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Non-technical abstract (131 words)

To be effective, synaptic transmission requires precise alignment of the presynaptic
terminal, releasing the neurotransmitter, with the postsynaptic density, where
receptors are present in high density. Complex molecular mechanisms ensure this
interplay between neurons and, in addition, stabilize receptors in the postsynaptic
membrane. To explore these mechanisms at GABAergic synapses, which mediate
inhibitory neurotransmission in the brain, we investigated here the consequences of
“removing” the receptors, using targeted gene deletion. Our results show that the
receptors are dispensable for synapse formation, but are required for the
postsynaptic aggregation of several proteins involved in receptor trafficking,
anchoring, and regulation. Defects in the molecular regulation of GABAergic
synapses have been associated with neurodevelopmental disorders, mental
retardation, anxiety, and mood disorders, underscoring the relevance of fine tuning of

GABAergic inhibition for proper brain function.
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Abstract

Pyramidal cells express various GABAa receptor (GABAAR) subtypes, possibly to
match inputs from functionally distinct interneurons targeting specific subcellular
domains. Postsynaptic anchoring of GABAAR is ensured by a complex interplay
between the scaffolding protein gephyrin, neuroligin-2, and collybistin. Direct
interactions between these proteins and GABAAR subunits might contribute to
synapse-specific distribution of GABAAR subtypes. In addition, the dystrophin-
glycoprotein complex, mainly localized at perisomatic synapses, regulates GABAAR
postsynaptic clustering at these sites. Here, we investigated how the functional and
molecular organization of GABAergic synapses in CA1 pyramidal neurons is altered
in mice lacking the GABAAR 02 subunit («2-KO). We report a marked, layer-specific
loss of postsynaptic gephyrin and neuroligin-2 clusters, without changes in
GABAergic presynaptic terminals. Whole-cell voltage-clamp recordings in slices from
0.2-KO mice show a 40% decrease in GABAergic mIPSC frequency, with unchanged
amplitude and kinetics. Applying low/high concentrations of zolpidem to discriminate
between al- and o2/a3-GABAAR demonstrates that residual mIPSCs in o2-KO mice
are mediated by al-GABAAR. Immunofluorescence analysis reveals maintenance of
0l1-GABAAR and neuroligin-2 clusters, but not gephyrin clusters, in perisomatic
synapses of mutant mice, along with a complete loss of these three markers on the
axon-initial segment. This striking subcellular difference correlates with the
preservation of dystrophin clusters, colocalized with neuroligin-2 and a1-GABAaR on
pyramidal cell bodies of mutant mice. Dystrophin was not detected on the axon initial
segment in either genotype. Collectively, these findings reveal synapse-specific
anchoring of GABAAR at postsynaptic sites and suggest that the dystrophin-
glycoprotein complex contributes to stabilize al-GABAAR and neuroligin-2, but not

gephyrin, in perisomatic postsynaptic densities.

Abbreviations: cholecystokin, CCK; GABAAa receptors, GABAAR; NL2, neuroligin-2;
parvalbumin, PV; WT, wild type
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Introduction

Inhibitory neurotransmission mediated by GABAA receptors (GABAAR) is essential for
emergence of behaviorally-relevant fast and slow oscillations in cortical networks
(Mann & Paulsen, 2007). As best studied in the hippocampus, morphologically and
functionally specialized interneurons target distinct sites on principal cells to generate
multiple modes of GABAergic inhibition (Klausberger & Somogyi, 2008). A striking
example of such specialization is provided by perisomatic inhibition of pyramidal
cells, mediated by two distinct types of basket cells, targeting the soma and proximal
dendrites, and by axo-axonic cells, selectively innervating the axon initial segment
(AIS) (Freund & Katona, 2007). The basket cells are distinguished by their firing
mode (‘regular-spiking’ and ‘fast-spiking’) and expression of selective neurochemical
markers - cholecystokinin (CCK), parvalbumin (PV), metabotropic receptors - and are
driven by distinct afferents to differentially modulate principal cell firing (Freund,
2003).

In hippocampal (and cortical) pyramidal cells, diversity of GABAergic inputs is
matched by expression of multiple GABAAR subtypes, distinguished by their
constituent subunits (ol-05, B1-B3, y1-y3, 8) (Fritschy & Mohler, 1995; Schwarzer et
al., 2001), as well as functional and pharmacological properties. A fundamental
distinction is drawn between phasic and tonic inhibition, mediated by postsynaptic
and extrasynaptic GABAAR, respectively (Farrant & Nusser, 2005). The latter mainly
comprise receptors containing o4 or o5 subunits (Glykys et al., 2008); whereas the
former are mediated by receptors containing o1, o2, o3, and o5 subunits, along with
B subunit variants and the y2 subunit (Thomson & Jovanovic, 2010). Further, there is
evidence for a segregation of GABAAR subtypes in various cell surface
compartments (distal/proximal dendrites, soma, AIS). Initially, perisomatic input from
regular-spiking CCK/cannabinoid receptor 1" basket cell was suggested to target o2-
GABA4R, whereas synapses from fast spiking PV" basket cells contain o1-GABAAR
(Nyiri et al., 2001). In contrast, pharmacological data indicated a predominance of
02-GABAAR-mediated inhibition in the perisomatic region and al-GABAAR on distal
apical dendrites (Prenosil et al., 2006). Finally, high sensitivity immunohistochemical
analysis showed the presence of both ol and o2 subunits in most perisomatic

synapses (Kasugai et al., 2010). However, it is not known whether they are present
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in separate receptors or are co-assembled in pentameric ol/o2/Bx/Bx/y2
configurations.

GABAxR are aggregated in GABAergic postsynaptic densities (PSD) by interacting
notably with the scaffolding protein gephyrin (Fritschy et al., 2008) and collybistin, a
guanidine exchange factor activating cdc-42 (Poulopoulos et al., 2009; Saiepour et
al.,, 2010). In turn, these proteins interact with the transmembrane molecule
neuroligin-2 (NL2), which binds to presynaptic neurexins to form and maintain
postsynaptic sites facing appropriate release sites (Studhof, 2008). Analysis of mutant
mice lacking specific GABAAR o subunit variants revealed that the corresponding
receptor subtype is not formed. Thus, absence of al- or a3-GABAAR causes
disruption of postsynaptic gephyrin clustering, whereas NL2 can be preserved (Kralic
et al., 2006; Studer et al., 2006; Patrizi et al., 2008; Peden et al., 2008). Similar
effects are seen in neurons from y2-KO mice, in which postsynaptic accumulation of
GABAAR is impaired (Brinig et al., 2002b). The mechanisms underlying these
alterations are not understood, especially when considering the existence of stable
interactions among constituent proteins of GABAergic PSD.

Here, we investigated the molecular organization of perisomatic GABAergic
synapses in the CAl area of o2 subunit-knockout (02-KO) mice with two specific
goals: first, to determine the functional and morphological consequences of the loss
of 02-GABAAR in perisomatic synapses; second, to explore the molecular
heterogeneity of GABAergic PSDs in distinct synapses of CA1 pyramidal cells and its

contribution to functional GABAergic transmission.
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Materials and Methods

Animals

Experiments were conducted in accordance with internationally recognized
guidelines on animal use and care (European Communities Council Directive of 24
November 1986; 86 / 609 / EEC) and were approved by the cantonal veterinary office
of Zurich. For morphological analysis, a2-KO mice generated at the Institute of
Pharmacology and Toxicology of the University of Zurich were used. In brief,
embryonic stem (ES) cells from mouse line C57BL/6N (source: Eurogentec, Belgium)
were transfected with a replacement-type targeting vector (Pstl-Ncol fragment in Fig.
1A) and clones that have undergone homologous recombination were isolated.
These ES cell clones were injected into blastocysts (by Polygene AG, Rimlang,
Switzerland) and chimeras were obtained, one of which carried the mutation in the
germ line. The FRT-flanked neomycin resistance marker cassette was eliminated by
crossing with ACTFLPe mice (Jackson Laboratory, Bar Harbor, ME) and the FLPe
transgene was subsequently bred out to obtain the floxed allele (Gabra2™*'"™). The
mutant mice were then crossed with Ella-cre mice (Jackson Laboratory, Bar Harbor,
ME in order to obtain a global 02-KO allele (Gabra2™*?"™). Subsequently, the Ella-
cre transgene was bred out and the a2-KO allele was backcrossed on the C56BL/6J
background for >9 generations and maintained on a heterozygote background at the
University of Zurich. For electrophysiology, the o2-KO mice were generated at the
Merck Sharp and Dohme Research Laboratories at the Neuroscience Research
Centre in Harlow as described previously (Dixon et al., 2008). Experiments were
conducted on brain slices prepared from the first two generations of WT and o2-KO
breeding pairs derived from the corresponding heterozygous™ mice bred at the
University of Dundee. All genotyping was performed by PCR analysis of tail/ear
biopsies. In pilot experiments, we verified that the loss of o2 subunit immunoreactivity
and alteration of gephyrin clustering occurred in both strains of a2-KO mice (not

shown).

