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Collybistin promotes submembrane clustering of gephyrin
and is essential for the postsynaptic localization of gephyrin
and <y-aminobutyric acid type A (GABA,) receptors at
GABAergic synapses in hippocampus and amygdala. Four
collybistin isoforms are expressed in brain neurons; CB2
and CB3 differ in the C terminus and occur with and without
the Src homology 3 (SH3) domain. We have found that in
transfected hippocampal neurons, all collybistin isoforms
(CB2gy54, CB2gyy3_, CB3gy34, and CB3gy;_) target to and
concentrate at GABAergic postsynapses. Moreover, in non-
transfected neurons, collybistin concentrates at GABAergic
synapses. Hippocampal neurons co-transfected with CB2¢;;_ and
gephyrin developed very large postsynaptic gephyrin and
GABA, receptor clusters (superclusters). This effect was
accompanied by a significant increase in the amplitude of min-
iature inhibitory postsynaptic currents. Co-transfection with
CB2g,;5.+ and gephyrin induced the formation of many (super-
numerary) non-synaptic clusters. Transfection with gephyrin
alone did not affect cluster number or size, but gephyrin poten-
tiated the clustering effect of CB2g;;5_ or CB2gy;5, . Co-transfec-
tion with CB2g;;5_ or CB2g;;;, and gephyrin did not affect the
density of presynaptic GABAergic terminals contacting the
transfected cells, indicating that collybistin is not synaptogenic.
Nevertheless, the synaptic superclusters induced by CB2g;;5_
and gephyrin were accompanied by enlarged presynaptic
GABAergic terminals. The enhanced clustering of gephyrin and
GABA, receptors induced by collybistin isoforms was not
accompanied by enhanced clustering of neuroligin 2. Moreover,
during the development of GABAergic synapses, the clustering
of gephyrin and GABA, receptors preceded the clustering of
neuroligin 2. We propose a model in which the SH3— isoforms
play a major role in the postsynaptic accumulation of GABA
receptors and in GABAergic synaptic strength.
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A fundamental issue in the GABAergic synapse field is to
understand the mechanisms that regulate the postsynaptic
clustering of GABA > receptors (GABA,Rs) and GABAergic
synaptic strength during inhibitory synapse formation. Colly-
bistin (CB) is a cytoplasmic protein that binds to gephyrin,
helping the latter to cluster and translocate to the submembra-
nous compartment (1-4). CB is a guanine nucleotide exchange
factor (GEF) that catalyzes GDP-GTP exchange on the small
GTPase Cdc42 of the Rho family (5). CB is essential for the
initial synaptic localization and maintenance of gephyrin and
GABA ,Rs at GABAergic synapses in the hippocampus and
amygdala (6, 7).

In adult rat or mouse brain, two alternative spliced forms are
expressed, CB2 and CB3, which are identical except for the C
termini (3). There is also CB1 with a different C terminus, but
this isoform is not expressed in neurons or in the adult brain. In
humans, CB3 is called hPEM2. However, CB2 has not been
detected in humans (3). There are also splice variants of CB2
and CB3 (or hPEM2) with or without an Src homology 3 (SH3)
domain (1, 3). Although in brain and spinal cord, the mRNAs of
the SH3+ are more abundant than that of SH3—, there is still a
significant amount of SH3— splice forms (3). In fact, CB2g;,5_
(named Cb II by Kins et al. (1)) was the first CB isoform identi-
fied by a yeast two-hybrid interaction assay using a gephyrin
bait (1).

All CB isoforms have a catalytic Rho guanine nucleotide
exchange factor (RhoGEF) domain and a pleckstrin homology
(PH) phosphoinositide-binding domain. The PH domain is
essential for the translocation of gephyrin to the submembra-
nous compartment (3) and the recruitment of gephyrin to post-
synaptic sites (8, 9). However, RhoGEF activation of Cdc42 is
not required for the postsynaptic clustering of gephyrin at
GABAergic synapses (9).

3 The abbreviations used are: GABA,, y-aminobutyric acid type A; GABA,R,
y-aminobutyric acid type A receptor; mIPSC, miniature inhibitory postsyn-
aptic current; mEPSC, miniature exitatory postsynaptic current; aa, amino
acids; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; DIV,
days in vitro; CB, collybistin; EGFP, enhanced green fluorescent protein;
GAD, glutamic acid decarboxylase; HEK293 cells, human embryonic kidney
293 cells; HP, hippocampal; Ms, mouse; NL1 to -3, neuroligins 1-3, respec-
tively; NRX, neurexin; Rb, rabbit; Ab, antibody; GEF, guanine nucleotide
exchange factor; SH3, Src homology 3; PH, pleckstrin homology; NBQX,
1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo(f)quinoxaline-7-sulfon-
amide disodium salt hydrate.
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CB SH3— isoforms are constitutively active, promoting the
submembranous clustering of gephyrin (3). In contrast, the
SH3+ isoforms of CB are autoinhibited by the SH3 domain. It
has been shown that in HEK293 cells, neuroligin 2 (NL2) and
the GABA 4R a2 subunit, bind to the CB SH3 domain, releasing
the autoinhibition of CB (10, 11). Because NL2 is selectively
localized at GABAergic synapses (12—14), it has been proposed
that the postsynaptic clustering of gephyrin and GABA ,Rs is
linked to the activation of the SH3+ isoform(s) by NL2 and/or
the a2 GABA R subunit (10, 11). In contrast, little attention
has been paid to the possible functional role of the SH3— iso-
forms. In this paper, we show that the CB SH3— isoforms play
amajor role in the postsynaptic accumulation of GABA ,Rs and
GABAergic synaptic strength.

EXPERIMENTAL PROCEDURES

Animals—All of the animal protocols have been approved by
the Institutional Animal Care and Use Committee of the Uni-
versity of Connecticut and followed the National Institutes of
Health guidelines.

Antibodies—The guinea pig and rabbit (Rb) anti-rat y2 (aa
1-15), rabbit anti-rat a1 (aa 1-15), rabbit anti-rat a2 (aa 417—
423), rabbit anti-rat a3 (aa 1-13), and rabbit anti-rat a5 (aa
1-13) GABA R subunit antibodies were raised in the labora-
tory of Dr. De Blas against synthetic peptides. They were affin-
ity-purified on immobilized peptide antigen. The mouse anti-
B2/3 GABA 4R subunit mAb (clone 62-3G1) was also raised in
the De Blas laboratory to the affinity-purified bovine GABA ,R
(15, 16). It recognizes an N-terminal epitope that is common to
the rat B2 and B3 subunits but not present in 81 (17). The
rabbit, guinea pig, and mouse GABA,R subunit antibodies
have been thoroughly characterized (15, 16, 18 —35). The rabbit
anti-NL2 antiserum to the synthetic peptide corresponding to
amino acids 750-767 of the rat NL2 was custom-made by
Covance (Denver, PA). This antibody was affinity-purified on
immobilized peptide antigen. In immunoblots of rat cerebral
cortex, this antibody recognized a single 110,000 M, protein
band that was displaced by the immunogen peptide. In immu-
nofluorescence of hippocampal (HP) cultures and in brain sec-
tions, the immunoreactivity specifically co-localized with that
of gephyrin and y2 GABA ,Rs and was apposed to GABAergic
presynaptic terminals. In transfected HEK293 cells, the Ab spe-
cifically reacted with NL2 but not with NL1 or NL3. Our anti-
body gave an immunofluorescence signal identical to that of a
different rabbit anti-NL2 antibody sample generously provided
by Dr. Peter Scheiffele (Department of Cell Biology, Biozen-
trum, University of Basel). The mouse mAb to the SH3 domain
of rat CB2 (aa 18 —131) was from BD Biosciences (catalogue no.
612076, Pharmingen, San Diego, CA). The rabbit anti-CB3
antibody was raised in the laboratory of Dr. Harvey to the C
terminus synthetic peptide (FWQNFSRLTPFKK) sequence
that is common to rat CB3 and human hPEM2. This antibody
has been previously characterized (11). The mouse monoclonal
anti-gephyrin (mAb7a) was from Synaptic Systems (Gottingen,
Germany; catalogue no. 147011). The sheep anti-GAD (lot no.
1440-4) was a gift from Dr. Irwin J. Kopin (NINDS, National
Institutes of Health, Bethesda, MD). The Ms mAb to cMyc
was from Millipore (Temecula, CA; clone 4A6, catalogue no.

