1356 - The Journal of Neuroscience, February 6, 2008 - 28(6):1356 —1365

Cellular/Molecular

The Clustering of GABA , Receptor Subtypes at Inhibitory
Synapses is Facilitated via the Direct Binding of Receptor o2
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Classical benzodiazepine sensitive GABA , receptor subtypes, the major mediators of fast synaptic inhibition in the brain are heteropen-
tamers that can be assembled from a1-3/5, 31-3, and y2 subunits, but how neurons orchestrate their selective accumulation at synapses
remains obscure. We have identified a 10 amino acid hydrophobic motif within the intracellular domain of the a2 subunit that regulates
the accumulation of GABA , receptors at inhibitory synaptic sites on both axon initial segments and dendrites in a mechanism dependent
on the inhibitory scaffold protein gephyrin. This motif was sufficient to target CD4 (cluster of differentiation molecule 4) molecules to
inhibitory synapses, and was also critical in regulating the direct binding of 2 subunits to gephyrin in vitro. Our results thus reveal that
the specificaccumulation of GABA , receptor subtypes containing a2 subunits at inhibitory synapses is dependent on their ability to bind

gephyrin.
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Introduction

GABA , receptorsare Cl ~ selective ligand-gated ion channels that
mediate the majority of fast synaptic inhibition in the brain and
are the sites of action for both benzodiazepines and barbiturates.
These receptors are heteropentamers that can be assembled from
six families of homologous subunits: a1-6, 81-3, y1-3, 8, €, and
, generating the basis for extensive GABA, receptor heteroge-
neity (Rudolph and Mohler, 2006). Biochemical, cell biological
and genetic methodologies all suggest that the majority of benzo-
diazepine receptor subtypes assembled in the brain are composed
of , B, and y2 subunits (Rudolph and Mohler, 2006).

It is emerging that neurons can target individual GABA , re-
ceptor subtypes to distinct types of inhibitory synapses (Kittler et
al., 2002; Luscher and Keller, 2004). This is best exemplified in
hippocampal pyramidal neurons, which express up to 11 differ-
ing GABA , receptor subunits (Pirker et al., 2000). These neurons
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are able to cluster receptors containing a2 subunits at synapses
on the axon initial segment (AIS) and dendrites, whereas recep-
tors containing al subunits are more uniformly expressed on
both the AIS and dendrites (Nusser et al., 1996; Kittler et al., 2002;
Luscher and Keller, 2004). In addition it is also evident that re-
ceptors containing a2 subunits are enriched on the cell bodies of
pyramidal neurons opposed to CCK-positive terminals (Nyiri et
al., 2001). Although it is widely accepted that interactions with
the cytoskeleton are critical in regulating the synaptic accumula-
tion of other ligand-gated ion channels such as ionotropic gluta-
mate or glycine receptors (GlyR) (Craig et al., 2006), less is un-
derstood about the mechanism neurons use to control the
accumulation of GABA, receptors at synaptic sites. One protein
that has received considerable attention is gephyrin, initially de-
scribed as a regulator of GlyR receptor synaptic clustering via its
ability to cross-link these proteins to the actin cytoskeleton, and
microtubules (Kneussel and Betz, 2000). In addition gephyrin
colocalizes with GABA , receptors in many brain regions suggest-
ing a role in regulating the subcellular distribution of these pro-
teins (Luscher and Keller, 2004). Although gene knock-out of
gephyrin was initially reported to abolish GABA, receptor clus-
tering in cultured neurons (Kneussel et al., 1999a), specific effects
on receptor subtypes incorporating a2 subunits have also been
described in spinal cord and hippocampal neurons (Kneussel et
al., 2001; Levi et al., 2004). However, whether gephyrin mediates
its effects on GABA , receptor synaptic accumulation via a direct
interaction or is mediated by unknown intermediate effectors
remains to be determined.
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In this study, we have addressed how hippocampal neurons
regulate the clustering of GABA, receptor subtypes at inhibitory
synapses. Collectively our experiments have identified a 10 amino
acid sequence within the major intracellular domain of the a2
subunit that regulates the accumulation of GABA, receptors at
postsynaptic specializations, in a process dependent on gephyrin.
Finally we have established that this motif enables the a2 subunit
to interact with gephyrin. Thus gephyrin dependent clustering of
GABA , receptors at inhibitory synapses is facilitated by the direct
binding of this protein to a hydrophobic motif within the intra-
cellular domain of the receptor @2 subunit.

Materials and Methods

Antibodies. Endogenous a2-containing receptors were detected with a
guinea pig a2(1-12) (Fritschy and Mohler, 1995) antiserum. Recombi-
nant receptors were tagged on their N terminus with the 9E10 (al; N
terminus) or hemagglutinin (HA) tag (a2; N terminus) and visualized
with rabbit polyclonal antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA). The AIS was identified with a monoclonal antibody against
the Na channel type II (Santa Cruz Biotechnology). A rabbit polyclonal
antibody against vesicular inhibitory amino acid transporter (VIAAT)
was a generous gift from Dr. Bruno Gasnier (Centre National de la Re-
cherche Scientifique, Paris, France). The monoclonal anti-gephyrin an-
tibody was from Connex (Hamburg, Germany).

Affinity purification assays. Glutathione-S-transferase (GST) fusion
proteins were purified from Escherichia coli (Bedford et al., 2001) and
extensively dialyzed against PBS and centrifuged at 100,000 X g to re-
move any precipitated protein. Fusion proteins were then bound to glu-
tathione immobilized on agarose and exposed to ~100 ng of gephyrin
synthesized by in vitro translation in the absence of radiolabel. After
extensive washing in 250 mm NaCl/PBS bound material was eluted with
1% SDS at 95°C for 3 min (Bedford et al., 2001) subjected to SDS-PAGE
and immunoblotted with anti-gephyrin antibodies coupled to HRP-
conjugated secondary antibodies.

Confocal microscopy. Cells grown on glass coverslips were fixed with
4% paraformaldehyde and 4% sucrose in PBS. Unspecific binding was
blocked by incubation with 5% BSA in PBS (Kittler et al., 2000b, 2004).
Primary and secondary antibodies were diluted in 2% BSA/PBS. Second-
ary antibodies included FITC-, Texas Red-, and Cy5-coupled anti-rabbit,
mouse and guinea pig IgG (Jackson ImmunoResearch, West Grove, PA).
Where appropriate, cells were permeabilized with 0.05% Triton X-100
(TX-100) for 5 min. In some experiments, cell surface proteins were
selectively labeled by incubation with primary and secondary antibodies
after fixation without permeabilization (Connolly et al., 1996; Kittler et
al., 2000a,b). Intracellular epitopes were then measured (e.g., VIAAT or
type Il Na ™ channels) using the respective primary and secondary anti-
bodies after membrane permeablization.