Western blotting and ligand-binding analyses

For Western blot analysis and [*H]-flumazenil binding whole brain membranes were
prepared from 10 weeks old WT and o2-KO mice (4 pools, 6 mice per pool). Brain

tissue was homogenized in 10 vol. 5 mM Tris pH 7.4 containing 0.32 M sucrose and
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centrifuged for 10 min at 1000 g. The crude membranes were recovered from the
supernatant by centrifugation for 20 min at 30'000 g, washed twice with 50 mM Tris
pH 7.4 and subjected to Western blot analysis or [*H]-flumazenil binding.

For Western blotting, 20 ug membrane proteins/lane were resolved on 10%
polyacrylamide gels and blotted onto nitrocellulose membranes. Membranes were
incubated over night at 4°C with antibodies directed against GABAAR subunits along
with B-actin for normalization. Antibody signals were captured and quantified using
the Odyssey infrared imaging system (Li-COR Biosciences).

Saturation binding experiments were performed by incubating whole brain
membranes (50-100 pg protein) with increasing concentration of [*H]-flumazenil (0.1-
20 nM) for 90 min on ice followed by rapid filtration onto glass fiber filters and
scintillation counting. Data were analyzed using the program “KELL for Windows
6.0.5" (Biosoft, UK).

For receptor autoradiography, sagittal brain sections (12 um) of WT and a2-KO mice
were incubated for 120 min at 4°C with 6 nM [°H]-flumazenil. After washing in 50 mM
Tris pH 7.4 (three times for 20 sec each) the sections were dried and apposed to a
tritium-sensitive phosphoimaging screen (Cyclone Storage Phosphor Screen,
Packard). After five days of exposure, the screens were scanned and individual brain
regions were quantified using the Optiquant software (Packard). [*H]-Micro scales
(Amersham) were exposed in parallel and used as standards. Five mice per

genotype and 3-5 brain sections of each mouse were analyzed.

Tissue preparation

For regional distribution analysis and densitometry of GABAAR subunits and synaptic
markers, adult mice of both sexes (2-3 months-old) were anesthetized with
pentobarbital (Nembutal, 50 mg/kg, i.p.), and perfusion fixed with 4%
paraformaldehyde in 0.15 M Na+-phosphate buffer, pH 7.4, as described (Fritschy &
Mohler, 1995). Brain tissue was postfixed for 4 h, cryoprotected in 30% sucrose in
PBS, and frozen. Sections were cut at 40 um with a sliding microtome, collected in
PBS, and stored in antifreeze solution at -20°C until use.

For high resolution analysis of synaptic proteins, adult mice of both sexes (2-3
months-old) were deeply anesthetized with isoflurane and swiftly decapitated. The
forebrain was dissected out and acute 300 um-thick coronal slices were prepared

with a Leica Vibratome (VT 1000S), placed in bubbled artificial cerebrospinal fluid
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(aCSF) for 30 min at 35°C and fixed by immersion in 4% paraformaldehyde at room
temperature for 12 min, as described (Schneider Gasser et al., 2006). After fixation,
slices were rinsed in PBS, cryoprotected in 30% buffered sucrose, frozen, and
sectioned with a cryostat. Sections were mounted on gelatinized slides and stored at
-20°C.

Immunoperoxidase staining

Sections from perfusion-fixed brain were processed for immunoperoxidase staining
as described (Fritschy & Mohler, 1995), using antibodies against the various o
subunit variants expressed in the hippocampal formation (Table 1).

Images were digitized at low magnification at 8 bit image-depth and displayed with a
self-made look-up table (Fritschy & Mohler, 1995) maximizing differences in staining

intensity between brain regions.

Immunofluorescence staining and confocal laser scanning microscopy

The laminar distribution of the GABAAR a1l and o2 subunits and gephyrin, NL2, and
VGAT in the CAl region was analyzed in sections from perfusion-fixed brains
processed for double or triple-immunofluorescence staining. Detection of proteins
clustered at postsynaptic sites was enhanced by mild pepsin digestion of the tissue,
as described (Watanabe et al., 1998), performed immediately prior to incubation in
primary antibodies. In brief, sections were rinsed in PBS, transferred to 0.15 mg/mL
pepsin solution in 0.2N HCI pre-warmed to 37°C, incubated for 10 min, and rinsed 3
times with PBS.

High sensitivity detection of synaptic proteins in perisomatic synapses was obtained
in cryostat sections prepared from acute brain slices processed for triple
immunofluorescence staining, as described (Schneider Gasser et al., 2006;
Panzanelli et al., 2009), using various combinations of primary antibodies raised in
different species (Table 1). All secondary antibodies were raised in goat and
conjugated to Alexa488 (Molecular Probes), Cy3, or Cy5 (Jackson Immunoresearch,
West Grove, PA).

Images were acquired by confocal laser scanning microscopy (LSM 710 Zen, Zeiss)
using sequential acquisition of separate wavelength channels to avoid fluorescence
crosstalk. Stacks of 12-15 confocal sections (1024 x 1024 pixels; 50-90 nm/pixel)

spaced 300-500 nm were acquired with 63x oil-immersion objective (1.4 NA) with the
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pinhole set at 1 Airy unit. For display, images were processed with the image

analysis software Imaris (Bitplane, Zurich, Switzerland).

Image analysis

Quantification of the number of clusters positive for the ol and o2 subunit, gephyrin,
NL2, and VGAT was performed in single 8-bit confocal images using the software
Image J (NIH). Tissue was from perfusion-fixed mice (n=3-4 per genotype and
staining combination) and processed for pepsin pretreatment. Clusters were defined
based on intensity (25-30% of maximal intensity) and size (minimal area, 0.1 um?).
Statistical analysis was performed with unpaired t-test (Prism; GraphPad, San Diego,
CA). The analysis of single and double labeled clusters was performed separately in
the main dendritic layers. In the pyramidal cell layer and on the AIS, quantification
was performed in images from cryostat sections obtained from acute brain slices. In
the pyramidal cell layer, cluster density per surface area was assessed in single
confocal images, whereas on the AlS, cluster density per unit length was assessed in
3D reconstructions from stacks of 12-15 images spanning a thickness of 3-4 um.
Data are reported as mean + SEM acquired from multiple images from at least 3
mice per genotype. Statistical analyses were performed using Mann-Whitney test. All

analyses were performed using Prism software.

Preembedding electron microscopic immunohistochemistry

Five wild type (WT) and five a2-KO adult mice (2-4 months-old, both sexes) were
anesthetized with pentobarbital (Nembutal, 50 mg/kg, i.p.) and perfused with 4%
paraformaldehyde and 0.1% glutaraldehyde in 0.1 M Na-phosphate buffer (pH 7.4).
The brain was taken out, postfixed for 4 h, rinsed extensively in PBS and cut into 70
um coronal sections with a Vibratome. The sections were cryoprotected with 30%
sucrose and frozen and thawed three times to enhance the antibody penetration.
Sections were blocked in 10% normal goat serum in Tris-buffered saline (TBS; pH
7.4), incubated with a mixture of two primary antibodies (Table 1) diluted in TBS and
processed for immunogold labeling as described (Panzanelli et al., 2009), using
secondary antibodies coupled to biotin for immunoperoxidase and to 1.4 nm colloidal
gold particles (1:200, Nanoprobes, Yaphank, NY). Following gold-toning, the sections
were treated with 0.5% OsO,, and 1% uranyl acetate, dehydrated, and embedded
into Epon 812. Ultrathin sections were collected on copper single-hole grids and

observed and photographed in a JEM-1010 transmission electron microscope (Jeol,
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Japan) equipped with a side-mounted CCD camera (Mega View lll, Soft Imaging

System, Germany).