JUNE 24, 2011 +VOLUME 286+NUMBER 25

Collybistin Isoforms and GABA , Receptor Clustering

05-724). Fluorophore-labeled fluorescein isothiocyanate
(FITC), Texas Red, or aminomethylcoumarin species-specific
anti-IgG cross-adsorbed secondary antibodies were made in
donkey (Jackson ImmunoResearch Laboratories, West Grove,
PA). AlexaFluor 594 or AlexaFluor 350 species-specific anti-
IgG cross-adsorbed secondary antibodies (Invitrogen) were
also made in donkey.

Plasmids—The rat cMyc-CB2 (SH3+ or SH3—) and rat
cMyc-CB3 (SH3+ or SH3—) had the cMyc tag at the N termi-
nus and were cloned in pRK5myc (a kind gift from Alan Hall,
University College London). The hPEM2-EGFP (SH3+ or
SH3—) had the enhanced green fluorescent protein (EGFP) tag
at the C terminus of CB and were cloned in pEGFP-N1 (Clon-
tech, Palo Alto, CA). The human gephyrin cDNA cloned in
pcDNA3.1(+) has been described elsewhere (33). The quality
of the constructs was assessed by DNA sequencing, and their
expression in transfected HEK293 cells and cultured HP neu-
rons was confirmed by immunofluorescence with antibodies
(to cMyc, CB, and gephyrin) or EGFP fluorescence.

Cell Cultures—HP neuronal cultures were prepared accord-
ing to Goslin et al. (36) as described elsewhere (21, 22, 24).
Briefly, dissociated neurons from embryonic day 18 Sprague-
Dawley rat hippocampi were plated at low density (3,000—
8,000 cells per 18-mm diameter coverslip) for immunofluores-
cence or higher density (10,000 -20,000 cells/18-mm diameter
coverslip) for transfection and maintained in glial cell condi-
tioned medium up to 21 days.

Immunofluorescence—Immunofluorescence of fixed HP cul-
tures was performed as described elsewhere (21, 22, 37). Briefly,
neurons grown on glass coverslips were fixed in 4% parafor-
maldehyde, 4% sucrose in phosphate-buffered saline (PBS) for 15
min at room temperature. The free aldehyde groups were
quenched with 50 mm NH,Cl in PBS for 10 min. Permeabiliza-
tion was done with 0.25% Triton X-100 for 5 min followed by
incubation with 5% normal donkey serum in 0.25% Triton
X-100 in PBS for 30 min. The coverslips were incubated for 2 h
at room temperature with a mixture of primary antibodies
raised in different species, in the presence of 0.25% Triton
X-100, followed by incubation with a mixture of species-spe-
cific secondary anti-IgG antibodies raised in donkey and con-
jugated to Texas Red (or AlexaFluor 594), FITC, or amino-
methylcoumarin (or AlexaFluor 350) fluorophores in 0.25%
Triton X-100 at room temperature for 1 h. The coverslips were
washed with PBS and mounted on glass slides with Prolong
Gold anti-fade mounting solution (Invitrogen).

Image Acquisition, Analysis, and Quantification—Fluores-
cence images of neuronal cultures were collected using a Nikon
Plan Apo X60/1.40 objective on a Nikon Eclipse T300 micro-
scope with a Photometrics CoolSNAP HQ2 CCD camera,
driven by IPLab 4.0 (Scanalytics, Rockville, MD) acquisition
software. For qualitative analysis, images were processed and
merged for color co-localization using Photoshop 7.0 (Adobe,
San Jose, CA), adjusting brightness and contrast as described
elsewhere (38). For quantification of gephyrin cluster density,
two independent transfection experiments were performed for
each plasmid combination. For quantification of y2 cluster
density, two independent transfections were made for each
plasmid combination. All plasmid combinations were run in
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each experiment. For each plasmid combination, a total of 36
dendritic fields (50 um? each) from six randomly selected neu-
rons (3 neurons/transfection, 3 dendrites/neuron, 2 dendritic
fields/dendrite) were analyzed. The maximum intensities of the
fluorophore channels were normalized, and the low intensity
and diffuse non-clustered background fluorescence signal seen
in the dendrites was subtracted. Cluster density was calculated
as the number of clusters/100 wm? of dendritic surface. Calcu-
lated values for density (mean * S.E.) were obtained from 148 —
520 gephyrin clusters and 120 -387 y2 clusters for each plasmid
combination. In these low density cultures, neurons have rela-
tively low GABAergic innervation; thus, for each plasmid com-
bination, all of the GAD+ puncta contacting the soma and
dendrites of 12 transfected neurons (from four transfection
experiments, 3 neurons/transfection, randomly selected) were
counted, and the density of the GAD+ presynaptic boutons
was calculated as the number of GAD+ boutons contacting
each neuron. Calculated values for GAD+ density was from
458 — 600 GAD+ puncta for each plasmid combination. For the
quantification of cluster size, all of the clusters in 18 dendrites
from six randomly selected neurons were analyzed (3 den-
drites/neuron). GAD+ puncta size was calculated from 12 neu-
rons. The size of gephyrin and GABA R clusters and GAD+
puncta was determined by IPLab 4.0 software. Images were
segmented based on fluorescence intensity levels, to create a
binary mask that maximized the number of clusters for analysis
while minimizing the coalescence of individual clusters. Calcu-
lated values for size (mean * S.E.) were obtained from 174 —-346
gephyrin clusters, 140-286 y2 clusters, and 242-351 GAD+
puncta for each plasmid combination.

Cell Transfection—Cultured high density HP neurons (10
DIV) were transfected with 2 ug total of various plasmids using
the CalPhos mammalian transfection kit (BD Biosciences), fol-
lowing the instructions of the manufacturer. Three days later
after transfection, cells were subjected to immunofluorescence
as described above.

Whole Cell Patch Clamp Recordings—We used an adaptation
of the method described by Ortinski et al. (39) for cerebellar
neurons. Cultured HP neurons were continuously perfused
with extracellular solution, 145 mm NaCl, 5 mm KCI, 1 mm
MgCl,, 1 mm CaCl,, 5 mm HEPES, 5 mm glucose, 15 mMm
sucrose, 0.25 mg/liter phenol red, and 10 uM D-serine adjusted
to pH 7.4, with osmolarity of 295-305 mosMm. Recording
pipettes were pulled from borosilicate glass capillaries and filled
with a solution containing 145 mm KCI, 10 mm HEPES, 5 mm
MgATP, 0.2 mm Na,GTP, and 5 mm EGTA, adjusted to pH 7.2
with KOH. Pipette resistance was 4—6 megaohms. Whole
cell voltage clamp recordings were made at —60 mV with a
PC-501A amplifier (Warner Instruments), and access resis-
tance was monitored throughout the recordings. Currents were
filtered at 1 kHz with an 8-pole low pass Bessel filter, digitized at
5-10 kHz using a computer equipped with a Digidata 1322A
data acquisition board and pCLAMP9.2 software, both from
Axon Instruments (Molecular Devices, Sunnyvale, CA). Spon-
taneous and miniature excitatory and inhibitory postsynaptic
currents were identified using semiautomated threshold-based
minidetection software (Mini Analysis, Synaptosoft Inc., Fort
Lee, NJ) and were visually confirmed. Curve fitting and figure
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preparation were performed with Clampfit 9.2 software. Drugs
were locally applied by means of a Y tube (40). The mIPSCs and
mEPSCs were recorded in the presence of 0.5 um tetrodotoxin
and 5 um NBQX + 1 uMm strychnine (for mIPSCs) or 20 um
bicuculline (for mEPSCs). Amplitude and frequency of mIPSCs
and mEPSCs of individual neurons were recorded. Values are
the mean * S.E. of 14 neurons transfected with cMyc-CB2¢, 5 ,
gephyrin, and EGFP and 15 neurons transfected with EGFP.
There were nine different transfection experiments, using the
cMyc-CB2g;;_, gephyrin, and EGFP combination and the
EGEFP control pairing them in each transfection experiment.
The average number *= S.E. of mIPSCs recorded from each
neuron was 179 * 58 for neurons transfected with cMyc-
CB2g; 5, gephyrin, and EGFP and 125 * 42 for neurons trans-
fected with EGFP. The corresponding average numbers of
recorded mEPSCs per neuron were 174 = 56 and 204 * 51,
respectively.