Images were taken on a Bio-Rad (Hercules, CA) Radiance 2100MP
confocal microscope. To quantify receptor clustering on the AIS images
were taken with a 60X objective on the confocal microscope and zoomed
in with an additional threefold magnification. Recognizable clusters
>0.5 but less that 2 pum? after correction for background were counted
and their number per 30 wm of AIS or dendrite was then calculated. A
receptor cluster was defined as being ~0.5-2 wm in length, and approx-
imately twofold to threefold more intense than background diffuse flu-
orescence. Synaptic clusters were colocalized with or directly apposed to
presynaptic marker staining. Clusters further than 1 wm from presynap-
tic marker staining were considered extrasynaptic. Statistical significance
was assessed using the students-t test. All data analysis was performed
blinded.

Gephyrin RNAi. To block gephyrin expression in neurons we used a
plasmid vector that expresses active shRNAi against gephyrin together
with green fluorescent protein as detailed by (Jacob et al., 2005). Embry-
onic day 18 (E18) hippocampal neurons were nucleofected with this
plasmid (Kittler et al., 2004) and cultured for an additional 14-24 d in
vitro (DIV), a procedure that leads to almost total ablation of gephyrin
expression in transfected neurons (Jacob et al., 2005).

Hippocampal cell culture. Neuronal cultures were prepared essentially
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as detailed previously (Kittler et al., 2000b, 2004). Briefly, hippocampi
were isolated from E18 rat brains and dissociated after trypsinization.
Cells were plated on poly-L-lysine-coated glass coverslips in serum con-
taining attachment medium, which was replaced after 6 h by Neurobasal
medium containing B27. Cultures were grown at a density of 300,000
cells per 6 cm dish without additional glial feeder layer and were used
after 18—21 DIV. Human embryonic kidney (HEK)-293 cells were trans-
fected using electroporation with equimolar ratios of expression con-
structs and receptor expression was then measured 48 h after transfection
(Connolly et al., 1996a).

Neuronal transfection. Dissociated E18 hippocampal neurons were
transfected by nucleofection according to the protocol of the manufac-
turer (Amaxa, Cologne, Germany) with 3 ug of single subunit plasmid
DNA, plated and maintained in culture for 18-21 d (Couve et al., 2004;
Kittler et al., 2004; Jacob et al., 2005).

Recombinant receptors and chimeras. The «al (GenBank accession
number, P62812) and a2 (accession number, P26048) GABA , receptor
c¢DNAs in PRK5 have been described previously (Bedford et al., 2001;
Kittler et al., 2005). The p1 isoform of gephyrin in PRK5 (Kirsch et al.,
1995) was a gift from Dr. R. Harvey. Subunit chimeras were constructed
by PCR (Kittler et al., 2005) and verified by full-length sequencing. For
the cluster of differentiation molecule 4 (CD4) chimeras the intracellular
loop and transmembrane domain 4 (TM4) of a1, &2, chimeras 10and 11,
B3 (accession number, 2108275C) and y2 (accession number, P22723)
were cloned into CD4, substituting for the intracellular tail of the native
protein including transmembrane region 4. The tailless CD4 was a gen-
erous gift from Dr. Volker Hauke (Freie University, Berlin, Germany)
and was modified at its N terminus with the HA epitope. HA neurofascin
was a gift from Dr. V. Bennett (Duke University, Durham, NC). HEK-
293 cells were transfected using electroporation as detailed previously
and used for experimentation 48 h later (Connolly et al., 1996b).

Protein overlay assays. GST fusion proteins of the intracellular loop of
GABA , receptor subunits were expressed in E. coli BL21 as detailed pre-
viously (Bedford etal., 2001; Kittler et al., 2005). SDS-soluble lysates were
then transferred to nitrocellulose and either subject to immunoblotting
with GST antibodies, or slowly renatured with a gradient of 7M-0M of
guanidine hydrochloride in buffer [(in mm) 10 HEPES, pH 7.5, 70 KCl,
80 NaCl, 5 EDTA, and 1 mercaptoethanol]. Membranes were then
blocked in 5% BSA in buffer with 0.03% Triton X-100 and 1% BSA in
buffer without detergent, each for 1 h. The p1 isoform of gephyrin was
labeled to in excess of 10° cpm/ug of protein with **S-methionine using
the TNT T7quick coupled transcription/translation system kit (Pro-
mega, Madison, WI), diluted with 1% BSA in buffer and incubated with
the membrane overnight at 4°C. Thereafter the blot was washed with 5%
BSA in buffer, then buffer only, air dried and exposed to a phosphoim-
ager screen.

Results

The synaptic clustering of GABA , receptors containing

a2 subunits

In the rodent brain, immunofluorescence and electron micros-
copy have revealed that hippocampal pyramidal neurons can
cluster GABA, receptor subtypes containing 2 at synaptic sites
on the AIS and cell bodies of these neurons, whereas, in contrast,
a1 subunit-containing receptors exhibit a more diffuse distribu-
tion (Nusser et al., 1996; Nyiri et al., 2001). To assess whether this
phenomenon also operates for GABA , receptors in cultured hip-
pocampal neurons, 18—21 DIV hippocampal neurons were fixed
and stained with antibodies against an extracellular epitope on
the a2 subunit, then subsequently permeabilized and labeled
with antibodies against the type IT Na™ channel (an accepted
marker for the AIS) (Pan et al., 2006), and the VIAAT, a specific
marker for presynaptic inhibitory terminals. 2 subunit clusters
of >0.5but <2.0 wm on the first 30 wm of the AIS were judged to
be synaptic if they overlapped, or were directly opposed to
VIAAT-positive presynaptic terminals. Based on these criteria
78.6 = 10.2% of a2 clusters on the AIS were deemed to be syn-
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aptic (Fig. 1A). Likewise, the majority of a2
receptor clusters on other neuronal pro-
cesses (72.9 + 10.6%) were also found to be
synaptic (Fig. 1A). Our results thus dem-
onstrate that cultured hippocampal neu-
rons maintain the ability to cluster GABA ,
receptor subtypes containing a2 subunits
atinhibitory synapses on the AIS (Nusser et
al., 1996).