Electrophysiology

Slice preparation: Hippocampal slices were prepared from mice of either sex (P17 -
24) according to standard protocols as previously described (Peden et al., 2008).
Animals were sacrificed by cervical dislocation in accordance with Schedule 1 of the
UK Government Animals (Scientific Procedures) Act 1986. The brain was rapidly
dissected and incubated with an “ice-cold”, oxygenated artificial cerebrospinal fluid
(aCSF) solution which contained (in mM): 225 sucrose, 2.95 KCI, 1.25 NaH,PO,, 26
NaHCOs;, 0.5 CaCl;, 10 MgSO4, 10 D-glucose, (pH = 7.4; 330-340 mOsm).
Hippocampal coronal slices (300 um thick) were cut using a Vibratome (Intracel,
Royston, Herts., UK) and incubated at room temperature in an oxygenated aCSF
containing (in mM): 126 NacCl, 2.5 KCI, 26 NaHCOs3, 1.25 NaH,PO4, 0.5 CaCl,, 10 D-
glucose, 10 MgSO,, 1 ascorbic acid and 3 Na pyruvate (pH 7.4; 300-310 mOsm), for
a minimum of 1 hour prior to experimentation.

Recording: An axopatch 1D amplifier (Molecular Devices, Union City, CA, U.S.A))
was used to make whole-cell voltage-clamp recordings (holding potential = - 60mV),
from hippocampal CA1 pyramidal neurons visually identified with an Olympus BX51
(Olympus, Southall, UK) microscope equipped with DIC/IR optics. All recordings were
made at 35°C. The extracellular recording solution (ECS) contained (in mM): 126
NaCl, 2.95 KCI, 26 NaHCOg3, 1.25 NaH,PO,4, 2 CaCl,, 10 D-glucose, 2 MgCl,,
kynurenic acid 2 and 0.5 uM tetrodotoxin (pH 7.4; 300-310 mOsm). Recording
electrodes were constructed from thick walled borosilicate glass (Garner Glass
Company, Claremont, CA) and had open tip resistances of 4-5 MQ when containing
an intracellular solution that comprized (in mM): 135 CsCl, 10 HEPES, 10 EGTA, 2
Mg-ATP, 1 CaCl,, 1 MgCl;, 5 QX-314 (pH 7.3 with CsOH, 300-305 mOsm).

Drugs: Zolpidem (1 mM) was dissolved in DMSO to provide a concentrated (x1000)
stock solution that was subsequently diluted in ECS to give the desired final bath
concentration. The final maximum DMSO concentration (0.1%) had no effect on the
properties of the mIPSCs. Zolpidem was applied via the perfusion system (2 -
4ml/min) and allowed to infiltrate the slice for a minimum period of 10 minutes before
recordings were made in the presence of 100nM of the drug. Having acquired

sufficient mIPSCs (a minimum of 50 events — see below) for analysis, the slice was
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subsequently perfused with 1 uM zolpidem for a further 10 minutes before recording
additional mIPSCs in the presence of this greater concentration of the drug. All drugs
were obtained from either Tocris Bioscience or Sigma-Aldrich-RBI with the exception
of TTX (TCS Biologicals Ltd, UK).

Data analysis: All recordings were analyzed offline using the Strathclyde
Electrophysiology Software (Electrophysiology Data Recorder [WIinEDR] and Whole
Cell analysis Program [WIinWCP]; courtesy of Dr J. Dempster, University of
Strathclyde). Individual mIPSCs were detected using a low amplitude (-4pA, 3ms
duration) threshold detection algorithm followed by visual scrutiny to avoid spurious
detections. Analysis was restricted to events with a rise time < 1ms to minimize the
contribution of dendritically generated currents, which are subject to cable filtering.
Individual accepted events were analyzed for peak amplitude, 10-90% rise time,
charge transfer and time for such events to decay from their peak amplitude by 70%
(T70). Subsequently, a minimum of 50 accepted events were digitally averaged by
alignment at the mid-point of the rising phase. To such averaged mIPSCs a decay
was fitted (98-5% of the peak amplitude) by utilizing either a mono-exponential (y(t) =
Ael™) or a bi-exponential (y(t) = A1et"™ + A,e™) function using the least squares
method, where A is amplitude, t is time and 71 is the decay time constant. Analysis of
the SD of residuals and use of the F-test to compare goodness of fit revealed that the
decay of the average mIPSC waveform was always best fit with the sum of 2
exponential components. Thus, a weighted decay time constant (t,) was also
calculated according to the equation: tw = 11P1 + 1.P2, where 11 and 1, are the decay
time constants of the first and second exponents and P; and P, are the proportions of
the synaptic current decay described by each function. The mIPSC frequency was
determined over a minimum of two separate 30 second recording periods with the
Win EDR program using a detection method based on the rate of rise of the slowest
events (35 - 40pA ms™) and subsequent visual scrutiny.

Results are reported as the arithmetic mean * standard error of mean (SEM). When
data are presented as normalized, the mean value is calculated by averaging the
normalized change for each cell following drug application. Statistical significance of
the data was assessed with the Student’s t test (paired or unpaired), and repeated

measures ANOVA (one, or two-way, RMA) followed post-hoc by the Newman-Keul’s
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test as appropriate, using the SigmaStat (Systat Software Inc., San Jose, CA)

software package.
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Results

Characterization of 0.2-KO mice

As reported previously (Vollenweider et al., 2011), a2-KO mice develop normally and
have no obvious morphological phenotype. Since the mice were obtained by Cre-
mediated recombination of the Gabra2 allele containing two LoxP sites (Fig. 1A), we
first verified the absence of the o2 subunit protein by immunohistochemistry (Fig. 1B)
and Western blotting, using whole brain extracts (Fig. 1C). These experiments
confirmed the complete inactivation of Gabra2 in the CNS, as o2 subunit protein was
undetectable with either technique, but Western blotting showed a 65-75% increase
in o3 and o4 subunit protein levels (Fig. 1C). Additionally, radio-ligand binding
analysis and autoradiography were performed to assess the effect of Gabra2
inactivation on the formation and distribution of benzodiazepine binding sites in adult
brain. No change in Kp for [*H]-flumazenil was detected, whereas Bpax Was reduced
by 8+0.5% (Fig. 1D). Autoradiography with [*H]-flumazenil showed that the reduction
in binding sites was most pronounced in regions enriched in o2 subunit
immunoreactivity, notably striatum, nucleus accumbens, and dentate gyrus (Fig. 1E).
Averaged over the entire brain, the reduction was about 10%, in line with the radio-
ligand binding experiment. Since 02-GABAAR represent at most 15% of [*H]-
flumazenil binding sites in adult brain (Marksitzer et al., 1993), these findings suggest
limited compensation by other diazepam-sensitive GABAAR subtypes.
Immunohistochemical analysis of the four remaining o subunit variants expressed in
forebrain showed only limited changes in protein levels and no alteration in regional
distribution across the forebrain (Fig. 2A-D). In particular, we noted increased o5
subunit immunoreactivity in the hippocampus of a2-KO mice, but were unable to
detect the increased o3 and a4 subunit expression observed by Western blotting (Fig
1C). These discrepancies suggest that the increase in o5 subunit immunoreactivity
might be restricted to the hippocampal formation, whereas the a3 and o4 subunit
expression might be globally increased. Taken together, these findings indicate a
moderate region-specific reduction of GABAAR in 02-KO mice, with only minor
compensation by subtypes containing a different o subunit variant.

To determine whether the deletion of Gabra2, which is expressed primarily in

principal cells of the hippocampal formation, had an effect presynaptically on major

13
Downloaded from J Physiol (jp.physoc.org) at Universitaet Zuerich on August 14, 2011


http://jp.physoc.org/

populations of interneurons in CAl, we quantified the number of interneurons
expressing the Ca™-binding proteins PV, calbindin, and calretinin, as well as nNOS,
which collectively represent the vast majority of GABAergic cells in CAl. Although
some differences were statistically significant, they were small in absolute terms
(Table 2). Therefore, no major changes were observed in morphology or distribution
of these interneurons in 02-KO mice (Fig. 2E-F; Table 2), indicating that none of
these subpopulations were selectively affected during development.

To determine whether perisomatic GABAergic terminals have a normal distribution,
we used using triple immunofluorescence staining for VGAT, PV, and VGLUT3 (Fig.
2G-G'), which are markers distinguishing the two types of basket cells forming
perisomatic synapses in CAl (Freund & Katona, 2007). In both WT and o2-KO mice,
these experiments confirmed the segregation of PV* and VGLUT3" terminals in two
subpopulations of VGAT" terminals, with a similar distribution around the pyramidal
cell somata (Fig. 2G). Finally, to visualize axo-axonic synapses on the AIS of CAl
pyramidal cells, we used double staining for VGAT and ankyrin, a selective marker of
AIS (and nodes of Ranvier) in adult brain (Rasband, 2010) (Fig. 2H).