RESULTS

Various Isoforms of Collybistin Target to and Accumulate at
the GABAergic Postsynaptic Complex—We first investigated
whether some or all CB isoforms expressed by neurons target to
the GABAergic synapse. We transfected HP neurons with
tagged CB2g;;5_, CB2g145., CB3gy3_, or CB3g;y5.,. Transfec-
tion of HP neurons with hPEM2g,,, ,-EGFP, which is the
human orthologue of rat CB3g;;5,, showed that this EGFP-
tagged CB isoform targeted to the GABAergic postsynaptic
complex (Fig. 1, A1-A4), as shown by co-localization (arrow-
heads) with gephyrin clusters or y2 GABA,R subunit (not
shown), and apposition to GAD+ presynaptic terminals. Sim-
ilarly, transfection with hPEM2g,;,; -EGFP showed accumula-
tion of EGFP fluorescence (Fig. 1, BI and B2, arrowheads),
co-localizing with gephyrin clusters (red) apposed to GAD+
terminals (not shown). We have previously shown that in these
cultures, gephyrin and GABA 4R y2 clusters have over 90% co-
localization (22).

We also checked whether the CB2 isoforms target to synapse
and whether the location of the tag, using cMyc-tagged CB2 at
the N terminus (cMyc-CB2) compared with the EGFP-tagged C
terminus of CB3 used above (WPEM2-EGFP), affected CB syn-
aptic targeting. Transfected neurons with cMyc-CB2 isoforms
showed very strong cMyc immunofluorescence, which ham-
pered the visualization of synaptic cMyc immunofluorescence.
Nevertheless, it was clear that cMyc-CB2g,,;, (Fig. 1CI) and
cMyc-CB2g;5_ (Fig. 1D1) accumulated (cMyc green fluores-
cence) at GABAergic synapses, as shown by apposition (arrow-
heads) to GAD+ presynaptic terminals (blue in Fig. 1C2) and
co-localization (arrowhead) with GABA 4R 2 clusters (red in
Fig. 1D2) or gephyrin clusters (not shown). Fig. 1D2 shows the
presence of GABA,R y2 clusters in dendrites of both trans-
fected (green) and non-transfected neurons. These results indi-
cate that (i) CB2g5,, CB2g;y5 , CB3gyy5,, and CB3g,,;  target
to and concentrate at GABAergic synapses and (ii) the tagging
atthe N or C terminus does not affect the synaptic targeting and
accumulation of the various CB isoforms.

We also investigated if endogenous CB accumulates at
GABAergic synapses in non-transfected HP neurons. Triple
label immunofluorescence of HP cultures using two different
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FIGURE 1. The various tagged collybistin isoforms target to the GABAergic
postsynaptic complex. A7-A4, immunofluorescence of an HP neuron trans-
fected with hPEM2g,,5 . -EGFP has accumulation of EGFP fluorescence (green)
co-localizing with gephyrin clusters (red) in apposition to GAD+ presynaptic
terminals (blue). The overlay of the three fluorescence channels is shown in
A4.The arrowheads indicate the presence of hPEM2,,;  -EGFP at GABAergic
synapses. BT and B2, a dendrite of a neuron transfected with hPEM2g,,;_-
EGFP has accumulation of EGFP fluorescence (green) co-localizing with
gephyrin clusters (red), as shown by arrowheads. C1 and C2, the soma and
dendrites of a neuron transfected with cMyc-CB2,,5, shows accumulation
(arrowheads) of cMyc immunofluorescence (green) apposed to GAD+ pre-
synaptic terminals (blue). D1 and D2, the dendrites of an HP neuron trans-
fected with cMyc-CB2g,,;_ show cMyc-CB2g,,5_ clusters (green) that co-local-
ize (arrowheads) with GABA,R y2 clusters (red). The primary antibodies used
were Ms mAb to gephyrinin A2 and B2, sheep anti-GAD in A3 and C2, Ms mAb
to cMycin C7and D71, and Rb anti-y2 in D2. Color overlays are shown in A4, B2,
(2, and D2. Scale bar, 10 um for all panels.

CB antibodies to different epitopes, the Ms anti-SH3 mAb (Fig.
2, AI-AS5) and the rabbit anti-CB3 C terminus Ab (Fig. 2,
B1-BS5), demonstrated the presence of CB clusters (green) at
GABAergic synapses that co-localized (arrowheads) with the
postsynaptic GABA,R y2 subunit (red) and were apposed to
the GAD+ presynaptic GABAergic terminals (blue). We have
previously shown that these GAD+ and y2 contacts corre-
spond to synapses with actively recycling synaptic vesicles (22).
There are also CB clusters not associated with GABAergic syn-
apses or y2 GABA R clusters (green clusters in Fig. 2, A5 and
BS5, overlays). This is more evident for the Rb CB3 antibody. We
do not know the nature of the subcellular structures associated
with these non-synaptic CB3 clusters and whether they represent
CB3g,5_ isoforms. The results with two antibodies to different CB
epitopes revealed the presence of CB at GABAergic synapses. To
the best of our knowledge, this is the first immunocytochemical
evidence that CB frequently concentrates at GABAergic synapses
in non-transfected neurons.

pCEEY S
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FIGURE 2. In non-transfected hippocampal cultures, endogenous col-
lybistin concentrates at GABAergic synapses. AT-A5, triple label immu-
nofluorescence of 21-DIV cultured HP neurons with mouse mAb to CB
(green), Rb anti-y2 (red), and sheep anti-GAD (blue). Overlays are shown in
AT and A5. The arrowheads show the presence of endogenous CB immu-
nofluorescence at GABAergic synapses. A2-A5 correspond to the boxed
areain A1. B1-B5, triple label immunofluorescence of 21-DIV cultured HP
neurons with Rb anti-CB (green), guinea pig anti-y2 (red) and sheep anti-
GAD (blue). Overlays are shown in B7 and B5. The arrowheads indicate the
presence of endogenous CBimmunofluorescence at GABAergic synapses.
B2-B5 correspond to the boxed area in B1. Scale bar, 10 um in AT and B1, 9
umin A2-A5, and 5.6 um in B2-B5.

The collybistin SH3— Isoforms Induce the Formation of
Gephyrin Superclusters at GABAergic Synapses; This Effect Is
Potentiated by Gephyrin—Co-transfection of HP neurons with
cMyc-CB2g;;_ and gephyrin (and EGFP) led to a dramatic
increase in the size of gephyrin clusters (0.81 * 0.03, mean =
S.E., p < 0.001, all in wm?), which we call superclusters (Fig. 3,
Al and B1, red), over sister non-transfected neurons (Fig. 3, A2
versus A3, red) or neurons transfected only with EGFP (0.24 +
0.02). For quantification of the transfection experiments, see
Fig. 6A. These superclusters were significantly larger than the
ones resulting from transfecting the HP neurons with cMyc-
CB2g;;5;_ and EGFP in the absence of gephyrin (0.57 £ 0.02, p <
0.001), as shown in Fig. 3, A1 and B1 versus D). In turn, the latter
were significantly larger (p < 0.001) than the clusters in the
control neurons transfected with EGFP (Fig. 64). Thus, gephy-
rin potentiates the cluster size-enhancing effect of cMyc-
CB2g,,;_. Interestingly, gephyrin alone (plus EGFP) did not sig-
nificantly affect the size (or density; see below) of gephyrin
clusters in the transfected cells over non-transfected neurons
(Fig. 3C, right side green neuron versus left side neuron) or neu-
rons transfected with EGFP. This finding is consistent with our
previous observation of little or no effect of overexpressing
gephyrin on gephyrin clustering (33). Note that in Fig. 3, panels
Al, B, C, D, E, and F are shown at the same magnification for
cluster size comparison. It is also worth noting that cMyc-
CB2g;5;_ with or without gephyrin had no significant effect on
gephyrin cluster density over the EGFP controls (Fig. 6B).
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FIGURE 3. Neurons co-transfected with cMyc-CB2,,,;_ and gephyrin
develop gephyrin superclusters, frequently at GABAergic synapses.
AT1-A3 and B71-B4, immunofluorescence of two HP neurons co-transfected
with cMyc-CB2g,,;_, gephyrin (Geph), and EGFP shows gephyrin superclusters
(red) frequently apposed (arrowheads) to GAD + presynaptic terminals (blue).
Transfected cells show EGFP fluorescence (green in A2 and B1 but not shown
in A1 for better display of the overlay of the blue and red fluorescence chan-
nels). Compare the gephyrin cluster size in a dendrite of a transfected cell
(with EGFP green fluorescence) in A2 with that of a dendrite of a non-trans-
fected cell (A3). Note the frequent apposition of GAD+ terminals to the
gephyrin superclusters (A1, arrowheads, and B2-B4). The arrows in AT and BT
show some superclusters with no associated presynaptic GAD+ terminal.
Overlays are shownin A71,A2,B1,and B4.A2 and A3 correspond to boxed areas
in A1. B2-B4 correspond to the boxed area in B1. C, an HP neuron co-trans-
fected with gephyrin and EGFP (no cMyc-CB3s,,5_) shows (cell on the right
with EGFP fluorescence) that the size and density of gephyrin clusters (red)
are not significantly different from those of a sister non-transfected neuron
(neuron on the left). D, a neuron transfected with cMyc-CB2g,,; _ and EGFP (no
gephyrin) has larger gephyrin clusters (red) than the non-transfected neurons
or neurons transfected only with gephyrin (compare gephyrin cluster size in
D versus C) but not as large as that of neurons co-transfected with cMyc-
CB3,,,;_ and gephyrin (compare D with AT and B7). GAD immunofluores-
cence is shown in blue. E and F, two neurons transfected with cMyc-CB3g,,5_,
gephyrin, and EGFP show gephyrin superclusters (red). The superclusters are
frequently apposed (arrows and arrowheads) to GAD+ presynaptic terminals
(F). The neuron in F has very large GAD+ terminals, and sometimes they are
apposed to a group of smaller gephyrin clusters instead of a supercluster
(arrows). A1, B1,and C-F are shown at the same magnification for cluster size
comparison between neurons transfected with the various plasmid combi-
nations. The antibodies used were Ms mAb to gephyrin and sheep anti-GAD.
Scale bar, 10 umin A1, B1,and C-F; 6.7 um in A2-A3; and 4 um in B2-B4.