To explore the mechanisms underlying
the clustering of GABA , receptors we com-
pared the distribution of individual recom-
binant a subunit isoforms modified with
N-terminal reporter epitopes on the cell
surface of hippocampal neurons (Connolly
et al., 1996a; Taylor et al., 2000; Kittler et
al., 2002; Christie et al., 2006). Critically,
the addition of these reporters does not
modify the assembly or functional proper-
ties of GABA, receptors (Kittler et al.,
2000a; Wulff et al., 2007). To reduce vari-
ability and to control for possible differ-
ences in subcellular clustering mechanisms
we limited our initial measurements to the
AIS. Thus, 18-21 DIV neurons expressing
a2 subunits modified with N-terminal HA
epitopes (7" a2) were first stained with HA
antibodies, then permeabilized and stained
with antibodies against type I Na™ chan-
nels. Robust HA staining was evident in
nonpermeabilized neurons, suggesting ef-
ficient targeting of GABA, receptors con-
taining "2 subunits to the plasma mem-
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Figure 1. Analyzing GABA, receptor accumulation on the AIS in hippocampal neurons. A, Endogenous GABA, receptors
containing a2 subunits cluster on the AIS. Neurons 18 —21 DIV were stained under nonpermeabilized) conditions (without
TX-100) with antibodies against an extracellular epitope in the 2 subunit (green) and after permeabilization with 0.05% TX-100
and then with antibodies against VIAAT (blue) and type Il Na channels (red). Images were acquired by confocal microscopy. The
arrows represent synaptic clusters containing a2 subunits on the AIS. B, C, Differential clustering of recombinant GABA, receptor
2 subunits on the AIS and dendritic processes. 18 —21 DIV neurons expressing 22 (B) or *™°a1 (€) subunits were stained
with HA or 9E10 antibodies under nonpermeabilized conditions (without TX-100; green), permeabilized with 0.05% TX-100, and
then stained with antibodies against type Il Na channel (red). The arrows represent clusters of c2 or a1 subunits on the AIS. D,
E, Neurons expressing 12 were also stained with HA antibody (without TX-100; green) and antibodies against an extracel-
ular epitope on the endogenous o2 subunit (without TX-100; red; D), or permeabilized with 0.05% TX-100 and stained with
anti-VIAAT antibodies (red; E). The arrows represent puncta containing " av2/endogenous o2 subunits and HA/VIAAT in D and
E, respectively. F, G, To confirm our results with immunohistochemistry, neurons expressing P2 (green) (F) or P11 (green)
(@) were stained with antibodies against VIAAT (red). In A—G, the bottom panels represent enlargements of the boxed areas in
the top panels. Scale bars: A-C, E, 7 um; D, 10 wm; F, G, 5 um.

brane (Fig. 1B). Similar experiments were

performed on neurons expressing a1 sub-

units modified with N-terminal myc reporters al
subunits were able to access the plasma membrane as measured
by staining with 9E10 antibody in nonpermeabilized neurons,
but, in contrast to "a2, 1«1 subunits had a more diffuse
staining pattern (Fig. 1C). Quantitative analysis revealed that
large “*'°al clusters were present on the AIS at a density of 3.8 =
0.5/30 wm, a value significantly lower than that for ™2 (p <
0.01; 1 = 10).

We used immunohistochemistry to compare the distribution
of endogenous a2 and "* a2 subunits on the neuronal cell surface
using an antibody against the first 12 amino acids in the a2 sub-
unit (Fritschy and Mohler, 1995). This antibody does not recog-
nize ™ a2 because of the insertion of the HA epitope between
amino acids 4 and 5 in this protein (data not shown). Signifi-
cantly 92 = 5.5% of endogenous GABA receptor clusters con-
taining a2 subunits also contained HA immunoreactivity (Fig.
1 D). In addition, 78.6 = 7.4% of ™* a2 clusters were synaptic as
measured by colocalization with VIAAT (Fig. 1 E). Together these
observations suggest that the trafficking itineraries and synaptic
targeting of GABA , receptors containing endogenous or recom-
binant a2 subunits are very similar in cultured hippocampal neu-
rons. Unfortunately, because of low expression levels of endoge-
nous «l subunits that have been previously documented in
cultured hippocampal pyramidal neurons we were unable to per-
form similar analysis for recombinant a1 subunits.

To verify our observations using immunohistochemistry, we
expressed pHluorin-tagged (Miesenbock et al., 1998) GABA,, re-
ceptor al and o2 subunits in hippocampal neurons (*"a2

9E10 9E10
( al).

and P" a1, respectively). Previous studies have revealed that ad-
dition of this reporter to the N terminus of receptor subunits does
not compromise their ability to assemble with 8 and y2 subunits
to form benzodiazepine-sensitive heteromeric GABA , receptors
(Kittler et al., 2000a; Jacob et al., 2005; Bogdanov et al., 2006;
Waulff et al., 2007). As measured by live imaging, both P# a2 and
PH o1 could access the plasma membrane but P"a2 appeared to
exhibit more extensive clustering (data not shown). To verify
synaptic clustering, expressing neurons were fixed, permeabil-
ized and stained with anti-VIAAT antibodies and the number of
VIAAT-positive clusters were calculated for both constructs (Fig.
1E,G). Receptors incorporating P"a2 subunits showed signifi-
cantly higher levels of synaptic clustering compared with those
incorporating PMal (357 * 3.4 vs 109 = 4.2/30 um,
respectively).

Together these experiments demonstrate that GABA , recep-
tors containing a2 subunits are enriched at VIAAT-positive syn-
apses on both the AIS and dendrites of cultured neurons com-
pared with those incorporating a1 subunits.

Identifying the amino acid residues that regulate the
clustering of GABA, receptors containing a2 subunits

To establish the molecular basis underlying the preferential clus-
tering of GABA, receptors containing a2 subunits we created
subunit chimeric (CH) a2/al subunits. Qur initial constructs
centered on exchanging the major intracellular domains (ICDs)
and TM4, as subunit ICDs are generally accepted as playing a
critical role in regulating GABA , receptor membrane trafficking
(Luscher and Keller, 2004). To control for variability arising from
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CH10 CHM

Figure 2.

potential differences in subcellular specific clustering mecha-
nisms we initially compared chimera clustering only on AIS.