Quantitative analysis of VGAT" terminals in the main dendritic layers of CA1 revealed
no difference between genotypes (Fig. 2I; n=3 mice/genotype; P>0.05, Mann-
Whitney). In the pyramidal cell layer, the high density and elongated shape of VGAT"
terminals precluded determining their numbers, even in single confocal images.
However, as measured by densitometry (intensity threshold 33% of maximal
intensity), the relative surface area occupied by VGAT immunoreactivity remained
unchanged (Fig. 2H'; n=3 mice/genotype; P>0.05, Mann-Whitney). Likewise,
quantification of PV* and VGLUT3" cluster density in the pyramidal cell layer showed
no genotype-related differences (Fig. 2I'). Finally, the average linear density of
VGAT' terminals apposed to AIS was similar in WT and 02-KO mice (Fig. 2I”,
P>0.05; n=3 mice/genotype; Mann-Whitney). Altogether, these results indicate that
Gabra2 deletion has no effects on expression and distribution of neurochemical
markers in GABAergic interneurons of CA1l and on the formation and subcellular

targeting of GABAergic synapses innervating CA1 pyramidal cells.

al-GABAR-mediated synaptic inhibition in CA1 pyramidal cells from a2-KO

mice
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The impact of deleting the a2 subunit on the function of synaptic GABAAR was
determined by comparing the properties of miniature inhibitory postsynaptic currents
(mIPSCs) recorded from hippocampal CAl neurons derived from WT and a2-KO
mice. The deletion of the o2 subunit significantly reduced the frequency of mIPSCs
(WT =11 £ 1.3 Hz; 02-KO = 6.8 = 0.6 Hz, n = 22 neurons for each genotype; P <
0.01, Student’s unpaired t-test — see Fig. 3 and Table 3), but this genetic
manipulation had no significant effect on the mIPSC peak amplitude, or decay time
(tw) (Fig. 3; Table 3). By contrast, equivalent recordings made from hippocampal
dentate gyrus granule cells revealed the loss of the o2 subunit to result in a
significant decrease of the mIPSC peak amplitude in comparison to WT (not shown).
To investigate the probable subunit composition of the synaptic GABAAR in the CA1
neurons of a2-KO mice we compared for both genotypes the actions of two
concentrations of zolpidem, 100 nM, which in a brain slice preparation is relatively
selective for synaptic receptors incorporating the ol subunit and 1 uyM, a
concentration that will further influence synaptic al-GABAAR, but that will additionally
enhance the function of synaptic a2- and a3-GABAAR (Peden et al., 2008). For WT
CA1 neurons, zolpidem (100 nM) produced a relatively modest prolongation of the
mIPSC decay (tw = 21 £ 5 % increase; n = 5), whereas for a2-KO neurons the drug
was significantly (P < 0.05, two way RMA) more effective in this respect (tw =45+ 5
% increase; n = 5; Fig. 3).

By contrast, there was no significant (P > 0.05, two way RMA) influence of the
genotype on the effects of 1 yM zolpidem (WT: tw = 77 £ 8 % increase, n = 5; 02-KO
Tw = 75 £ 8 % increase, n = 5; Fig. 3). Considering the immunohistochemistry, a
parsimonious interpretation of these data postulates that the greater effect of 100 nM
zolpidem for a2-KO neurons reflects the dominance of a1-GABAAR expressed in the
CA1 synapses of this genotype. For WT neurons, at the greater concentration of 1
MM the effects of zolpidem on synaptic receptors (particularly o2-GABAAR) produces
an equivalent effect to that produced for al- and potentially a3-GABAAR in the o2-

KO neurons.

Layer-specific alteration of GABAergic postsynaptic markers in CA1

To determine the molecular substrate underlying preservation of mIPSCs in CAl

pyramidal cells, possibly mediated by 0l1-GABAAR, we examined
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immunohistochemically the distribution of GABAergic postsynaptic markers in the
hippocampal formation of adult mice. Triple immunofluorescence staining for VGAT,
the a2 subunit, and gephyrin or NL2 revealed that Gabra2 inactivation causes
profound reduction of gephyrin and NL2 clustering at presumptive postsynaptic sites
(Fig. 4A-C). Examination at high resolution revealed that in WT mice, gephyrin and
NL2 were co-localized in individual clusters, most of which were triple-labeled for the
o2 subunit (Fig. 4B). Whereas in a2-KO mice, we detected the presence of double
labeled gephyrin/NL2 clusters, as well as clusters positive for only gephyrin or NL2
(Fig. 4B"). Quantitative analysis in 3-4 mice per genotype showed that the reduction
of gephyrin and NL2 clusters was layer-specific, being more pronounced in stratum
radiatum, pyramidale, and oriens, and absent in stratum lacunosum-moleculare (Fig.
4C). Overall, the reduction was more severe for gephyrin than for NL2. Altogether,
these results suggest that gephyrin and NL2 depend on o2-GABAAR in a layer-
specific manner for postsynaptic clustering. Moreover, preservation of GABAergic
mIPSCs in CAl pyramidal cells points to the presence of additional GABAAR,
possibly localized at postsynaptic sites independently of gephyrin and/or NL2.

To examine these issues more specifically, we focused on perisomatic GABAergic
innervation of CA1l pyramidal cells, where most mIPSCs measured in whole-cell
voltage clamp recordings are generated. We used triple immunofluorescence
staining for the ol and o2 subunit along with gephyrin or NL2 to confirm this
anatomical arrangement, showing the vast majority of clusters on pyramidal cell
bodies to be triple labeled in WT mice for either combination of antibodies (Fig. 4D-
F). The extensive co-localization of ol and o2 subunit clusters in perisomatic
synapses suggested molecular heterogeneity of GABAAR in individual synapses, in
line with a recent high resolution ultrastructural analysis (Kasugai et al., 2010).

In 2-KO mice, clusters positive for the ol subunit appeared unaltered in number
and morphology, contrasting with the profound loss of gephyrin immunoreactivity
(Fig. 4D"). Further, as reported previously for other mutant mice lacking o subunit
variants (Kralic et al., 2006; Studer et al., 2006), gephyrin formed large intracellular
aggregates, suggestive of a disrupted interaction with proteins of the GABAergic
postsynaptic density. While these results suggested preservation of al-GABAAR
clustering in the absence of gephyrin, examination of sections stained for the ol

subunit and NL2 revealed that NL2 clustering and immunoreactivity were not affected
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in perisomatic synapses of CA1l pyramidal cells in o2-KO mice (Fig. 4E"). These
descriptive results were confirmed by quantitative analysis in 3 mice/genotype (Fig.
4F), pointing to molecular heterogeneity in GABAergic postsynaptic densities
between the soma and dendrites of CA1 pyramidal cells, and indicating that gephyrin
clustering can be lost from certain synapses without a concomitant alteration of NL2
subcellular localization.

Perisomatic inhibition is well known to originate from two distinct populations of
basket cells, including fast-spiking basket cells, recognized by expression of PV,
regular-spiking basket cells expressing calbindin and characterized by cannabinoid
receptor 1, as well as VGLUT3 in their axon terminals (Freund & Katona, 2007).
Therefore, we tested here whether the preservation of al-GABAAR clusters in o:2-KO
mice is selective for one type of basket cells synapses. Triple immunofluorescence
staining for the ol and o2 subunit along with either PV or VGLUT3 (Fig. 4G-G'), or
for the ol subunit along with both presynaptic markers (Fig. 4H-H') confirmed that
both al- and a2-GABAAR are present in perisomatic synapses on CA1 pyramidal
cells (Kasugai et al., 2010), and that ol subunit clusters are retained in both
populations of synapses in oi2-KO mice (Fig. 4G', H").