Superclusters were present in the soma, proximal dendrites,
and distal dendrites (Fig. 3A 1, arrows and arrowheads). In some
neurons, the superclusters in soma and proximal dendrites
tend to be larger than the superclusters in the distal dendrites.
When co-transfection with cMyc-CB2g,;; was made with
EGFP-gephyrin (EGFP tag at the N terminus of gephyrin),
instead of non-tagged gephyrin, we frequently observed the
formation of EGFP-gephyrin cytoplasmic aggregates in addi-
tion to the synaptic EGFP-gephyrin clusters (not shown).

22460 JOURNAL OF BIOLOGICAL CHEMISTRY

Under these conditions, the superclusters tended to be absent
from distal dendrites, concentrating in the soma and proximal
dendrites, presumably because the formation of EGFP-gephy-
rin aggregates interferes with the transport of gephyrin/CB to
the distal dendrites.

The gephyrin (red) superclusters formed after co-trans-
fection with cMyc-CB2g;;_ and gephyrin were frequently
apposed to the blue GAD+ presynaptic terminals (Fig. 3, A1
and BI-B4, arrowheads), indicating that many of the super-
clusters are associated with GABAergic synapses. Other super-
clusters were not apposed to GAD+ terminals (Fig. 3, AI and
B1, arrows). The postsynaptic gephyrin superclusters fre-
quently had a shape and orientation coinciding with that of the
apposed presynaptic terminal (Fig. 3, AI and BI-B4). Quantifi-
cation showed that 48.2 = 4.9% of the gephyrin superclusters
were apposed to GAD+ terminals.

We also tested whether the cMyc-CB3g,,;_ isoform induced
gephyrin superclustering as cMyc-CB2¢,;;_ did. Co-transfec-
tion with cMyc-CB3gp5_ gephyrin and EGFP also led to the
formation of gephyrin superclusters (red in Fig. 3E) although
perhaps not as large as the superclusters obtained after trans-
fection with cMyc-CB3g;;5_, gephyrin, and EGFP. Many of
these superclusters were apposed to GAD+ (blue) presynaptic
terminals (Fig. 3F, arrows and arrowheads). It is worth noting
that in some synapses, instead of a postsynaptic gephyrin super-
cluster, a group of smaller gephyrin clusters are apposed to the
GAD+ terminal (arrows in Fig. 3F).

Collybistin SH3— Induces the Formation of GABA 4R Super-
clusters at GABAergic Synapses—Co-transfection of HP neu-
rons with cMyc-CB2¢,;_ and gephyrin also induced the super-
clustering of 2 GABA ,Rs (Fig. 4, A1 and A2) and y2 GABA ,Rs
(Fig. 4B, C1-C3). Many of the GABA 4R o2 and 72 superclus-
ters were apposed to GAD+ presynaptic terminals (Fig. 4,
Al-A4 and B), indicating that these GABA R superclusters
localize at GABAergic synapses. Superclusters of other
GABA ,R subunits tested were also found, such as a1 (Fig. 4D1),
a5 (Fig. 4E1), a3, and 2/3 (not shown). The GABA 4R super-
clusters co-localized with the gephyrin superclusters (Fig. 4,
CI1-C3,D1 and D2, and EI and E2). Quantification showed that
indeed cMyc-CB2g,; 5 (plus or minus gephyrin), induced the
formation of y2 GABA R superclusters (Fig. 6C) but had no
effect on y2 GABA 4R cluster density (Fig. 6D).

The Collybistin SH3+ Isoforms Induce the Formation of Non-
synaptic Supernumerary Gephyrin and GABA 4R Clusters; This
Effect Is Potentiated by Gephyrin—Co-transfection of HP neu-
rons with the cMyc-CB2g,,5, splice variant and gephyrin (and
EGFP) led to a dramatic increase in the density (28.8 £ 4.7, p <
0.001, all in number of clusters/um?) of gephyrin clusters (Fig.
5, Al and A2, red) compared with those in non-transfected
neurons (Fig. 5B, red, right cell) or neurons transfected only
with EGFP (6.1 = 0.11). See also Fig. 6B. We call this phenom-
enon the formation of supernumerary clusters. The cluster
density in neurons transfected with cMyc-CB2g,,,, and EGFP
in the absence of gephyrin (Fig. 5B, left green cell) was also
significantly higher than the cluster density in control non-
transfected neurons (Fig. 5B, right cell) or neurons transfected
with EGFP only (20.4 £ 2.7 versus 6.1 £ 0.1, p < 0.01). The
cluster density in neurons transfected with cMyc-CB2g;,5 . and
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FIGURE 4. Neurons co-transfected with cMyc-CB2g,,;_ and gephyrin
develop GABA 4R superclusters. A7-A4, immunofluorescence of a HP neu-
ron co-transfected with cMyc-CB2g,,; _, gephyrin (Geph), and EGFP shows
GABA,R a2 superclusters (red) frequently apposed (arrowheads) to GAD+
presynaptic terminals (blue). A2-A4 correspond to the boxed areas in A1.B, a
transfected neuron shows GABA,R 2 superclusters (red) apposed to blue
GAD+ terminals (arrowheads). C1-C3, transfected neurons show GABA,R y2
superclusters (red) co-localizing with the gephyrin superclusters (blue) as
shown in the overlay (C3). D7 and D2, dendrites of transfected neurons have
GABA,R a1 superclusters (red) co-localizing (arrowheads) with gephyrin
superclusters (blue). E1 and E2, dendrites of transfected cells show GABA R a5
superclusters (red) co-localizing (arrowheads) with gephyrin superclusters
(blue). Overlays of the red and blue fluorescence are shown in A4, B,and C3.The
EGFP fluorescence channel is not shown in the majority of the overlays to
better appreciate the co-localization between the red and blue signals. Scale
bar, 10 um in AT and 4.3 um in the other panels.

gephyrin (and EGFP) was higher than that of the neurons trans-
fected with cMyc-CB2g,,;, (and EGFP) in the absence of
gephyrin (28.8 = 4.7 versus 20.4 = 2.7). This difference was not
statistically significant in the analysis of variance Tukey-
Kramer test (p > 0.05), but it was significant in the analysis of
variance Student-Newman test (p < 0.05). Gephyrin alone had
no significant effect on cluster density over the EGFP controls
(Fig. 6B). It is also worth noting that cMyc-CB2¢,;,5. with or
without gephyrin did not affect cluster size over the EGFP con-
trols as shown in Fig. 6A.

Co-transfection with cMyc-CB2g,,; . and gephyrin led to the
formation of supernumerary GABA 4R clusters containing var-
ious GABA ,R subunits tested, such as a3 (red in Fig. 5C2), a5
(red in Fig. 5D2), a1, o2, B2/3, and y2 (not shown). These
supernumerary GABA 4R clusters co-localized with the super-
numerary gephyrin clusters (blue in Fig. 5, CI-C3 and D1-D3).
Quantification showed that indeed cMyc-CB2g,;5, (plus or
minus gephyrin) induced the formation of y2 GABA R super-
numerary clusters (Fig. 6D) but had no effect on cluster size
(Fig. 6C). Thus, the effect of collybistin isoforms on the size or
number of gephyrin clusters is accompanied by a similar effect
on GABA R clusters.