In nonpermeabilized 19-21 DIV neurons, CH1 and CH2
were able to access the cell surface (Fig. 2A, B), but their cluster-
ing on the AIS differed. CH1, which contains the ICD/TM4 of a2,
accumulated on this structure at levels similar to those seen with
HAQ2 subunits (Figs. 24, 3) (13.2 = 0.9 clusters/30 wm; n = 15)
whereas CH2, which contains the ICD/TM4 of a1, exhibited sig-
nificantly lower levels of clustering (Figs. 2B, 3) (4.5 = 0.6/30
pm; p < 0.01; #n = 10). These results are consistent with a role for
the ICD/TM4 domain of the a2 subunit in regulating GABA,
receptor clustering at least on the AIS, an issue that was analyzed
using CH3, CH4 and CH5. Although these chimeras were all able

Analyzing the clustering of GABA, receptor o1/cx2 subunit chimeras in hippocampal neurons. A-F, Differential
clustering of GABA, receptor chimeras. 18 —21 DIV neurons expressing CH1 (A), CH2 (B), CH3 (C), CH4 (D), CH10 (E), or CH11 (F)
were stained with HA (CH2, CH11) or 9E10 (CH1, CH3, CH4, and CH10) antibodies under nonpermeabilized conditions (without
TX-100; green) and after permeabilization with 0.05% TX-100 with antibodies against the type I Na ™ channel (red). Scale bars:
10 wm. Bottom panels represent enlargements of the white boxes in the top panels and the AIS. G, Enlargements of the
respective dendrites in yellow boxed areas in E and F are shown. H, I, Live imaging of hippocampal neurons expressing pHIuorin-
tagged GABA, receptor ar1/2 subunit chimeras. 18 —21 DIV neurons expressing **CH10 (H) and PHCH11 (1) were subject to live
confocal imaging at 37°C. Bottom panels represent enlargements of the boxed areas in the top panels. Scale bars: 7 m.
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to access the plasma membrane, as illus-
trated by robust fluorescence in nonper-
meabilized neurons, their accumulation on
the AIS differed. CH3 (Fig. 2C) and CH5
showed levels of clustering very similar to
those observed for ™ a2 (Fig. 3) (12.6 =
0.7 and 13.2 £ 0.6/30 um, respectively),
but, in contrast, clusters of CH4 on the AIS
were not detected (Fig. 2 D). These experi-
ments suggest that the amino acids 307—
347 play a critical role in regulating the
clustering of GABA, receptors containing
a2 subunits on the AIS.

To further delineate the amino acids be-
tween residues 307-347 of the a2 subunit
that regulate clustering, we used CH6 and
CH?7 which contain residues 307-329 and
330-347, respectively, from the o2 subunit
were exchanged for the corresponding re-
gions in the a1 subunit. Whereas CH7 ex-
hibited levels of clustering on the AIS (Fig.
3) (13.2 £ 1.2; 30 M) similar to those seen
for "*a2 subunits, clusters of CH6 were
not detected on this structure (Fig. 3) (n =
75 neurons). The role of residues 330347
was further probed using CH8, CH9, and
CH10, in which amino acids 307-335,
330-335, and 336-347 of the a2 subunit
were exchanged for the corresponding res-
idues in al. Whereas CH8 (Fig. 3) (8.4 =
0.9) and CH9 (Fig. 3) (10.2 = 0.8; 30 M)
were able to form clusters on the AIS, their
levels were significantly lower than those
for "4a2 subunits (p < 0.01). In contrast
CH10 was able to form clusters on the AIS
(Fig. 2E) at levels similar to those of wild-
type a2 subunits (Fig. 3) (13.1 = 0.6; 30
uM; n = 18), strongly suggesting that resi-
dues 336347 are critical in regulating the
clustering of GABA, receptors containing
a2 subunits on the AIS. To further confirm
this, two additional constructs were pro-
duced: CH11 in which amino acids 336—
347 in the a2 subunit were replaced with
the corresponding domain of the al sub-
unit and CH12 in which they were deleted.
In agreement with the results with CH10,
no large clusters containing either CH11
(Fig. 2F) or CH12 (Fig. 3) were evident on
the AIS (n = 85 neurons).

In addition to analyzing clustering on the AIS, the role that
residues 336—347 play in regulating GABA, receptor clustering
on dendrites was examined. This was achieved by counting the
number of clusters between 0.5 and 2.0 um on Na ™ type I neg-
ative processes. For CH10, 25.5 % 5.6 clusters were found per/30
um (n = 4), whereas the clustering of CH11 was significantly
(p <0.01) reduced to 5.4 * 3.3/30 um (n = 4) (Fig. 2G).

To confirm our observations using immunohistochemistry
we modified CH10 and CH11 with N-terminal pHluorin report-
ers. At 18-21 DIV, expressing neurons were subjected to live
confocal imaging at 37°C and, consistent with our observations
with fixed neurons, both P*CH10 and PHCH11 were able to ac-
cess the cell surface as measured by robust fluorescence (Fig.
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Figure3. Analyzing the clustering of a1/2 subunit chimeras on the AIS. 4, The structures of
CH1-CH12 are indicated in the line diagram. The positions of transmembrane domains are
indicated by boxes with sequences derived from the 1 and &2 subunits indicated in black and
red, respectively. Chimeras are encoded as follows: CH1 residues 1-306 of the a1 subunit and
residues 307— 423 of ac2; CH2 residues 1-306 of the o2 subunit and residues 306 — 428 of a1;
(CH3 residues 307-347 of the a2 subunit substituted for the equivalent amino acids in the o1
subunit; CH4 residues 1-347 of a1 and 348 — 423 of «2; CH5 residues 1-347 of a2 and 348 —
428 of a1; CH6 residues 307329 of the 2 subunit exchanged for the corresponding domain
inthe a1; CH7 residues 330 —347 of the «2 subunit exchanged for the corresponding region in
ac1; CH8 residues 307335 of the a2 subunit exchanged for the corresponding domain of a1;
CH9residues 330 —335 of the a2 subunit exchanged for the corresponding domain of «c1; CH10
residues 336 —347 of the 2 subunit exchanged for the corresponding domain of the a1 sub-
unit; CH11 residues 336 —348 of the a1 subunit exchanged for the corresponding domain of 2
subunit; and CH12 residues 336 —347 deleted from the o2 subunit. Chimeras were modified
with either the 9E10 or HA epitopes as indicated. To measure the clustering of these constructs
on the AIS, images were recorded from transfected neurons and the AIS was identified by Na *
channel fluorescence and its characteristic morphology. After background subtraction, the
number of receptor clusters >0.5 .m * were counted per 30 m AIS. Data were then com-
pared with the number of clusters seen with wild-type «:2 subunits (control). An asterisk indi-
cates significantly different from control ( p << 0.01; n = 11-25 in at least 5 independent
transfections). B, An alignment of residues 307—352 of the GABA receptor 1 and cx2 subunits.
The domain of a2 critical for receptor clustering is shown in red and the corresponding domain
of aTisindicated in blue. The positions of residues 307, 330, 336, and 347 in the 2 subunit are
also shown. C, The Kyte and Doolittle hydrophobicity of the major intracellular domains of the
a2 (residues 306—390) and 1 (307-391) subunits were determined as indicated. Residues
336347 of the 2 subunit are highlighted in red.
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2H,I). However whereas CH10 (Fig. 2H) formed large clusters
on the plasma membrane on neuronal processes, CH11 exhibited
a largely diffuse distribution (Fig. 21I).

