11, 22). The inhibitory effect of baclofen on sponta-
neous release is believed to be mechanistically distinct from its
effect on evoked release (5, 7, 8, 34). It therefore was interesting
to address whether the effect of RSDP on the control of spon-
taneous glutamate release generalizes to the evoked release.
Specifically, we tested whether RSDP interferes with the
baclofen-induced reduction in the amplitudes of evoked EPSCs
recorded from CA1l pyramidal neurons (22). Incubation of
acute hippocampal slices with 40 nm RSDP essentially abol-
ished the reduction of the EPSC amplitudes by baclofen (Fig. 5,
A and B). In contrast, RSDP did not influence the baclofen-
induced reduction of IPSC amplitudes recorded from CAl
pyramidal neurons (Fig. 5, A and B). As a control, RSDP failed to
interfere with the reduction of evoked EPSC and IPSC ampli-
tudes mediated by adenosine A1 receptors. These data confirm
that RSDP specifically acts at GABAj heteroreceptors and
show that RSDP affects spontaneous as well as evoked gluta-
mate release (Fig. 5, A and B).

The tertiary structure of the SDs, which is fixed by two con-
served intramolecular disulfide bridges, is critical for function
(20). We produced a mutRSDP with serine substitutions of the
first and fourth cysteine in each SD, which precludes disulfide
bond formation (supplemental Fig. 2). We found that incuba-
tion of slices with mutRSDP or RSDP that was kept in a reduced
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molar affinity to specific binding
sites in neuronal membranes. We
also found that RSDP interferes
with the activity of GABAg,, » het-
eroreceptors, whereas having no
effect at GABA 3, , », autoreceptors
or postsynaptic GABA 4, 5, recep-
tors. These results imply that func-
tionally relevant SD binding sites
exist at the cell surface of glutama-
tergic terminals. In this context, it is
interesting to note that other neuro-
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In our experiments, the extracellu-
lar matrix protein fibulin-2, which
binds to the first SD of GABAg;,
(19), was without effect on heterore-
ceptor function. We did not observe
that RSDP co-immunoprecipitates

adeno

JACSF mm RSDP

IPSCs. Values are means = S.E.

state (treatment with 20 mm dithiothreitol) was without effect
on the baclofen-induced reduction of evoked EPSC amplitudes,
supporting that the binding function of RSDP is important for
inhibiting heteroreceptors (Fig. 54). Incubation of slices with
40 nMm recombinant fibulin-2, a known binding partner of
GABAg,, (19), did not interfere with the baclofen-induced
inhibition of evoked glutamate release (supplemental Fig. 3, A
and B). Moreover, 40 nM fibulin-2 did not neutralize the inhib-
itory action of 40 nm RSDP at heteroreceptors (supplemental
Fig. 3C). It therefore appears that RSDP does not impair het-
eroreceptors by scavenging fibulin-2.

DISCUSSION

In this study, we describe GABAy,;, a secreted GABAg, sub-
unit isoform. GABAy, ;, like all secreted GABA isoforms (14—
16), contains the SDs present in GABAy, ,. Naturally occurring
soluble SDs of other membrane-bound receptors were shown
to exert physiologically relevant dominant-negative effects (25,
26). We therefore asked whether the SDs of secreted GABA,;
isoforms could act similarly and scavenge a putative extracellu-
lar binding partner of the membrane-bound GABAj;, subunit.
Consistent with this proposal, we found that RSDP, a recombi-
nant protein consisting of the two SDs, binds with low nano-
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FIGURE 5. RSDP selectively impairs the baclofen-induced decrease of evoked EPSC amplitudes in acute
hippocampal slices. A, average traces (n = 100 events) depicting evoked EPSCs and IPSCs in CA1 pyramidal
neurons before (black) and after inhibition (red) with baclofen (100 wm) or adenosine (100 um). Recordings were
after a 6-h incubation of slices with ACSF, RSDP (40 nm), reduced RSDP (treatment with 20 mm dithiothreitol for
2 h prior to slice application), and RSDP with mutated disulfide bridges (mutRSDP). B, summary histograms of
the inhibition of EPSCs and IPSCs by baclofen (100 wwm) and adenosine (100 um) in CA1 pyramidal neurons. In
the presence of RSDP, baclofen was less efficient in reducing EPSC amplitudes (ACSF, 85 =+ 4% inhibition, n =
6; RSDP, 12.5 = 3.5% inhibition, n = 6; ***, p < 0.001, analysis of variance). In contrast, reduced RSDP or
mutRSDP were without effect on the baclofen-induced decrease of EPSC amplitudes. All treatment conditions
did not impair the adenosine-mediated decrease in EPSC amplitudes (ACSF, 83 = 2% inhibition, n = 6; RSDP,
85 * 3% inhibition, n = 6). RSDP did not impair the baclofen- or adenosine-mediated inhibition of evoked

with GABAy,, after co-expression
in HEK293 cells, suggesting that
SDs do not recruit heteroreceptors
through homophilic interactions
either (data not shown). Therefore,
the auxiliary factor binding to SDs
of GABAy,, at the cell surface
remains to be identified.

How are GABAj heteroreceptors
inactivated following RSDP expo-
sure? First of all, we exclude that
RSDP acts as a competitive antago-
nist of GABAy receptors because
RSDP did not inhibit GABAg,, »,-mediated Kir3 responses in
HEK?293 cells (data not shown), nor did it inhibit the function of
GABA . ) autoreceptors or postsynaptic GABA 4, , recep-
tors in hippocampal slices (Fig. 4B). It also appears unlikely that
GABA 3, ) receptors rapidly internalize as a consequence of
disrupting an extracellular interaction since neuronal GABA,
receptors do not efficiently internalize (38). Moreover,
GABA 3, autoreceptors or postsynaptic GABA 3, », recep-
tors are not affected by RSDP, suggesting that GABA 3, 5
receptors are functional in the absence of an SD interaction
(Fig. 4B). Since heteroreceptor impairment is seen within min-
utes of RSDP application to dissociated hippocampal neurons
in culture, we also consider it unlikely that RSDP interferes with
the axonal delivery of GABA ., ,, receptors. Most likely, the
extracellular binding partner of the SDs acts as a diffusion trap
that keeps heteroreceptors and elements of the release machin-
ery in close proximity. RSDP may scavenge the SD binding part-
ner and thereby promote lateral diffusion of heteroreceptors.
This may explain why RSDP concomitantly interferes with
GABA; effectors involved in the inhibition of spontaneous and
evoked release.

Our data show that secreted GABAg, isoforms like GABAg;;
could, in principle, adjust the level of presynaptic inhibition at

adeno
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glutamatergic terminals. It therefore will be interesting to
address whether the production of the various secreted
GABAy, isoforms is regulated in response to physiological
stimuli. Of importance, our findings may also be exploited ther-
apeutically. Drug development in the GABAj; field was largely
hampered because receptor subtypes cannot be distinguished
pharmacologically. For example, it would be desirable to selec-
tively inhibit heteroreceptors to boost excitatory neurotrans-
mission in patients with cognitive impairments (39). Our
experiments now directly show that this is possible by targeting
the SDs.
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