To determine whether Gabra2 inactivation induces compensatory changes in
GABAR subtypes other than the 01-GABAAR, we investigated the distribution of the
o3, o4, and o5 subunit in relation to VGAT and gephyrin (Suppl. Fig. 1). As reported
previously (Briinig et al., 2002a), immunoreactivity for the a3 subunit was weak in
CA1, except for a subset of interneurons in the stratum oriens, characterized by large
postsynaptic sites strongly labeled for the o3 subunit and gephyrin. No change was
observed in 02-KO mice, as shown in the CA1 pyramidal cell layer (Suppl. Fig. 1A-
A'). The o4 and o5 subunits contribute to the formation of both extrasynaptic
receptors mediating the bulk of tonic inhibition in CA1 (Prenosil et al., 2006; Glykys et
al., 2008) and, for a5 only, to a subset of postsynaptic receptors (Serwanski et al.,
2006; Thomson & Jovanovic, 2010). Accordingly, immunoreactivity for these subunits
was only rarely colocalized with VGAT or gephyrin staining in either genotype (Suppl.
Fig. 1B-C), and the o4 subunit staining remained unchanged (Suppl. Fig. 1B’).
However, in line with the low resolution image shown in Fig. 2D, a moderate increase
in o5 subunit-immunoreactivity was observed in o.2-KO mice (Suppl. Fig. 1C"), with a

50% increase in the number of o5 subunit puncta being apposed to a VGAT"
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terminal (from 11.9+2.6 in WT to 16.6+2.9 clusters/2500 um? in 02-KO mice; P<0.05,
unpaired t-test). In the absence of gephyrin, the postsynaptic localization of these
clusters could not be ascertained, but a partial compensation for the missing o2

subunit is possibly mediated by 05-GABAARS.

Stabilization of al subunit-positive clusters by dystrophin?

A characteristic feature of GABAergic synapses in cortical areas (including cerebral
cortex, hippocampal formation, and cerebellar cortex) is the presence of dystrophin
and its associated glycoprotein complex (DGC), notably in perisomatic synapses
(reviewed in (Haenggi & Fritschy, 2006)). Previous work in mdx mutant mice lacking
full length dystrophin has revealed a functionally relevant decrease in postsynaptic
GABAAxR clustering in hippocampus and cerebellum (Knuesel et al., 1999; Anderson
et al., 2004; Vaillend et al., 2004). To explain the preservation of al subunit and NL2
clustering in 02-KO mice, we reasoned that the DGC might be involved in this
process. In WT mice, triple staining experiments for dystrophin, NL2 and the ol
subunit revealed a nearly one-to-one colocalization of these markers in perisomatic
synapses of CA1 pyramidal cells (Fig. 5A), as well as in the proximal stratum oriens,
suggesting a preferential association of dystrophin with perisomatic GABAergic
synapses. A majority of a2 subunit clusters in the pyramidal cell layer also contained
dystrophin and NL2, except those apparently located on AIS (Fig. 5C). Taken
together with the data shown in Fig. 4D-E, this result implies the presence of
dystrophin, gephyrin, and NL2, along with both al and o2 subunits in perisomatic
synapses. In o2-KO mice, dystrophin staining was unaltered, and remained
extensively clustered along with the ol subunit and NL2 (Fig. 5B). Therefore,
deletion of the o2 subunit impairs gephyrin clustering in these synapses, but not
dystrophin or NL2, which remain associated with a1-GABAAR. Quantitative analysis
confirmed that the density of dystrophin clusters, as well as the extent of their co-
localization with the ol subunit and NL2 clusters, was unchanged in the pyramidal

cell layer of 2-KO mice (Fig. 5D).
Loss of GABAergic postsynaptic markers in the AIS on pyramidal cells

To address the molecular composition of GABAergic postsynaptic sites on the AlS,

we used either ankyrin staining in combination with o2 or al subunit and NL2, or a
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polyclonal rabbit antibody against voltage-gated Na* channels (pan-Nay; (Lorincz &
Nusser, 2008); Table 1), along with gephyrin or dystrophin (Fig. 6).

In WT mice, a high density of GABAAR clusters was readily evident on the AIS, the
majority of them containing the o2 subunit, either alone or together with the ol
subunit (Fig. 6A), matching the dense innervation of AIS by GABAergic terminals
(Fig. 2H). Gephyrin and NL2 also formed clusters on the AIS, which, for unknown
reasons, were less intensely stained than those located on the soma or dendrites
(Fig. 6B-C). In a2-KO mice, despite the preservation of presynaptic terminals on the
AIS (Fig. 21"), a profound loss of postsynaptic markers was evident: gephyrin clusters
disappeared completely, being frequently replaced by a large aggregate located
within the AIS (Fig. 6B'). The ol subunit and NL2 clusters also were affected,
although a fraction of them remained, with both markers typically being co-localized
(Fig. 6A", C', D). Quantitative analysis confirmed these visual observations: in WT
mice, gephyrin cluster density reached 0.45+0.21 clusters/um AIS; none were
preserved in a2-KO mice. A less dramatic decrease was evident for the ol subunit
and NL2 (Fig. 6E-E'), but these results nevertheless revealed a fundamental
difference between the soma and AIS for preservation of a1-GABAAR/NL2 clusters in

a2-KO mice.

In contrast to gephyrin and NL2, dystrophin immunoreactivity was conspicuously
absent from the AIS in WT mice, as shown by triple staining for voltage-gated Na*
channels (using pan-Na, antibody) and the o2 subunit in WT mice (Fig. 6F). In these
images, the synapses on the AIS are clearly visible based on their selective o2
subunit labeling. The lack of dystrophin on the AIS might explain the loss of ol
subunit and NL2 clusters from these synapses in o2-KO mice. However, the
mechanism contributing to retain a fraction of a1l/NL2 clusters on the AIS of mutant

CA1 pyramidal cells is not known.

Utrastructural preservation of GABAergic synapses in a2-KO mice

Finally, to confirm the synaptic localization of the markers used in this study, we
performed a systematic ultrastructural analysis using pre-embedding immunoelectron
microscopy in WT and o2-KO mice to qualitatively confirm our light microscopy data
(Fig. 7). First, these studies showed that ultrastructural features of symmetric

(GABAergic) synapses on pyramidal cell bodies and AIS were preserved in o2-KO
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mice (Fig. 7A-B). Next, using immunogold labeling for gephyrin with the monoclonal
antibody mAb7a, we confirmed its selective postsynaptic localization at both
perisomatic and axo-axonic synapses in WT mice (Fig. 7C) and its partial
disappearance in o2-KO mice (Fig. 7F). Selectivity of the mutation was verified by
examining GABAergic synapses onto PV dendritic profiles, in which gephyrin
immunogold labeling was preserved in o2-KO mice (Fig. 7G-G'). Finally, we verified
that VGLUTS3 is a marker for a subset of GABAergic terminals, making synapses

containing gephyrin (Fig. 7D) or NL2 (Fig. 7E).
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Discussion

These results uncover unsuspected heterogeneity in the mechanisms aggregating
ol- and o2-GABAAR, as well as gephyrin and NL2, in perisomatic and axo-axonic
synapses of CA1l pyramidal cells; and suggest a role of the DGC for selectively
anchoring NL2 and ol-GABAAR at postsynaptic sites. In particular, the 40%
decrease in the frequency of mIPSCs recorded from CA1 pyramidal cells is likely due
to loss of GABAAR at axo-axonic synapses, which are devoid of dystrophin. In
contrast, perisomatic inhibition mediated by a1-GABAAR is largely preserved in o2-
KO mice, despite severe disruption of the gephyrin postsynaptic scaffold. Since
components of the DGC interact with neurexins and NL2 (Sugita et al., 2001; Sumita
et al., 2007), we conclude that this protein complex plays a key role in the formation
and maintenance of perisomatic GABAergic inhibition of CAl pyramidal cells,

selectively at synapses formed by basket cells, but not axo-axonic cells.

Consequences of the Gabra2 gene deletion

As shown for other GABAAR mutant mice (see Introduction), Gabra2 deletion causes
loss of corresponding GABAAR subtypes across the entire CNS, without major
remodeling of the regional expression pattern of the remaining subtypes. The
absence of major compensations is evidenced by a reduced density of [*H]-
flumazenil binding sites, notably in the basal ganglia and dentate gyrus (Fig. 1). It is
of note, however, that Gabra2 inactivation does not cause detectable alterations in
brain cytoarchitecture, despite the fact that a2-GABAAR are expressed at high levels
in the CNS during pre- and early postnatal ontogeny, notably until initiation of
synaptogenesis (Fritschy et al., 1994; Paysan et al., 1997; Peden et al., 2008).
Therefore, GABAAR regulating neuronal (and network) maturation during ontogeny
are either redundant, or deletion of Gabra2 is compensated by functional adaptations
that are not apparent in our morphological analysis.