To control for possible alterations in the assembly of the chi-
meric « subunits, their capacity to access the plasma membrane
on coexpression with the 33 subunit was assessed in HEK-293
cells. First, we compared the ability of CH10 and CH11 to access
the plasma membrane expressed alone or with the 83 subunit.
Using immunofluorescence under permeabilized and nonper-
meabilized conditions it was evident that both CH10 and CH11
were retained within a compartment resembling the endoplasmic
reticulum (ER) when expressed alone, but were able to access the
plasma membrane after coexpression with the 83 subunit (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). In addition to this, CHI1-9 and CH12 were also able to
translocate to the cell surface on coexpression with 83 (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material), but were retained within the ER on homomeric expres-
sion (data not shown). These results suggest that CH1-12 are
capable of assembling with 33 subunits and robustly access the
cell surface consistent with wild-type a1 and a2 subunits (Kittler
et al., 2002).

The results of our immunohistochemical and live imaging
experiments suggest a critical role for residues 336347 (Fig. 3B)
within the intracellular domain of the 2 subunit in regulating
the accumulation and/or clustering of GABA, receptors on the
AIS, and dendrites of neurons. It is interesting to note that these
amino acids are highly hydrophobic in nature compared with the
corresponding domain of the «l subunit and are predicted to
form an a-helical structure (Fig. 3C).

Amino acids 336—347 in the a2 subunit are sufficient to target
reporter molecules to inhibitory synapses

To further examine the differential clustering of GABA , receptor
al and a2 subunits we examined the ability of the ICDs of these
proteins to modify the subcellular targeting of CD4 modified at
its extracellular N terminus with an HA epitope. To do so, the
cytoplasmic tail of CD4 was removed and replaced by the ICD/
TM4 and putative extracellular tail of individual GABA , receptor
subunits and chimeras (Fig. 4A). As a control, we first examined
the subcellular distribution of wild type CD4 molecules. In 18-21
DIV hippocampal neurons this protein exhibited a diffuse stain-
ing pattern on the plasma membrane with immunoreactivity be-
ing evident on the cell body and neuronal processes as measured
by immunofluorescence with HA antibodies (Fig. 4 B), with no
accumulation at inhibitory synapses being evident (data not
shown). In contrast CD4a2 formed clusters on the surfaces of
both neuronal processes and the cell body (Fig. 4C). When amino
acids 336-347 of the a2 subunit were replaced with the corre-
sponding amino acids of al in CD4CH11 (Fig. 4D), the distri-
bution was mostly diffuse. CD4a2 showed significantly higher
levels of clustering on the membrane compared with CD4CH11
(19.4 * 4.5vs 5.4 = 3.2/30 wm, respectively). We also examined
the subcellular distribution of CD4 constructs modified with the
ICD/TM4 of the GABA, receptor 33 or y2 subunits, and these
proteins exhibited largely diffuse distributions on the plasma
membrane (Fig. 4E).

To address the role of residues 336347 in the targeting of
CD4 to synaptic sites, we compared CD4al and CD4CH10
(containing amino acids 336-347 from o2) (Fig. 4F,G).
CD4CH10 produced large clusters on the plasma membrane.
It was evident that 80 * 8.5% CD4CH10 clusters colocalized
with VIAAT compared with 12.5 = 5.4% of CD4«al. We fur-
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Figure 4.  Clustering of (D4/GABA, receptor chimeras in neurons. A, The structure of GABA, receptor/(D4 chimeras. White box,
Extracellular HA epitope; dark gray box, the N terminus of (D4; light gray box, transmembrane domain of the (D4; red box, major
intracellular domain of GABA, receptor subunit; blue box, transmembrane 4 of the GABA, receptor subunit. B—F, Images recorded from
neurons expressing (D4 (B) (D4a:2 (€) and CD4CH11 (D) constructs stained with HA antibody under nonpermeabilized conditions. The
arrows represent clusters of CD4 immunoreactivity. £, Processes from neurons expressing (D433 and (D42 stained with HA antibody.
F, G, Images of neurons expressing (D41 (F) and (D4CH10 (G) stained with 9E10 antibody (without membrane permeabilization;
green) and after treatment with 0.05% TX-100 with antibodies against VIAAT (red). The arrows represent puncta that contain both VIAAT
and (D4 staining. H, Neurons expressing (D4CH10 were stained with HA antibody (without membrane permeabilization; green) and an
antibody against endogenous cr2 subunits (without membrane permeabilization; red). The arrows represent puncta that contain both
HA and endogenous o2 immunoreactivity. In B—H, the bottom panels represent enlargements of the boxed areas in the top panels and
the arrows indicate GABA, receptor clusters. Scale bars: B-D, F=H, 10 um; E, 5 m.
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The accumulation of GABA , receptor
chimeras and CD4 constructs at synaptic
sites is dependent on gephyrin
expression

Data derived from gephyrin knock-out
mice and knockdown experiments using
antisense oligonucleotides or shRNAi have
illustrated that reducing gephyrin expres-
sion leads to a highly significant reduction
in the clustering of GABA, receptor sub-
types containing 2 subunits at postsynap-
tic inhibitory specializations (Essrich et al.,
1998; Kneussel et al., 1999a; Levi et al.,
2004; Jacob et al., 2005). Therefore, given
the differential pattern of CD4CH10 and
CD4CH11, we compared their subcellular
localization with that for gephyrin using
immunohistochemistry. CD4CH10 exhib-
ited a clustered distribution on the cell
body and processes of expressing neurons
and some of these puncta contained gephy-
rin immunoreactivity (Fig. 5A4). In con-
trast, CD4CH11 exhibited diffuse staining
in neuronal processes and cell bodies with
little overlap with gephyrin staining (Fig.
5B). Significantly ( p < 0.01; n = 6) higher
colocalization of CD4CHI10 clusters with
gephyrin was evident compared with those
containing CD4CH11 (59.4 = 5.4 vs 6.6 =
3.2%, respectively).