Many of the supernumerary and small red gephyrin clusters
formed after co-transfection with CB2g,;,5, and gephyrin were
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FIGURE 5. Neurons co-transfected with cMyc-CB2g,,;, and gephyrin
develop supernumerary gephyrin and GABA 4R clusters, many non-syn-
aptically localized. A7 and A2, immunofluorescence of an HP neuron co-
transfected with cMyc-CB2¢,,5,, gephyrin (Geph), and EGFP shows many
gephyrin clusters (red). Some are apposed (arrowheads) to GAD + presynaptic
terminals (blue), but many others (arrows) are not. Transfected cells show
EGFP fluorescence (green). A1, overlay of the three fluorescence channels; A2,
overlay of red and blue fluorescence. A2 corresponds to the boxed area in AT.
B, an HP neuron transfected (neuron on the left) with cMyc-CB2g,,5 . and EGFP
(no gephyrin) shows more gephyrin clusters than a non-transfected neuron
(neuron on the right). C1-C3, in the cMyc-CB2g,,5 , -, gephyrin-, and EGFP-co-
transfected neurons, the majority of gephyrin clusters (C71, blue) co-localized
with GABA,R a3 clusters (C2, red), as shown in the overlay (C3). D1-D3, in the
cMyc-CB2g,,5.,. -, gephyrin-, and EGFP-co-transfected neurons, many gephyrin
clusters (D1, blue) co-localized with GABA R a5 clusters (D2, red) as shown in
the overlay (D3). E and F, a dendrite (E) and the soma (F) of two neurons
transfected with cMyc-CB3,,,5.,, gephyrin, and EGFP. Transfected neurons
normally show supernumerary gephyrin clusters (E), some apposed (arrow-
heads) to GAD+ terminals (blue). Some neurons (F) show large gephyrin (red)
aggregates in the cytoplasm (arrows). These neurons had fewer gephyrin
clusters at dendrites, but they still had GAD+ contacts (F, arrowheads). In A2,
C1-C3, D1-D3, and E, the EGFP fluorescence channel is not shown to better
appreciate the co-localization between the red and blue signals. The antibod-
ies used were Ms mAb to gephyrin, sheep anti-GAD, Rb anti-a3, and Rb anti-
a5. Scale bar, 10 um in AT and Band 6.4 um in A2, C1-C3,D1-D3, E, and F.

not apposed to blue GAD+ presynaptic terminals (Fig. 5, A1
and A2, arrows), indicating that the majority of these supernu-
merary clusters are non-synaptic. Some of the clusters (29.6 +
2.7%) were synaptic and apposed to GAD + terminals (Fig. 5, A1
and A2, arrowheads). However, a significantly higher percent-
age of superclusters were associated with GABAergic synapses
(48.2 = 4.9% versus 29.6 = 2.7%, p = 0.007).

We also tested and found that the cMyc-CB3g,,;, isoform
induced supernumerary clustering, as cMyc-CB2g,,, , did. Co-
transfection with cMyc-CB3g;45.,, gephyrin, and EGFP also led
to the formation of supernumerary gephyrin clusters (Fig. 5E).
Some of these were apposed to presynaptic GAD+ terminals
(arrowheads in Fig. 5, E and F). Nevertheless, some neurons
transfected with cMyc-CB3g;;, and gephyrin showed very
large gephyrin aggregates in the cytoplasm, which were not
associated to GAD+ terminals (Fig. 5F, arrows). The neurons
that had cytoplasmic aggregates had fewer gephyrin clusters at
the dendrites, presumably because the aggregates prevented
the normal transport of gephyrin to the dendrites. Gephyrin
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FIGURE 6. Quantification of the effects on gephyrin and GABA 4R cluster-
ing and on GABAergic innervation after transfection of HP neurons with
cMyc-CB2g,,;_, cMyc-CB2g,;,, and gephyrin. A, gephyrin cluster size (7,
0.81 = 0.03 um?% 2,0.57 = 0.02 wm?; 3,0.26 = 0.01 wum? 4,0.31 = 0.02 um?
5,0.28 + 0.03 um?; 6,0.24 + 0.02 um?). B, gephyrin cluster density (7, 13.3 +
1.2 clusters/um?; 2, 12.4 = 1.1 clusters/um?; 3, 28.8 = 4.7 clusters/um?; 4,
20.4 *+ 2.7 clusters/um? 5, 6.5 + 0.5 clusters/um? 6, 6.1 = 0.1 clusters/100
um?). C, GABALR 2 cluster size (1,0.61 + 0.03; 2,0.55 + 0.04 um?; 3,0.13 +
0.01 wm? 4, 0.14 + 0.01 wm? 5, 0.11 = 0.01 um? 6, 0.09 = 0.01 um?).
D, GABA,R y2 cluster density (7, 9.1 = 0.6 clusters/100 um? 2, 8.1 = 0.7
clusters/100 um?; 3, 25.6 = 2.7 clusters/100 um?; 4, 16.9 = 2.5 clusters/100
wm?; 5,7.9 + 0.7 clusters/100 um?; 6, 7.1 = 0.1 clusters/100 um?). £, GAD+
presynaptic terminal size (7,0.98 *+ 0.06 um? 2,0.90 + 0.06 um?; 3,0.59 +
0.04 wm?; 4, 0.56 + 0.03 um? 5, 0.45 = 0.02 wm?; 6, 0.44 * 0.02 um?).
F, GAD+ presynaptic terminal density (7, 49.7 = 3.3 GAD+ puncta/neu-
ron; 2, 38.2 = 3.5 GAD+ puncta/neuron; 3, 47.2 = 5.4 GAD+ puncta/
neuron; 4,41.0 = 3.8 GAD+ puncta/neuron; 5, 43.7 = 3.4 GAD+ puncta/
neuron; 6,42.8 = 3.9 GAD+ puncta/neuron). Values are given as mean =
S.E. (error bars). The data were analyzed by one-way analysis of variance
with a Tukey-Kramer multiple comparisons test. Numbers 1-6 correspond
to different plasmid combinations. ***, p < 0.001; **, p < 0.01 compared
with number 6 (EGFP).

2. cmyc-CB2g,, & pEGFP

aggregates were not observed in the neurons transfected with
cMyc-CB2g;5 ., and gephyrin.

Neither CB2g;5_ nor CB2g;,5. Promote Synapse Formation;
Nevertheless, CB2g,;,,  Induces Large Presynaptic GABAergic
Terminals Contacting the Transfected Neurons—We also
tested whether CB is synaptogenic. Quantification shows that
transfection of neurons with CB2g,;;  or CB2g,, (with or
without gephyrin) or just gephyrin or the EGFP-transfected
controls showed no difference (p > 0.05) in the number (den-
sity) of presynaptic GAD+ terminals contacting the trans-
fected neurons (Fig. 6F). Therefore, CB2g,;,, and CB2g,;;5_ are
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not synaptogenic molecules because they do not affect the
number of presynaptic GABAergic boutons contacting the
transfected neurons.

However, the gephyrin superclusters induced by co-trans-
fecting cMyc-CB2g,,; , with or without gephyrin (and EGFP),
had associated large GAD+ presynaptic terminals, frequently
matching the size of the postsynaptic superclusters (Fig. 3,
B2-B4). These presynaptic terminals were significantly larger
than that of control neurons transfected with EGFP as shown in
Fig. 6E. In contrast, the size of the GAD+ terminals contacting
neurons transfected with cMyc-CB2g,;,5 ,, gephyrin, or a com-
bination of cMyc-CB2g,;;5, and gephyrin was not significantly
different from that of neurons transfected with EGFP (Fig. 6E).

Enlarged presynaptic GAD+ clusters were also observed in
neurons transfected with cMyc-CB3g,,,5_ (Fig. 3F, arrows and
arrowheads). The neuron shown in Fig. 3F had particularly
large presynaptic GAD+ terminals.