Pharmacological manipulation of mIPSCs recorded from CA1l pyramidal cells by
zolpidem strongly supports the contention that the bulk of perisomatic inhibition in o.2-
KO mice is mediated by a1-GABAAR. However, the lack of effect of Gabra2 deletion
on mIPSC decay kinetics was somewhat unexpected, considering the abundant

literature indicating that events mediated by al-GABAAR are fast compared to o2-
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GABAsR. There are two possible explanations to this paradox. First, as we
highlighted in the developing thalamus (Peden et al., 2008), additional mechanisms
can contribute to shape the kinetics of a2-GABAaR. Alternatively, it is possible that
many GABAAR in CAl pyramidal cells contain both 02 and ol subunits, and that the
latter dominates the kinetics of these receptors. Therefore, replacing a2 by a second
ol subunit in receptors of mutant mice would have no apparent impact on the mIPSC
decay. Both models are compatible with the change in zolpidem sensitivity observed
in o2-KO mice, assuming that zolpidem sensitivity is governed by the o subunit
variant located next to the y2 subunit in the assembled receptor pentamer.

Our morphological analysis does not allow distinguishing between these alternatives.
The extensive co-localization of ol and o2 subunit clusters, along with gephyrin,
NL2, and dystrophin, confirms ultrastructural findings (Kasugai et al., 2010) that both
subunits are present in most perisomatic (but not axo-axonic) synapses. However,
further discrimination within or between GABAAR is not feasible at this stage.

Several studies demonstrated functional and pharmacological impairments in o2-KO
mice (Dixon et al., 2008; Dixon et al., 2010; Vollenweider et al., 2011), which suggest
altered function of specific neuronal circuits relevant for associative learning,
emotional control, and psychiatric disorders. In particular, our present results suggest
that synchronization of pyramidal cell firing, which is strongly dependent on axo-
axonic synapses (Cobb et al., 1995), might be impaired in a2-KO mice. Finally, the
reported abolition of the anxiolytic effects of diazepam in a2-KO mice (Dixon et al.,
2008) confirms previous results from mutants carrying functional, but

pharmacologically non-responsive a2-GABAAR to diazepam (LOw et al., 2000).

Role of the DGC at GABAergic synapses

In view of the molecular heterogeneity of dystrophin, which is transcribed from
multiple promoters, and of it associated glycoprotein complex (reviewed in (Haenggi
& Fritschy, 2006)), it is very likely that the DGC has multiple, possibly synapse-
specific functions (Perronnet & Vaillend, 2010; Pilgram et al., 2010). The DGC
interacts directly with presynaptic neurexins (Sugita et al., 2001), and indirectly with
NL2 (Sumita et al., 2007; Arancibia-Carcamo & Kittler, 2009), suggesting a possible
contribution to stabilization of these proteins at postsynaptic sites. The link to

neurexins might be operant for activity-dependent stabilization of synaptic sites,
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governed by presynaptic terminals (Huang & Scheiffele, 2008). This hypothesis
would provide an elegant explanation as to why dystrophin (and B-dystroglycan, a
member of the DGC tethering dystrophin at the plasma membrane) remain clustered
at GABAergic synapses in neurons from vy2-KO mice, lacking postsynaptic
accumulation of GABAAR and gephyrin (Brinig et al., 2002b). Likewise, anchoring of
the DGC to neurexins and NL2 might explain why in primary neuron cultures
dystrophin and B-dystroglycan are localized only in postsynaptic sites innervated by
GABAergic terminals, whereas GABAAR and gephyrin can be clustered at sites
innervated by glutamatergic inputs (Brunig et al., 2002b; Levi et al., 2002). Therefore,
the DGC might play a determinant role in specifying the localization and/or molecular
identity of GABAergic synapses.

Owing to the size and complexity of the dystrophin gene, no “dystrophin-KO” mouse
is available for investigating directly its role in GABAergic synapse formation or
molecular organization. Furthermore, one cannot exclude that interactions with NL2,
gephyrin, or GABAAR involve members of the DGC rather than dystrophin itself,

rendering the analysis of dystrophin mutants more complex.

The DGC is a major molecular determinant of perisomatic GABAergic PSDs

Analysis of NL2-deficient mice unraveled its key role for formation of perisomatic
GABAergic synapses in the hippocampus (Poulopoulos et al., 2009) and dentate
gyrus (Jedlicka et al., 2011). According to Poulopoulos et al., NL2 regulates
collybistin enzymatic activity by interacting with its SH3 domain and thereby facilitates
subsynaptic tethering of gephyrin and formation of a postsynaptic scaffold for
GABAAR. Along the same line, Papadopoulos et al. (Papadopoulos et al., 2008)
showed that collybistin is necessary for formation and maintenance of gephyrin and
GABAAR postsynaptic clusters in CA1 pyramidal cells. These authors observed a
profound loss clusters stained for the y2 subunit, which is present in both a1- and o.2-
GABAAR. Therefore, their results suggest that aggregation of both receptor subtypes
requires functional collybistin in pyramidal cells. However, it remains so far
unexplained, why collybistin deficiency affects all GABAergic synapses in pyramidal
cells whereas NL2 deficiency only impairs perisomatic sites. Our present results
provide a possible answer to this issue. Together with biochemical evidence showing
that synaptic scaffolding molecule (S-SCAM) forms a tight tripartite complex with NL2
and B-dystroglycan (Sumita et al., 2007), our results suggest that this protein
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complex is not altered in o2-KO mice and that postsynaptic NL2 clustering can occur
without gephyrin. It is therefore well conceivable that this association of NL2 with S-
SCAM and the DGC is a key step in the formation of perisomatic GABAergic PSDs,
thereby explaining their loss in NL2-KO mice. Whereas at GABAergic synapses
devoid of DGC, NL2 might be replaced by another NL isoform in NL2-KO mice. In
this context, it is important to note that in a1-KO mice postsynaptic NL2 clusters
remain unaltered and spatially associated with the DGC despite the complete
ablation of GABAAR, as reported in Purkinje cells (Patrizi et al., 2008).

The analysis of mutant mice lacking a1, a3, or y2 subunit showed that postsynaptic
accumulation of GABAAR is necessary for gephyrin clustering (see Introduction). In
o2-KO mice, gephyrin clusters are disrupted at perisomatic synapses, despite the
presence of al-GABAAR, suggesting that their postsynaptic localization is regulated
by direct interaction with the a2 subunit (Tretter et al., 2008). Originally, this
interaction was thought to contribute to the targeting of a2-GABAAR to the AIS.
Evidence for this possibility came from expression of chimeric ol subunits carrying
the intracellular loop of the a2 subunit, which were enriched in the AIS of CAl
pyramidal cells (Tretter et al., 2008). Moreover, recent data suggest that collybistin
and gephyrin can form trimeric complexes with the o2-GABAAR, providing a
molecular basis for a preferential partnership (Saiepour et al., 2010). Finally, the
independence of gephyrin clustering from the DGC is in line with our previous
observations that GABAAR clusters, but not gephyrin clusters, are reduced in size in

mdx mice, which lack full-length dystrophin isoforms (Knuesel et al., 1999).

Exclusion of dystrophin from the AIS was unexpected, considering that dystrophin
(and B-dystroglycan) interaction with ankyrin B and G in muscle cells is essential for
maintenance of the neuromuscular junction and long-term cellular integrity (Ayalon et
al., 2008). During ontogenesis, ankyrin G directs the formation of synapses on the
AIS by means of interaction with neurofascin, as shown in Purkinje cells (Ango et al.,
2004). It will be interesting to determine whether the selective perisomatic location of
dystrophin is also regulated by ankyrin G-dependent interactions with another
member of the cell-adhesion molecule family. In adult brain, neurofascin stabilizes
GABAergic synapses on the AIS and regulates the size of gephyrin and GABAAR
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clusters in vivo, by a mechanism involving FGF receptor type 1 signaling (Kriebel et
al.,, 2011). These selective interactions suggest that mechanisms regulating
GABAergic PSD function are synapse-specific, allowing for differential functional

regulation of distinct neuronal circuits.