We further examined the role of gephy-
rin in regulating synaptic clustering of con-
structs containing residues 336—347 of the
a2 subunit using plasmid pGEPH1 which
expresses active shRNAi against gephyrin
(Jacob et al., 2005). Previous studies have
illustrated that, in neurons transfected with
this plasmid, gephyrin expression is largely
abolished as is the clustering of endoge-
nous GABA, receptors containing a2 sub-
units or recombinant 83 or y2 subunits
(Jacob et al., 2005). To initiate these exper-
iments we examined the role of gephyrin in
regulating the clustering of CH10 (Figs. 2,
3) by expressing the respective plasmid
with a fivefold molar excess of pGEPH1 or
a control plasmid in hippocampal neurons.
In 18-21 DIV cultures large clusters of CH10
were evident on neuronal processes and cell
bodies and in excess of 80% of these con-
tained gephyrin immunoreactivity (Fig. 5C).
In contrast the level of gephyrin immunore-
activity was greatly reduced in neurons ex-
pressing pGEPH1 and the levels of CH10

ther compared the distribution of CD4CHI10 molecules to
endogenous a2 subunits and in excess of 85% of CD4CHI10
clusters also contained endogenous a2 subunits (Fig. 4H).
However, the total number of clusters of endogenous GABA
receptors containing a2 subunits was not significantly differ-
ent in neurons expressing CD4CH10 and controls (data not
shown). Together these experiments revealed that amino acids
336-347 are sufficient to target CD4 to inhibitory synapses
that contain endogenous a2 subunits.

clustering also appeared to be lower in these cells (Fig. 5D). Decreas-
ing gephyrin expression significantly reduced the number of CH10
clusters from 14.2 * 3.2/30 wm in control to 2.5 * 2.1/30 wm with
pGEPHI (p <0.01,n = 6).

We also tested the role of gephyrin in regulating the accumu-
lation of CD4CHI10 at synaptic sites. For these experiments
CD4CH10 was coexpressed in neurons with a plasmid that ex-
presses GFP and active RNAi against gephyrin (pGEPH1/GFP) or
a control sequence (Jacob et al., 2005). At 18-21 DIV neurons
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Figure5.  Gephyrin mediates the clustering of GABA, receptor chimeras and (D4 expression
constructs at synaptic sites. 4, B, Selective colocalization of (D4-GABA, receptor clusters with
gephyrin. 1821 DIV hippocampal neurons expressing (D4CH10 (4) or CD4CH11 (B) were
stained with HA antibodies (without membrane permeabilization green) against the reporters
in these proteins and after membrane permeabilization with antibodies against gephyrin (red)
and images then collected by confocal microscopy; arrows indicate puncta that contain both HA
and gephyrinimmunoreactivity. C, D, Gephyrin expression s critical for the clustering of CH10in
hippocampal neurons. At 18-21 DIV, hippocampal neurons expressing CH10 and a fourfold
higher level of a control plasmid (C) or pGEPH1 (D) were stained with 9E10 antibodies (without
membrane permeabilization green) and after permeabilization with gephyrin (red) antibodies
and subject to confocal microscopy. Colocalizing puncta are indicated by arrows, and the arrow-
head represents an untransfected neuron. F, G, The accumulation of CD4CH10 at synaptic sites
is dependent on gephyrin expression. At 18—21 DIV, hippocampal neurons expressing control
(E) or pGEPH1 (F) were stained with antibodies against the HA epitope (without membrane
permeabilization; red) and after membrane permeabilization with antibodies against VIAAT
(blue), and endogenous GFP fluorescence is in green. GFP fluorescence has been subtracted
from the bottom panels in E and F for clarity. The number of (D4 puncta that were apposed to
VIAAT staining on neuronal dendrites were then calculated under control conditions and with
pGEPH1 with arrows indicating puncta containing both VIAAT and (D4 immunoreactivity. In
A-F, the bottom panels show enlargements of the boxed areas in the top panels arrows. Scale
bars: A, C, D, 10 wm; B, E, F, 7 um.
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were stained with HA and VIAAT antibodies and visualized using
confocal microscopy. In neurons expressing GFP and control
RNAI, puncta of CD4CH10 immunoreactivity that colocalized
with VIAAT immunoreactivity were evident on both neuronal
processes and cell bodies (Fig. 5E). In contrast in neurons
expressing GFP and an active RNAi against gephyrin, the level of
gephyrin immunoreactivity was largely abolished which dis-
rupted CD4CH10 clustering (Fig. 5F ). Quantifying these results,
it was evident that blocking gephyrin expression significantly re-
duced (p < 0.01) the number of CD4CH10/VIAAT-positive
clusters from 8.2 = 2.3/30 wm dendrite under control conditions
to 2.1 * 0.8/30 wm in the absence of gephyrin ( p < 0.01; 1 = 6).

Asa control for specificity we examined the effects of gephyrin
shRNAi on the clustering of AMPA receptors incorporating
GluR1 subunits. The number of GluR1 clusters colocalizing with
the presynaptic marker synapsin was very similar in neurons ex-
pressing GFP (12.4 * 2.4/50 um) and those expressing GFP and
gephyrin shRNAi (10.5 = 3.2/50 wm) (supplemental Fig. 3, avail-
able at www.jneurosci.org as supplemental material). These re-
sults are consistent with data accrued from gephyrin knock-out
mice and knockdown experiments, which have shown that
AMPA receptor clustering is not modified on ablating gephyrin
expression (Kneussel et al., 1999a; Levi et al., 2004; Jacob et al.,
2005).