The GABAergic Superclusters Induced by Co-transfection
with Gephyrin and CB2g,,,_ Are Accompanied by a Significant
Increase in the Amplitude of mIPSCs—As indicated above,
cMyc-CB2g,,;_ and gephyrin led to the formation of GABA ,R
and gephyrin superclusters, many at GABAergic synapses
(apposed to GAD+ presynaptic terminals). We tested the
hypothesis that the formation of the postsynaptic GABA 4R
superclusters had functional implications in GABAergic syn-
apses. If that were the case, the postsynaptic superclustering of
GABA ,Rs should be accompanied by a significant increase in
the amplitude of the GABAergic mIPSCs. To test this hypoth-
esis, we did whole cell voltage clamp recording of mIPSCs in
transfected HP cultures. The amplitude of the GABAergic mIP-
SCs in HP neurons co-transfected with cMyc-CB2g;,;  and
gephyrin (and EGFP) was significantly higher (49 = 5 pA,
mean * S.E., n = 14, p = 0.002) than that of the control neurons
transfected with EGFP (28 = 3 pA, n = 15) as shown in Fig. 7A.
Moreover, it was relatively common for the co-transfected cells
to have mIPSCs with amplitudes above 200 pA (Fig. 7B), which
were seldom observed in control neurons (Fig. 7C). The cumu-
lative probability plot (Fig. 7D) showed that there was a higher
proportion of mIPSCs of larger amplitude in the co-transfected
neurons (red plot) than in the controls (black plot). The results
show that the superclusters produced by cMyc-CB2g;,;_ and
gephyrin correspond to postsynaptic accumulations of func-
tional GABA 4Rs.

However, there was no significant difference in the mIPSC
frequency between neurons co-transfected with cMyc-
CB2g,,;_ and gephyrin and control neurons transfected with
EGFP (0.51 = 0.12 versus 0.37 = 0.06 Hz, p = 0.30) as shown in
Fig. 7A. This result is consistent with the aforementioned
immunofluorescence data showing that there was no difference
in the number of GAD+ terminals contacting the neuron. Nev-
ertheless, we have shown above that the superclustering of
gephyrin and GABA ,Rs is accompanied by larger presynaptic
GAD+ terminals. Thus, the increased size in presynaptic
GAD+ terminals does not result in a significant increase in the
probability of spontaneous synaptic vesicle release.

It is worth mentioning that transfection of HP neurons with
gephyrin alone does not alter the amplitude or frequency of
mIPSCs (41), which is consistent with our immunofluorescence
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FIGURE 7. Neurons co-transfected with cMyc-CB2g,,; _ and gephyrin show
asignificantincrease in the amplitude of mIPSCs. A, representative record-
ings of mIPSCs from HP neurons. The mean amplitude = S.E. (error bars) of the
neurons transfected with cMyc-CB2g,,; _, gephyrin (Geph), and EGFP (49.5 = 5
pA, n = 14 neurons) was significantly larger (p = 0.002) in two-tailed unpaired
t test) than that of the neurons transfected with EGFP (28 = 3 pA, n = 15
neurons). There was no significant difference in the frequency (0.51 = 0.12
versus 0.37 = 0.06 Hz, p = 0.30). B, some examples of mIPSCs in neurons
transfected with cMyc-CB2g,;, gephyrin, and EGFP. These neurons fre-
quently showed mIPSCs of very large amplitude. C, some examples of mIPSCs
in neurons transfected with EGFP. These neurons seldom showed mIPSCs of
large amplitude. D, cumulative probability plots of the mIPSC amplitude of
the neurons transfected with cMyc-CB2q,,;_, gephyrin, and EGFP (red plot)
compared with that of the neurons transfected with EGFP (black plot). The
two distributions are different (p < 0.001, Kolmogorov-Smirnov test). £, neu-
rons transfected with cMyc-CB2g,,5 _, gephyrin, and EGFP showed no signifi-
cant difference in mEPSC amplitude (10 = 2 versus 12 = 2 pA, p = 0.36) or
frequency (0.65 = 0.07 versus 0.60 = 0.06, p = 0.57) compared with that of
neurons transfected with EGFP. Recordings were done in a voltage clamp at
—60 mV in the presence of 1 mm MgCl,. The mIPSCs were recorded in the
presence of 0.5 um tetrodotoxin, 5 um NBQX, and 1 um strychnine. The mIPSCs
were blocked by 25 um bicuculline. The mEPSCs recordings were done in the
presence of 0.5 um tetrodotoxin and 20 um bicuculline. The mEPSCs were
blocked by 5 um NBQX. ***, p < 0.002.

results shown above indicating that gephyrin alone has no sig-
nificant effect on the size or density of GABA,R clusters
or GAD+ presynaptic terminals. Our electrophysiology and
immunofluorescence results support the notion that the
GABA R superclustering induced by cMyc-CB2g;;_ and ge-
phyrin preferentially occurs at previously existing GABAergic
synapses.

The mEPSCs of neurons transfected with cMyc-CB2g;;5_
and gephyrin (and EGFP) showed no significant difference in
amplitude or frequency when compared with that of the EGFP-
transfected neurons (Fig. 7E), indicating that the effect of
CB2g;;5_ on synaptic function is specific for GABAergic syn-
apses, having no effect on glutamatergic synapses.

The Enhanced Clustering of Gephyrin and GABA ,Rs Induced
by Co-transfection of HP Neurons with cMyc-CB2g,;,5  or cMyc-
CB2g;;5. and Gephyrin Is Not Accompanied by Enhanced Clus-
tering of NL2— As shown above, the co-transfection of HP neu-
rons with cMyc-CB2g;,,  and gephyrin induced the formation
of gephyrin superclusters (blue in Fig. 8, AI and A2, arrow-
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heads). However, this was not accompanied by the superclus-
tering of NL2 (red in Fig. 8, A1 and A3, arrowheads). Little or no
accumulation of NL2 was detected in the majority of the gephy-
rin superclusters in the transfected cells. However, NL2 clusters
co-localizing with gephyrin were present in non-transfected
neurons having co-localizing gephyrin and NL2 clusters of reg-
ular size (Fig. 8, AI-A3, arrows).

As described above, the HP neurons co-transfected with
cMyc-CB2g,,5 , and gephyrin showed supernumerary gephyrin
clustering (blue in Fig. 8, BI and B2, arrowheads). Most if not all
of the supernumerary clusters did not show NL2 co-clustering
(red in Fig. 8, BI and B3, arrowheads). However, NL2 clusters
co-localizing with gephyrin were present in non-transfected
cells (Fig. 8, BI-B3, arrows). The presence of NL2 clusters that
co-localize with gephyrin in sister non-transfected neurons
served as an internal positive control for the NL2 fluorescence
signal in Fig. 8, AI-A3 and BI-B3.

These results indicate that (i) the superclustering or the
supernumerary clustering of GABA  Rs neither requires the
superclustering or supernumerary clustering of endogenous
NL2 nor leads to the superclustering and supernumerary co-
clustering of NL2. In fact, NL2 clusters are hard to find in CB-
and gephyrin-co-transfected neurons but not in EGFP-trans-
fected or in non-transfected neurons, as shown in Figs. 8 and 9.

The Postsynaptic Accumulation of NL2 Is Delayed with
Respect to the Postsynaptic Accumulation of Gephyrin and
GABA ,Rs—We have previously shown that these low density
mature HP cultures have larger postsynaptic gephyrin and
GABA R clusters apposed to GAD+ terminals and smaller
extrasynaptic gephyrin and GABA,R clusters (22). Fig. 9,
A1-A3, shows that in these mature (21 DIV) HP cultures, the
majority of GABAergic synapses (GAD+ (blue) apposed to
large gephyrin clusters (red)) have robust NL2 clusters (green)
co-localizing with gephyrin clusters (Fig. 9, AI-A3, arrow-
heads) and GABA 4R y2 clusters (not shown). This is in agree-
ment with others who had previously shown that NL2 is selec-
tively located at GABAergic postsynapses in brain and mature
HP cultures (12—-14). In contrast, the gephyrin clusters that are
not apposed to GAD+ terminals, and some of the gephyrin
clusters that are apposed to GAD terminals have no apparent
NL2 associated with them (Fig. 9, A1-A3, arrows). Similarly, at
15 DIV (not shown) and at 11 DIV (Fig. 9, BI-B3), the majority
of the GABAergic synapses have robust NL2 clusters co-local-
ized (arrowheads) with gephyrin clusters in apposition to
GAD+ terminals. Nevertheless, some GABAergic synapses
have no NL2 clusters (arrows).