Taken together, our results demonstrate that multiple molecular mechanisms are
operant in GABAergic PSDs ensuring separately the clustering of ol- and o2-
GABAAR in concert with the DGC, NL2, gephyrin, and collybistin. Alterations of these
molecular machineries have been associated with neurodevelopmental disorders,
mental retardation, anxiety, and mood disorders, underscoring the relevance of fine

tuning of perisomatic inhibition for proper brain function.
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Table 1

List of primary antibodies

Target, applications | Species Company; Cat. # References for specificity
ol subunit WB, IHC rabbit, self-made (Fritschy et al., 2006; Kralic et
guinea pig al., 2006)

o2 subunit WB, IHC guinea pig self-made (Marksitzer et al., 1993;
Fritschy & Mohler, 1995);
present study

o3 subunit WB, IHC guinea pig | self-made (Studer et al., 2006)

o4 subunit WB, IHC rabbit PhosphoSolutions; (Peng et al., 2002); tested on

844-GA4N tissue from 04-KO mice
ob subunit WB, IHC guinea pig self-made (Fritschy et al., 1998)
32,3 subunits | WB mouse self-made; clone bd-17 | (Ewert et al., 1990)
v2 subunit WwB guinea pig | self-made (Gunther et al., 1995)
ankyrin G IHC, EM mouse Neuromab; N106/65 (Hedstrom et al., 2007)
calbindin IHC rabbit Swant; CB-38 (Celio, 1990)
calretinin IHC rabbit Swant; 7696 (Schwaller et al., 1993)
dystrophin IHC mouse Anawa; clone 6C5; (Knuesel et al., 1999)
3990-5005

gephyrin IHC, EM mouse Synaptic Systems; (Feng et al., 1998)
mAb7a; 147011

pan-Na, IHC rabbit Alomone Laboratories; | (Lorincz & Nusser, 2008)
ASC-003

neuroligin-2 IHC, EM rabbit gift, P. Scheiffele (Budreck & Scheiffele, 2007)

nNOS IHC rabbit Alexis; 210-501-R025 | (Fuentealba et al., 2008)

parvalbumin IHC, EM rabbit, Swant; PV-28 (Celio, 1990)

mouse
VGAT IHC, EM rabbit Synaptic Systems; (Fritschy et al., 2006)
131003
VGLUT3 IHC, EM guinea pig | Millipore; AB5421 (Fremeau et al., 2002)
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Table 2

Quantification of interneurons in CA1

Stratum oriens Stratum pyramidale Stratum radiatum

WT 02-KO | % WT WT 02-KO | % WT WT 02-KO | % WT

Parvalbumin | 8.1+0.6 | 8.9+0.7 111 21.3+0.8 | 21.9+0.9 | 103 2.3+t03 | 2.7+03 | 116.5

Calbindin 8.1+1.1 10.9+0.9 | 136 2.7+05 | 3.7+05 134 7.9+0.7 10+0.7 127.9

Calretinin 9.7+0.7 11.4+1 118 16.7+1 23.1+x1.4 | 138.7 9.3+x08 | 8.3+0.5 | 88.5

nNOS 10.6+0.8 | 11.3+0.7 | 106 24+0.8 24.8+0.8 | 103.2 22.5+1.1 | 21.2+1 94.6

The values indicate the number of interneurons (mean+SD) counted on one side per
40 um-thick coronal section in the three main layers of CA1 in WT and a2-KO mice.
Values indicated in bold are significantly different (P<0.05; Mann-Whitney; n=4

mice/genotype) between genotypes.
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Table 3

Properties of mIPSCs recorded from CA1 pyramidal neurons derived from WT

and from o2-KO mice.

WT a2KO

(n=22) (n=22)

Peak amplitude (pA) -71+3 -64 +3
Rise time (ms) 04+0.1 04+0.1
T70 (MS) 7.9+0.2 7.7+0.3
Tw (Ms) 5.6+0.2 5.8+0.2
Frequency (Hz) 11+13 6.8+0.6

The values indicated in bold are significantly different between genotypes (P < 0.01

unpaired Student’s t test). The n value refers to the number of CA1 neurons studied

for each genotype.
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Figure Legends
Figure 1

Characterization of 02-KO mice. A) Targeting scheme, showing the wild type allele
(upper left) and the targeted allele in ES cells (lower left). The targeting vector
contained the genomic Pstl-Ncol fragment. The location of the loxP sites which are
flanking exon 5 and of the FRT sites which are flanking the neomycine resistance
cassette (neo) are indicated. The floxed allele obtained after excision of the
neomycine resistance marker (upper right) and the knock-out allele after excision of
exon 5 (lower right) are shown. B-B’) Confirmation of the absence of o2 subunit
protein by immunohistochemistry; its differential regional distribution, depicted in
false-color in WT mice (upper panel), is completely abrogated in o.2-KO mice (lower
panel). C-C") Quantitative Western blot analysis of 7 major GABAAR subunit in oi2-KO
mice, showing the increase in o3 and o4 subunit protein; experiments were
performed with four pools of whole brain membranes, using actin for signal
normalization. Quantification of fluorescence signals (meantSEM) are given in the
histogram; **P<0.01; ***P<0.001, unpaired t-test. D) Scatchard analysis of [*H]-
flumazenil binding to whole brain membranes reveals a moderate decrease in Bmax,
but no change in Kp in 0:2-KO mice (representative experiment repeated three times
with distinct membrane preparations). E-E') Receptor autoradiograpy of [*H]-
flumazenil binding to adult brain sections demonstrating region-specific decrease in
binding sites, maximally in striatum and nucleus accumbens; *P<0.05; ***P<0.001;
n=4 per genotype; one-way ANOVA,; Tukey post-hoc comparison test. Scale bars: B,
300 um; E, 500 um.

Figure 2

A-D) Unaltered regional distribution of oo subunit variants in the forebrain of o2-KO
mice; each pair of images depicts in false-colors (ranging from blue, background, to
yellow-white for maximal intensity) a representative immunoperoxidase staining for
the al (A), a3 (B), 04 (C), and a5 (D) subunit in adult WT and mutant mice. Note the
moderate increase in o5 subunit staining in the hippocampus of a2-KO mice (arrow).
E-I) GABAergic interneurons and presynaptic terminals are unaffected in 02-KO

mice. E, F) Representative illustrations of interneurons immunopositive for PV and
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NNOS in the CAl area of WT and mutant mice, depicting their similar distribution and
morphology (see Table 2 for quantification). G-G’) PV (red) and VGLUT3 (green) are
distinct markers of two subsets of GABAergic terminals innervating CA1 pyramidal
cell bodies, as shown in WT and a2-KO mice by triple staining with VGAT (blue). The
boxed area in G' is enlarged on the right in color-separated images. H)
Representative example of the GABAergic innervation (VGAT' teminal, red) of an
AIS positive for ankyrin (green) in the CA1l region of an o2-KO mouse; sites of
contact appear yellow. 1-1") Quantitative analysis of GABAergic presynaptic markers
in CA1 in WT and mutant mice, revealing no significant effect of Gabra2 deletion (3
mice/genotype). I: Density of VGAT" terminals in the main dendritic layers and
relative area covered by VGAT staining in the stratum pyramidale (SP); I': density of
PV and VGLUT3" terminals in SP; I”: density of VGAT" terminals innervating the AIS.
No difference between genotypes is evident for all these parameters. Abbreviations:
SLM, stratum lacunosum-moleculare; SO, stratum oriens; SP, stratum pyramidale;
SR, stratum radiatum. Scale bars, A-D: 500 um; E-F, 50 um; G, 10 um; H, 2 um.