Together, these results suggest a critical role for gephyrin in
regulating the accumulation of GABA, receptors at inhibitory
synapses dependent on amino acids 336—347 within the intracel-
lular domain of the o2 subunit.

The GABA , receptor a2 subunit can selectively bind to gephyrin
Our experiments strongly suggest a critical role for residues 336 —
347 in regulating the clustering of GABA, receptors at synaptic
sites in a process dependent on gephyrin expression. We thus
examined whether these residues play any role in mediating the
binding of GABA , receptors to gephyrin using overlay assays. To
do so we expressed the intracellular loop of the GABA , receptor
a2 subunit as GST fusion protein (GST«2) in E. coli (Bedford et
al., 2001). SDS-soluble extracts were transferred to a nitrocellu-
lose membrane and re-natured by exposure to 7 M guanidine
HCI, followed by progressive dilution. Membranes were blocked
with BSA and overlaid with the p1 isoform of gephyrin labeled
with *°S-methionine using in vitro transcription/translation. Un-
der these conditions robust binding of the p1 isoform of gephyrin
(Kirsch et al., 1995) to a major band of 35 kDa corresponding to
GSTa2 and several degradation products were evident, however
no binding was observed to lysates expressing GST alone (Fig. 6).
Interestingly, interaction was totally inhibited by low levels of
detergent (0.01% Triton X-100), suggesting that hydrophobic
interactions mediate the binding of gephyrin and GABA , recep-
tors (Fig. 6 A). To assess the role of residues 336 -347 in mediating
gephyrin binding we expressed a GST a2 fusion protein in which
residues 330-347 were deleted (GSTa2A). Unfortunately, dele-
tion of residues 336347 alone produced a highly unstable fusion
protein. After controlling for the level of input by immunoblot-
ting with anti-GST antibody it was evident that deletion of resi-
dues decreased gephyrin binding to 5% of that seen with GST-o2
(Fig. 6A) (p < 0.01).

To verify our results using gel overlay assays we examined
the ability of gephyrin to bind to GSTa2 when immobilized on
glutathione. For these experiments, purified GST proteins
were dialyzed extensively against PBS to remove any traces of
detergent and then bound to GST agarose and exposed to in
vitro translated gephyrin. Bound material was then immuno-
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Luscher and Keller, 2004; Rudolph and
Mohler, 2006). In addition, individual
GABA,, receptor subtypes within the same
neuron can be selectively targeted to extra-
synaptic sites, axo-axonic and axo-
dendritic synapses. However, how neurons
orchestrate these events remains to be elu-
cidated (Kittler and Moss, 2003; Luscher
and Keller, 2004).

To begin to address the cellular mecha-
nisms responsible for the synaptic cluster-
ing of GABA, receptors we examined how
receptor subtypes containing a2 subunits
are enriched at inhibitory synapses on the
AIS. Using triple immunofluorescence we
first established that this phenomenon is

also evident for endogenous GABA , recep-
tors containing a2 subunits in cultured
hippocampal neurons. We then evaluated
the ability of cultured hippocampal neu-
rons to cluster GABA, receptors contain-
ing recombinant al and &2 subunits on
the AIS. Although recombinant al sub-
units were able to access the plasma mem-
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Figure 6. Residues of 336 —347 mediate the direct binding of gephyrin to the 2 subunit. 4, B, Direct binding of gephyrin to

the intracellular domain of the a2 subunit. SDS-soluble extracts were prepared from E. coli expressing GST-a2, GST-a2AA,
(residues 330 -347) or GST, were overlaid with *S-methionine-labeled gephyrin in the absence and presence of 0.01% Triton
X-100 orimmunoblotted with anti-GST antibodies (4). The level of gephyrin binding was corrected for input levels and the level
of gephyrin binding to GST-a2 A was then compared with that seen GST-«2 (control, 100%). Deletion of these residues reduced
gephyrin binding to 5.4% of control. The ability of gephyrin to bind to GST«2 or GST when immobilized on glutathione agarose
was measured. Ten micrograms of the respective fusion proteins in the absence of detergent were exposed to unlabeled gephyrin
synthesized by in vitro translation and bound material was immunoblotted with anti-gephyrin antibodies. In is 10% of the input
used in each assay (B). In, Twenty percent of the starting material. C, Analyzing the binding of gephyrin to the intracellular
domains of the receptor 33 and 2 subunits. SDS-soluble extracts from £. coli expressing GST-ce2, 33, and 2 subunits were
overlaid with 3*S-methionine gephyrin orimmunoblotted with anti-GST antibodies as indicated.

blotted with anti-gephyrin antibodies (Fig. 6 B). A band ~90
kDa representing gephyrin could be detected binding to im-
mobilized GSTa2, but not to GST alone, supporting our
experiments using gel overlay assays.

Finally, we compared the ability of gephyrin to bind to the
intracellular domains of the receptor a2, y2, and 83 subunits. The
B3 and 2 subunits were chosen because they have been sug-
gested previously to play roles in the gephyrin dependent cluster-
ing of GABA, receptors (Kirsch et al., 1995; Luscher and Keller,
2004; Alldred et al., 2005). Abundant expression of all three fu-
sion proteins was evident in E. coli, but, whereas significant bind-
ing of gephyrin to GSTa2 was evident, the levels bound to GST 83
or GSTvy2 were greatly reduced after correction for background
binding to GST (Fig. 6C).

Together, our results provide evidence that GABA , receptors
can bind directly to gephyrin and suggest a predominant role for
the @2 subunit in mediating this interaction.

Discussion
Differential clustering of GABA , receptors containing a1 and
a2 subunits
Neurons have the capacity to assemble a large number of struc-
turally distinct GABA , receptor subtypes with distinct physiolog-
ical and pharmacological properties (Kittler and Moss, 2003;

brane, the number of clusters they formed
on the AIS was greatly reduced compared
with recombinant a2 subunits.