We have shown elsewhere that these cultures develop
GAD+ presynaptic axons and synapses by 7- 8 DIV (21). At 8.5
DIV, there are robust gephyrin clusters apposed to GAD+ ter-
minals (Fig. 9, CI-C3, red and blue, respectively). However, at
this developmental age, only few synapses showed bright,
although small, NL2 clusters (i.e. the two NL2 clusters localized
at the right and left edges of Fig. 9C2, arrowheads). The majority
of the NL2 clusters were very faint and hard to distinguish from
background (Fig. 9C2, arrowheads). Only their co-localization
with gephyrin clusters at GABAergic synapses allowed their
positive identification as NL2 clusters (as the clusters in the
middle of Fig. 9C2, arrowheads). Therefore, although many of
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FIGURE 8. The enhanced clustering of gephyrin and GABA,Rs induced by co-transfection of HP neurons with cMyc-CB2g,,;_ or cMyc-CB2,,,;, and
gephyrin is not accompanied by enhanced clustering of NL2. Triple label immunofluorescence is shown. A7-A3, an HP neuron co-transfected with
cMyc-CB2g,,5_, gephyrin (Geph), and EGFP (green) has gephyrin superclusters (blue) but no co-localizing NL2 superclusters (red), as indicated by the arrowheads.
However, regular synaptic gephyrin clusters that are present in dendrites of non-transfected neurons (arrows) show co-localizing NL2 clusters. A2 and A3
correspond to the boxed area in A1. AT and A2 show the overlay of the three fluorescence channels. B1-B3, the supernumerary gephyrin clusters (blue) in a
neuron co-transfected with cMyc-CB2g,,5 ., gephyrin, and EGFP (green) show no co-localizing NL2 clusters, as indicated by arrowheads. However, regular
synaptic gephyrin clusters in dendrites of non-transfected neurons (arrows) show co-localizing NL2 clusters. The green fluorescence allows the identification of
the dendrites of transfected cells. B2 and B3 correspond to the boxed area in B1. BT and B2 show the overlay of the three fluorescence channels. Scale bar, 10 um
inA7and BT and 7.3 um in A2, A3, B2, and B3.

8.5 DIV

21 DIV 11 DIV

Geph

Over + GAD NL2

FIGURE 9. During the development of HP cultures, the postsynaptic accumulation of NL2 is delayed with respect to the postsynaptic accumulation of
gephyrin and GABA ,Rs. Triple label immunofluorescence is shown. AT-A3, mature HP cultures (21 DIV). B1-B3, 11 DIV HP cultures. In 21-and 11-DIV cultures,
NL2 (green) forms robust clusters at the majority of GABAergic synapses (arrowheads), co-localizing with gephyrin (Geph) clusters (red) in apposition to GAD+
terminals (blue). However, non-synaptic gephyrin clusters and some synaptic gephyrin clusters show no apparent NL2 co-clustering (arrows). C1-C3,at 8.5 DIV,
gephyrin forms robust clusters (red) at GABAergic synapses (arrowheads) in apposition to GAD + terminals (blue). However, the majority of synaptic NL2 clusters
(green) at these synapses (arrowheads) are small and of low fluorescence intensity. Non-synaptic gephyrin clusters have no apparent NL2 (arrows). Scale
bar, 10 um.

the synaptic gephyrin clusters in 8.5-DIV cultures are robust
with a size comparable with that of synaptic gephyrin clusters at
21 DIV (arrowheads in Fig. 9, CI versus Al), the NL2 clusters
were considerably smaller and fainter at 8.5 DIV than at 21 DIV
(arrowheads in Fig. 9, C2 versus A2). At 8.5 DIV, the non-syn-
aptic gephyrin clusters showed no NL2 (Fig. 9, CI-C3, arrows).

We have shown elsewhere that at 3.5-5.5 DIV, some neurons
have some gephyrin (red) clusters that frequently co-localize
with GABA ,R 2 clusters (21). At these early ages, the HP cul-
tures show no GAD immunofluorescence, indicating that the
gephyrin/GABA 4R clusters present in the early development
are not localized at GABAergic synapses (21, 42). We also tested
the possible co-localization of NL2 with non-synaptic gephyrin
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clusters at 3.5 and 5.5 DIV. We found that at these early ages, no
NL2 could be detected above background fluorescence (not
shown).

Taken together, these results show that (i) during the devel-
opment of the GABAergic synapses, the robust postsynaptic
clustering of gephyrin and GABA ,Rs precedes the robust post-
synaptic accumulation of NL2, and (ii) non-synaptic gephyrin
and GABA R clusters have no detectable associated NL2.

DISCUSSION
Our results show that whereas the SH3— isoforms (CB2g; ;5

and CB3g;,;_) promote the gephyrin and GABA 4R superclus-
tering at GABAergic synapses, the SH3+ isoforms (CB2g;,5.,

GRS
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and CB3g;5;,) promote the extrasynaptic supernumerary
clustering of gephyrin and GABA ,Rs. It has been reported that
overexpression in cultured HP neurons of cMyc-CB2g;y5.,,
cMyc-CB2g, 5, or cMyc-hPEM2g,,,, (the human equivalent
of rat CB3) had no effect on the density or size of gephyrin
clusters (3, 8), whereas overexpression cMyc-hPEM2¢;;_
caused a “modest” increase in size of gephyrin clusters (8) when
compared with non-transfected neurons. Whether the studied
gephyrin clusters were apposed to presynaptic GABAergic ter-
minals or whether there was an effect on the GABAergic syn-
aptic activity was not investigated. The apparent discrepancy
with our findings could be explained because Harvey et al. (3)
and Kalscheuer et al. (8) did the transfections of the HP cultures
at 18 DIV and the cluster analysis at 20 or 21 DIV, whereas we
did the transfections at 10 DIV and cluster analysis at 13 DIV.
The effect of CB on the size and density of gephyrin clusters
might be more pronounced at earlier stages of synaptic devel-
opment. Their experiments were done without co-transfecting
CBs with gephyrin (3, 8), which potentiates the effects of CBs, as
we have shown above.

Reddy-Alla et al. (9) have shown that CB2g,,; -HA, when
co-transfected with gephyrin, targets to GABAergic synapses.
Our findings expand on these results by showing that (i) the
four CB isoforms expressed in neurons, CB24;15,, CB2g;45_,
hPEM2¢; 5. (CB3gy34), and hPEM2¢;,, (CB3g5_), target to
and accumulate at the GABAergic postsynaptic complex; (ii)
co-transfection with gephyrin is not necessary for CB to target
and accumulate at GABAergic synapses; and (iii) in non-trans-
fected neurons, endogenous CB accumulates at GABAergic
synapses.

What brings the various isoforms of CB to the GABAergic
synapses? The synaptic targeting of CB is unlikely to be due
to synaptic SH3 domain-binding proteins, such as NL2 and
GABA R a2 subunit, because SH3— variants of CB can also
target to GABAergic synapses. The synaptic targeting of CB
is also unlikely to be mediated by GEF activity because muta-
tions in the RhoGEF domain that prevent the activation of
Cdc42 do not preclude the targeting of the mutant CBs to the
GABAergic synapse or the normal postsynaptic clustering of
gephyrin (9). However, it is noteworthy that the RhoGEF
domain has a dual role in that it also interacts with gephyrin
(43), suggesting that gephyrin itself could cause synaptic
accumulation of CB. Last, the PH domain of CB is also essen-
tial for phosphoinositide (PI3P) interactions and clustering
of CB, gephyrin, and GABA ,Rs (3, 8, 9), suggesting that this
domain is involved in both the trafficking and synaptic tar-
geting of CB.

It has been shown that NL2 selectively localizes at GABAer-
gic synapses (12—14) and that NL2 binds to the SH3 domain of
CB, activating it and promoting the submembranous clustering
of gephyrin in COS7 and HEK293 cells (10). Poulopoulos et al.
(10) have proposed an attractive model in which the neurexins
(NRXs) of the incipient presynaptic GABAergic contacts, via
trans-synaptic interaction with NL2, would induce the postsyn-
aptic nucleation of NL2, the activation of CB SH3+ isoforms,
and the postsynaptic clustering of gephyrin and GABA,Rs.
NL1 and NL3 do not have the CB-interacting domain; there-
fore, they would not promote gephyrin clustering in non-
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GABAergic synapses. This is consistent with the selective local-
ization NL1 at glutamatergic synapses (44). Nevertheless, NL3
is present in some GABAergic as well as in glutamatergic syn-
apses (45).