Figure 3

Effect of Gabra2 deletion on GABAergic mIPSCs and their sensitivity to zolpidem in
CALl pyramidal cells. A-A’) cumulative probability plot of the inter-event interval (IEI)
values of all mIPSCs collected from WT and a2-KO CA1 pyramidal neurons (n = 22
neurons for each genotype). Note the rightward shift of the plot for a2-KO compared
to WT neurons reflecting a reduced frequency of events for o2-KO neurons. A’)
Examples of whole-cell voltage-clamp recordings of mIPSCs obtained from a
representative WT (black) and 02-KO (grey) CA1 pyramidal neuron (calibration bars
y = 20 pA, x = 0.1 s). The bar chart illustrates the mean frequency of mIPSCs
recorded from WT (black) and o2-KO (grey) CA1 pyramidal neurons. Note the
frequency of mIPSCs is significantly reduced for a2-KO neurons (P < 0.01; unpaired
Student’s t test). B-B’) Cumulative probability plots of i) the mIPSC decay time
(expressed as the T70 - the time taken to decay from peak amplitude to 30% of that
value) and ii) the peak amplitude of all such events collected from CAl neurons
derived from WT and o2-KO mice (n = 22 neurons for each genotype). Note that for
both parameters the plots for these genotypes are superimposed. The inset (B)

illustrates the superimposed (normalised to the peak amplitude of the WT mIPSC)
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ensemble average of mIPSCs recorded from representative cells for each genotype
(calibration bar y = 10 pA, x = 10 ms). C) Normalised (to control peak amplitude to
facilitate comparison of their time course) ensemble averages of mIPSCs recorded
from representative WT (left) and a2-KO (right) CA1 pyramidal neurons before and
after the bath application of zolpidem (100 nM, red trace; 1 yM, blue trace). Note that
the prolongation of the mIPSC decay following the bath application of 100 nM
zolpidem is greater for the representative o:2-KO neuron cf WT (scale bars y= 10 pA,
x = 10 ms). C’). A bar graph summarising the effects of zolpidem (100 nM and 1 pM)
upon the 1y of averaged mIPSCs recorded from CA1l pyramidal neurons derived
from WT (black) and o2-KO (grey) mice (n = 5 neurons per genotype) expressed as
the percentage prolongation of tw. The increase of the mIPSC tw by 100 nM
zolpidem is significantly greater in neurons derived from a2-KO mice cf WT (P < 0.05
two way RMA, n = 5). In contrast, the effect of 1 yM zolpidem upon the mIPSC 1y is
similar for both genotypes (P > 0.05, two way RMA, n =5). NS = non-significant.

Figure 4

Differential alterations in postsynaptic marker distribution in CA1 neurons of a2-KO
mice, as analyzed in dendritic layers (A-C) and on the soma (D-H). A-A") Low
magnification views depicting the profound loss of gephyrin clusters (green) and the
preservation of VGAT" presynaptic terminals. The pictures on the right depict at
higher magnification the close apposition of gephyrin with VGAT" terminals. B-B')
Images from triple staining for gephyrin (green), NL2 (red) and the o2 subunit (blue),
depicting the extensive colocalization of these three markers in the stratum radiatum
(SR) of WT mice and the reduction of remaining gephyrin and NL2 clusters in
mutants. C) Quantification of cluster density for the four markers indicated, confirming
the preservation of VGAT' terminals and the differential loss of gephyrin and NL2
clusters in the three main dendritic layers of CALl. *, P<0.05; **, P<0.01; unpaired t-
test; n=3-4 mice/genotype. D-D") Triple staining for the o2 subunit (green), a1l subunit
(red), and gephyrin (blue) in the stratum pyramidale (SP), depicting their extensive
colocalization (white) in WT mice and the preservation of ol subunit-positive clusters
in o2-KO mice, despite the loss of gephyrin clusters (replaced by large intracellular
aggregates, arrowheads in D'). E-E') Triple fluorescence for the al subunit (green),

NL2 (red), and gephyrin (blue) depicting their extensive colocalization in WT mice
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and the selective preservation of al/NL2 in o2-KO mice, which contrasts with the
partial loss of NL2 in the stratum oriens and radiatum (see C); boxed areas are
shown below in color-separated images, as indicated. F) Quantification of cluster
density in the pyramidal cell layer, confirming these visual impressions. Note, in
particular, the significant decrease in gephyrin clusters and in ol subunit clusters
containing gephyrin (*, P<0.05; n=3 mice/genotype; Mann-Whitney), as well as the
large fraction of clusters stained for both ol and o2 in WT mice (pink). G) Co-
localization of ol and o2 subunit immunoreactivity (shown in yellow) in clusters
apposed to PV* terminals (blue) in WT mice. G’) In 02-KO mice, o1 subunit clusters
(red) remain unaffected and are likewise apposed to PV* terminals. H-H') The
apposition of ol subunit clusters to PV* and VGLUT3" terminals is unaffected in o.2-
KO mice. Scale bars: A-A’, 50 um; inset, 2 um; B-B', 2 um; D-D', 10 um; E-E', 20 um;
G-H, 10 um.

Figure 5

Intact dystrophin, ol subunit, and NL2 clustering in perisomatic synapses of CAl
pyramidal cells in 02-KO mice. A-A™) Triple immunofluorescence for the al subunit
(green), dystrophin (red), and NL2 (blue) in WT mice, demonstrating the co-
localization of these three proteins at presumptive perisomatic postsynaptic sites, as
shown in a merged and in color-separated images. B-B™) Preservation of o1 subunit
(green), dystrophin (red), and NL2 (blue) clustering in CA1 pyramidal cells from o2-
KO mice. C-C") Triple immunofluorescence for the o2 subunit (green), dystrophin
(red), and NL2 (blue) in WT mice, illustrating the presence of dystrophin in a subset
only of a2 subunit clusters; the arrow points to o2 subunit clusters surrounding a
presumptive AIS devoid of dystrophin-immunoreactivity. D) Quantitative analysis of
dystrophin cluster density and extent of colocalization with the al / o2 subunit and
NL2 in WT and o2-KO mice. No significant difference was detected statistically

between genotypes (Mann Whitney, n=3 mice/genotype). Scale bars, 20 um.
Figure 6

Loss of GABAergic postsynaptic markers in the AIS of mutant CA1 pyramidal cells

correlates with absence of dystrophin. A-A") Triple staining for the a1 subunit (green),
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o2 subunit (red) and ankyrin (blue), illustrating the partial colocalization of ol and o2
on the AIS in WT, and the reduction of these ol subunit-positive clusters in a2-KO
mice (upper panels); the lower panels show only a1 subunit and ankyrin staining, and
the insets illustrate co-localized pixels (cyan) on selected AIS. B-B') Complete
disappearance of gephyrin clusters on the AIS (stained with pan-Na, antibody) of o2-
KO mice, along with the formation of large aggregates. C-C") Triple staining for the
o2 subunit (red), NL2 (green), and ankyrin (blue), depicting the profound loss of
o2/NL2 clusters on the AlS. D) Example of al/NL2 staining of ankyrin-positive AIS in
02-kO mice. E-E") Quantification of al/a2 subunit clusters and ol/NL2 clusters on
AIS (results are pooled from 3 mice/genotype). F-F') Absence of dystrophin clusters
on the AIS in WT mice, as shown by triple staining with o2 and pan-Na, antibodies

and illustrated in color separated images. Scale bars: A, F, 20 um; B-E, 10 um.
Figure 7

Preservation of presynaptic terminals in perisomatic and axo-axonic synapses in CAl
neurons of a2-KO mice, and confirmation of the postsynaptic localization of gephyrin
and NL2 in WT mice, as shown by immunoelectron microscopy. In all panels, arrows
point to the postsynaptic density of symmetric synapses, whereas "PC" denotes
pyramidal cell body profiles. A-A") Images from conventional EM depicting the typical
morphology of perisomatic symmetric synapses in tissue from «2-KO mice. B) The
GABAergic nature of such presynaptic profiles was confirmed by post-embedding
immunogold labeling for GABA. C-C") Confirmation of the postsynaptic localization of
gephyrin immunogold labeling in WT mice. D-E) Identification of gephyrin and NL2
(immunogold labeling) in synapses made by VGLUT3" terminals (immunoperoxidase)
in WT mice. F) Partial reduction of gephyrin immunogold labeling at postsynaptic
sites in a2-KO mice, as shown in relation to PV terminals (immunoperoxidase). G-
G') Preservation of gephyrin immunogold labeling in symmetric synapses of PV*
dendrites, belonging presumably to interneurons of o2-KO mice. Scale bars: A-B, 1
um; C-G', 500 nm.
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Supplementary Figure 1

The a3 and o4 do not compensate for the loss of postsynaptic a2-GABAAR in CAL,
whereas the a5 subunit immunoreactivity increases. A-A’) Unchanged distribution of
o3 subunit immunoreactivity (green) in relation to VGAT" presynaptic terminals (red)
and gephyrin clusters (blue); the arrow points to a strongly immunoreactive
interneuron. B-B") In both genotypes, a4 subunit staining appeared grainy and non-
clustered in relation to VGAT or to gephyrin staining. No difference in staining
intensity was apparent between WT and o2-KO mice. C-C’) A moderate increase in
grainy, non-clustered a5 subunit staining was evident in o2-KO mice, in a minor part
close to VGAT" terminals. Boxed areas are enlarged below the main panels. Note
the formation of gephyrin aggregates in cells from mutant mice (arrowheads). Scale

bar, 20 um.
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Figure 7
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