This key observation provided us with
an assay to determine the amino acids
responsible for this enhanced clustering
of GABA, receptors containing a2 sub-
units. To do so, we produced chimeric
al/2 subunits and measured their ability
to form clusters on the AIS. We limited
our initial studies to the AIS to avoid
complications arising from possible sub-
cellular specific clustering mechanisms
for individual receptor subtypes. Under
these experimental constraints it was ev-
ident that the enhanced ability of GABA .
receptors containing a2 subunits to form clusters on the AIS
was dependent on amino acid residues within the major intra-
cellular domain of this subunit. The use of more refined chi-
meras exchanging smaller domains of the a1 and a2 subunits
revealed that amino acids 336-347 of the a2 subunit were
critical in mediating the enhanced synaptic clustering of
GABA, receptors containing a2 subunits compared with
those containing a1 subunits on both the AIS and dendrites.
Critically, substitution of these amino acids also disrupted the
clustering of GABA, receptors at synapses on the cell bodies
and dendrites of pyramidal neurons. Therefore these results
suggest a critical role for residues 336 —347 of the @2 subunit in
regulating the clustering of GABA, receptors at both axoax-
onic and axodendritic synapses.

To further evaluate the significance of amino acids 336—-347 in
the clustering of GABA, receptors we examined their ability to
regulate the subcellular distribution of the structurally unrelated
membrane protein CD4. This revealed that the intracellular do-
main of the a2 subunit but not the corresponding regions of the
B3 or y2 subunits was able to modulate the clustering of CD4 on
the plasma membrane. It was further evident that amino acids
336-347 within the ICD of the a2 subunit were sufficient to
target and cluster CD4 at inhibitory synapses.
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The ability of amino acids 336347 of the a2 subunit to
cluster proteins at inhibitory synapses is dependent on
gephyrin

Gephyrin is a multifunctional protein that promotes the cluster-
ing of GlyR receptors at synaptic sites via direct binding to the 3
subunits of these receptors and is also responsible for the synthe-
sis of molybdenum cofactors (Kneussel and Betz, 2000). In addi-
tion, gephyrin has been implicated in GABA , receptor clustering,
but the underlying mechanism remains obscure (Sassoe-
Pognetto and Fritschy, 2000). We thus sought to determine the
possible role gephyrin plays in regulating the clustering of
GABA, receptors or CD4 constructs containing residues 336—
347 of the a2 subunit. Using immunohistochemistry, GABA
receptor subunits or CD4 chimeras containing residues 336347
of the a2 subunit showed striking colocalization with gephyrin.
In contrast, constructs in which these residues were absent
showed minimal overlap with gephyrin. Our results are thus con-
sistent with studies demonstrating that GABA, receptors con-
taining the a2 subunit show high levels of colocalization with
gephyrin and that in knock-out mice specific deficits in the clus-
tering of receptor subtypes containing o2 subunits are evident
(Sassoe-Pognetto et al., 1995; Essrich et al., 1998; Sassoe-
Pognetto and Fritschy, 2000; Jacob et al., 2005). Given the evident
colocalization between GABA, receptors containing residues
336—-347 of the o2 subunit and gephyrin, we used plasmid-based
RNAI (Jacob et al., 2005) to further evaluate the role that gephy-
rin plays in the clustering of proteins containing residues 336—
347. Inhibiting gephyrin expression dramatically reduced the
clustering of GABA, receptors or CD4 chimeras containing res-
idues 336347 of the a2 subunit at postsynaptic specializations.
Together, these results demonstrate that residues 336—347 of the
a2 subunit are significant in regulating gephyrin-dependent clus-
tering of GABA , receptors.

We also explored the role of this motif in mediating the bind-
ing of gephyrin to GABA, receptors. For this facet of our study,
we examined the binding of GST fusion proteins encoding the
major intracellular domains of GABA, receptor subunits to the
pl isoform of gephyrin using gel overlay assays and affinity puri-
fication. This methodology revealed that gephyrin could bind
directly to the intracellular domain of @2 and deletion analysis
further demonstrated that binding of gephyrin to the a2 subunit
intracellular domain was critically dependent on amino acids
330-347 within this protein. However, under the same condi-
tions minimal binding of gephyrin to the intracellular domains of
the y2 and 33 subunits was evident. Previous studies in HEK-293
cells have suggested that the receptor 3 subunit may play a role
in regulating the association of GABA, receptors and gephyrin.
The 2 subunit has also been strongly implicated in controlling
gephyrin dependent clustering of GABA, receptors, as gene
knock-out of this subunit ablates both receptor synaptic cluster-
ing and gephyrin accumulation at inhibitory synapses (Luscher
and Keller, 2004; Alldred et al., 2005). However, the role of recep-
tor B3 and <2 subunits in regulating the synaptic clustering of
GABA , receptors may be independent of the ability of these pro-
teins to bind gephyrin as demonstrated here. In support of this
argument, overexpression of the a6 subunit leads to the reloca-
tion of y2 subunits to extrasynaptic sites suggesting that the y2
subunit per se is not sufficient to localize GABA, receptors to
synaptic sites (Wisden et al., 2002).

We also noted that binding of the GABA , receptor intracellu-
lar domains to gephyrin was inhibited by very low concentrations
of detergent. This detergent sensitivity provides an explanation
for the difficulty in demonstrating the interaction of these pro-
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teins in detergent-solubilized membrane extracts. In agreement
with this detergent sensitivity, amino acids 336—347 are highly
hydrophobic and are conserved in human, rat and mouse a2
subunits. In this context it is interesting to note that similar hy-
drophobic interactions have been shown to control the binding
of GlyR receptor B subunits to gephyrin (Kneussel et al., 1999D).
Consistent with our binding experiments, immunohistochemi-
cal studies have demonstrated that GABA, receptor subtypes
containing a2 subunits are highly enriched at synaptic sites where
they exhibit striking colocalization with gephyrin (Sassoe-
Pognetto and Fritschy, 2000). In addition, this direct binding of
gephyrin to a2 subunits provides a molecular mechanism for the
selective loss of GABA , receptor synaptic clusters containing re-
ceptor a2 subunits evident in gephyrin deficient mice (Kneussel
et al., 2001; Levi et al., 2004). Interestingly, individual GABA
receptors can have mixed a subunits (Sieghart and Sperk, 2002),
and binding of gephyrin to a2 may facilitate the accumulation of
other a subunit isoforms at inhibitory synapses (Sassoe-Pognetto
and Fritschy, 2000). However, it is also evident that gephyrin is
often found clustered with GABA , receptors that do not contain
a2 subunits and clearly further experiments are required to ana-
lyze whether gephyrin can bind to other receptor subunits.

In summary, our studies have identified a specific amino acid
motif within the o2 subunit that selectively mediates the accu-
mulation of GABA, receptors at central inhibitory synapses via a
mechanism dependent on direct interaction with the inhibitory
postsynaptic scaffold protein gephyrin.
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