Although this model explains the selective accumulation of
gephyrin and GABA,Rs at GABAergic synapses, it does not
explain several aspects of synaptic gephyrin and GABA 4R clus-
tering. For example, what is the role of SH3— isoforms in the
synaptic clustering of gephyrin and GABA sRs? How is that the
SH3— isoforms target to GABAergic synapses and promote
the postsynaptic superclustering of gephyrin and GABA ,Rs if
these isoforms do not have the domain that interacts with syn-
aptic NL2? How is that the overexpression of SH3+ isoforms,
which interact with NL2, predominantly leads to the formation
of non-synaptic supernumerary clusters?

Based on our results, we have expanded the model for the
development of the GABAergic postsynaptic apparatus. The
first step would be the nucleation of NL2 at synaptic contacts
as an upstream mechanism for activating SH3+ isoforms
and tethering gephyrin and GABA 4R clustering to the post-
synapse, as proposed by Poulopoulos et al. (10). Our results
indicate that the NL2 nucleation step would involve rela-
tively few postsynaptic NL2 molecules, which would activate
CB SH3+ and the formation of postsynaptic gephyrin and
GABA R clusters, with no synaptic accumulation of NL2.
We also propose that the SH3 — isoforms are recruited to the
synapse amplifying the clustering of gephyrin. There would
be a simultaneous co-clustering of GABA ,Rs containing a2
and a3 subunits, which bind to gephyrin (11, 46). This would
be an efficient feed forward control mechanism for the fast
establishment of functional GABAergic synaptic contacts, in
which the SH3— isoforms would play a major role. The syn-
aptic clustering of a2 could activate CB SH3+ isoforms, fur-
ther amplifying the gephyrin/GABA,R clustering at syn-
apses (11). This model requires a still unknown negative
control regulatory mechanism. One possibility is the compe-
tition of some of these molecules for the binding sites on
partner molecules (i.e. NL2 and GABA ,R a2 competing for
the CB SH3 domain; CB and GABA 4R a2 competing for the
overlapping binding sites on gephyrin).

It has been shown that most synaptic GABA ,Rs are recruited
from extrasynaptic surface receptors (47, 48) and that gephyrin
plays a major role in this recruiting (33, 49). The enhanced
clustering of endogenous GABA ,Rs, induced by the overex-
pression of CB isoforms, indicates that there are plenty of
endogenous non-clustered GABA ,Rs ready to be recruited to
the superclusters and supernumerary clusters. Therefore, the
synaptic gephyrin superclustering induced by overexpression
of CB SH3— isoforms is a rate-limiting step in the postsynaptic
accumulation of GABA ,Rs. As a rate-limiting step, it is a likely
target for the regulation of the postsynaptic number of
GABA ,Rs. We propose that the amplification of the gephyrin/
GABA 4R clustering by CB SH3 — and the regulation of the syn-
thesis, degradation, and/or activity of the CB SH3— isoforms
play a major role in determining GABAergic synaptic strength
and plasticity.

It has been shown that the GABA, R a2 and a3 subunits
directly bind to gephyrin (11, 46). Moreover, it has been
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shown that the postsynaptic clustering of GABA R a2, 82/3,
and y2 subunits is dependent on gephyrin clustering (33,
50-52). Therefore, it was not surprising that the superclus-
tering or supernumerary clustering of gephyrin was accom-
panied by a similar behavior of a2, @3, y2, and 32/3 subunits,
representing the clustering of the GABA R pentamers with
a2/3-B2/3-y2 subunit composition. More surprising was the
superclustering and supernumerary clustering of a1 and a5
in parallel with that of gephyrin. GABA R a1 and o5 synap-
tic clustering is thought to be largely independent of gephy-
rin (33, 51-53), and a5 is largely extrasynaptic (21, 22, 32,
54). Nevertheless, in these HP cultures, both a1 and a5 are
present at GABAergic synapses (21, 22, 32, 38, 54). It is pos-
sible that CB-dependent a1 and a5 clustering is due to each
of these subunits being part of a GABA R pentamer having
al or o5 and a second « subunit that binds to gephyrin (i.e.
a2 or a3). Alternatively, the CB-induced clustering of gephy-
rin might be accompanied by the co-clustering of other post-
synaptic molecules directly involved in the clustering of al
and a5 (i.e. radixin for «5) (55). Conceivably, the synaptic
clustering of a1 and a5 could also depend on the posttrans-
lational modification (i.e. phosphorylation/dephosphoryla-
tion) of GABA 4R subunits and/or gephyrin.

It is as yet unclear whether the SH3— isoforms are particu-
larly involved in regulating the large size of the GABAergic
perisomatic synapses and the ones at the axon initial segment
(24, 54), which have stronger inhibitory drive than the smaller
GABAergic synapses localized in dendrites. This notion is con-
sistent with our aforementioned finding that the superclusters
induced by the SH3— isoforms in some neurons tend to be
larger in the soma than in the dendrites.

We also propose that the robust postsynaptic accumula-
tion of NL2 is an event downstream of the robust postsyn-
aptic clustering of gephyrin and GABA ,Rs. One possibility is
that NL2 accumulates at GABAergic postsynapses by inter-
acting with postsynaptic gephyrin. This is unlikely, because
NL1, which also has a gephyrin-interacting domain, does not
localize at GABAergic synapses; instead, NL1 accumulates at
glutamatergic synapses (44). Moreover, no NL2 or other
neuroligins tested (NL1 or NL3) accumulate at the gephyrin/
GABA R superclusters induced by overexpression of CB2g;,5_.
In addition, Papadopoulos et al. (6, 7) and Poulopoulos et al.
(10) have shown that in the hippocampus of the CB KO
mouse mutants, the postsynaptic clustering of gephyrin and
GABA R was disrupted in soma and dendrites, whereas the
postsynaptic targeting of NL2 to synapses was unaltered.
Others have also shown that NL2 targets to the GABAergic
synapses in the absence of postsynaptic gephyrin and
GABA,Rs (56). Thus, a more likely possibility is that the
delayed accumulation of NL2 at GABAergic synapses results
from transynaptic interaction of postsynaptic NL2 with
neurexins and/or other molecules that accumulate at the
presynaptic GABAergic terminals. It has been shown that
neuroligins are involved in the validation of synaptically
active contacts (57). The initial postsynaptic clustering of
gephyrin/GABA ,Rs would allow the activity-dependent val-
idation of these synapses by subsequent postsynaptic accu-
mulation of NL2 as shown above.
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The NL2 KO mouse shows selective impairment of GABAergic
transmission in some brain regions but not in many others
(10, 57, 58). In hippocampal pyramidal cells, perisomatic
GABAergic clusters are decreased, but the postsynaptic
GABAergic dendritic clusters are not affected (10). The tri-
ple KO mouse lacking NL1 to -3 shows no significant effect
on gephyrin or GABAergic synaptic puncta (59). Therefore,
neuroligins are dispensable for the formation of the majority
of GABAergic synapses and for the postsynaptic clustering
of gephyrin and GABA ,Rs. In contrast, gephyrin is essential
for the clustering and/or anchoring of several types of
GABA ,Rs, particularly the ones containing y2 and a2 sub-
units (33, 46, 50 -53). Similarly, the y2 GABA 4R subunit is
essential for the postsynaptic clustering of GABA,Rs and
gephyrin (60 —63).

It has been shown that overexpression of NL2 has a synapto-
genic effect promoting GABAergic innervation (14, 64),
increasing the amplitude of evoked inhibitory postsynaptic cur-
rents (57) and accelerating synapse maturation (65). These
effects are thought to occur via transynaptic interaction of NL2
with presynaptic NRXs (13, 66—68). Nevertheless, NLs also
have neurexin-independent functions (69). In contrast, we have
shown that CB overexpression of the SH3+ or SH3— isoforms
is not synaptogenic because it does not affect the density of
GABAergic terminals. Nevertheless, CB2;;5_ leads to the for-
mation of larger GAD+ presynaptic terminals matching their
size to that of the postsynaptic gephyrin and GABA 4R super-
clusters. This size-matching effect reveals the existence of a
transynaptic signal, probably mediated by cell adhesion mole-
cule(s), from the postsynaptic membrane to the presynaptic
terminal. This hypothetical transynaptic molecule does not
seem to be postsynaptic NL2 because the enlargement of the
presynaptic GAD+ terminals occurs in the absence of the post-
synaptic superclustering of NL2. It could involve other postsyn-
aptic molecules whose extracellular domains transynaptically
interact with presynaptic NRXs, such as leucine-rich repeat
transmembrane proteins LRRTMs (70 -73), dystroglycan (74),
or GABA 4R a1 subunit (75). It could also involve postsynaptic
cell adhesion molecules that transynaptically interact with pre-
synaptic molecules other than NRXs (for a recent review, see
Ref. 76).
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