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Abstract GABA (γ-aminobutyric acid) is the major inhibito-
ry neurotransmitter in the central nervous system, and changes
in GABAergic neurotransmission modulate the activity of
neuronal networks. Gephyrin is a scaffold protein responsible
for the traffic and synaptic anchoring of GABAA receptors
(GABAAR); therefore, changes in gephyrin expression and
oligomerization may affect the activity of GABAergic synap-
ses. In this work, we investigated the changes in gephyrin
protein levels during brain ischemia and in excitotoxic condi-
tions, which may affect synaptic clustering of GABAAR. We
found that gephyrin is cleaved by calpains following
excitotoxic stimulation of hippocampal neurons with gluta-
mate, as well as after intrahippocampal injection of kainate,
giving rise to a stable cleavage product. Gephyrin cleavage
was also observed in cultured hippocampal neurons subjected
to transient oxygen-glucose deprivation (OGD), an in vitro
model of brain ischemia, and after transient middle cerebral

artery occlusion (MCAO) in mice, a model of focal brain
ischemia. Furthermore, a truncated form of gephyrin de-
creased the synaptic clustering of the protein, reduced the
synaptic pool of GABAAR containing γ2 subunits and upreg-
ulated OGD-induced cell death in hippocampal cultures. Our
results show that excitotoxicity and brain ischemia downreg-
ulate full-length gephyrin with a concomitant generation of
truncated products, which affect synaptic clustering of
GABAAR and cell death.
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Introduction

Excessive activation of glutamatergic synapses plays an im-
portant role in neuronal death in different disorders of the
nervous system, including brain ischemia, epilepsy, and neu-
rodegenerative disorders [1, 2]. Brain ischemia is also charac-
terized by a downregulation of GABAergic synaptic transmis-
sion, both at the pre- and postsynaptic levels [3, 4], but the
mechanisms involved are not fully understood. Recent studies
showed a decrease in the interaction of GABAA receptors
(GABAAR) with the scaffold protein gephyrin in cultured
hippocampal neurons subjected to oxygen-glucose depriva-
tion (OGD), an in vitro model of brain ischemia, by a mech-
anism dependent on protein phosphatase activity [5]. The re-
duced interaction of GABAAR with the submembrane
gephyrin lattice after OGD [6–8], together with the dephos-
phorylation of the receptors, facilitates their internalization by
a clathrin-dependent mechanism [5, 9].

The gephyrin molecule contains an N-terminal G-domain,
a C-terminal E-domain, and a linker region (C-domain) that
connects the G and E domains [10, 8]. Crystallographic
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studies using isolated G- and E-domains showed that they
form trimeric and dimeric structures, respectively. This inter-
action is thought to account for the formation of a hexagonal
gephyrin scaffold that anchors GABAAR at the synapse by
reducing their lateral mobility on the membrane [11, 12].
The GABAAR subunits α1-α3, β2 and β3 were shown to
interact directly with gephyrin [13–17], and morphological
analysis showed that α1-α3 subunits, together with the γ2
subunit, are colocalized on the postsynaptic membrane togeth-
er with gephyrin [18]. Gephyrin clustering was recently
shown to be modulated by extracellular signal-regulated ki-
nases 1 and 2 (ERK1/2) and by glucogen synthase kinase 3β
(GSK3β)-dependent phosphorylation. Furthermore, neuronal
activity under physiological conditions regulates gephyrin
clustering through Ca2+-dependent proteolysis mediated by
calpains [19, 20].

The excessive calpain activity due to [Ca2+]i overload con-
tributes to neuronal death in brain ischemia and in several
chronic neurodegenerative conditions [21, 22]. Calpains were
shown to cleave the vesicular GABA transporters in a model
of transient focal ischemia as well as in cultured hippocampal
neurons subjected to excitotoxic conditions, and the truncated
transporters are not targeted to the synapse [23]. The plasma
membrane GABA transporter GAT1 is also cleaved by
calpains in the N- and C-terminus, including a region involved
in the interaction of the transporter with a high-density PDZ
anchoring matrix [24]. Furthermore, calpain activity contrib-
utes to the downregulation of several GABAAR subunits in
hippocampal neurons subjected to OGD, an in vitro model of
brain ischemia [5]. In this work, we investigated the alter-
ations in gephyrin protein levels in hippocampal neurons sub-
jected to excitotoxic conditions and in brain ischemia, and the
impact on neuronal survival. Our results show that gephyrin
cleavage by calpains leads to the formation of stable cleavage
products which disassemble the synaptic gephyrin lattice. The
cleavage of gephyrin reduces the synaptic clustering of
GABAAR, and the consequent downregulation of inhibitory
synapses upregulates neuronal death in hippocampal neurons
subjected to OGD.

Material and Methods

Hippocampal and Striatal Cultures

Cultures of rat hippocampal and striatal neurons were pre-
pared from E18-E19 and E16 Wistar rat embryos, respective-
ly, as previously described [25, 23, 5]. Briefly, the dissected
tissue was treated with trypsin (0.06 %, for 15 min at 37 °C;
GIBCO Invitrogen) in Ca2+- and Mg2+-free Hank’s balanced
salt solution (HBSS; 5.36 mM KCl, 0.44 mM KH2PO4,
137 mM NaCl, 4.16 mM NaHCO3, 0.34 mM Na2HPO4·
2H20, 5 mM glucose, 1 mM sodium pyruvate, 10 mM

HEPES, and 0.001 % phenol red). The hippocampi/striata
were washed with HBSS containing 10 % fetal bovine serum
to stop trypsin activity and then washed once in HBSS to
remove serum and avoid glial growth. Finally, the
hippocampi/striata were transferred to Neurobasal medium
(GIBCO Invitrogen) supplemented with B27 (1:50 dilution;
GIBCO Invitrogen), glutamate (25 μM), glutamine (0.5 mM),
and gentamicin (0.12 mg/mL), and the cells were dissociated
mechanically before plating on poly-D-lysine-coated 6
microwell plates (MW6) at a density of 9×104 cells/cm2, or
on poly-D-lysine-coated glass coverslips at a density of 80.0×
103 cells/cm2. The cells were kept at 37 °C in a humidified
incubator with 5 % CO2/95 % air, for 7 or 14 days in vitro
(DIV). Low-density hippocampal cultures were prepared by
plating the dissociated cells at a final density of 1–5×104 cells/
dish on poly-D-lysine-coated glass coverslips in neuronal plat-
ing medium (MEM supplemented with 10 % horse serum,
0.6 % glucose and 1 mM pyruvic acid). After 2–4 h, cover-
slips were flipped over an astroglial feeder layer in Neurobasal
medium (GIBCO-Life Technologies) supplemented with
SM1 supplement (1:50 dilution, STEMCELL Technologies),
25 μM glutamate, 0.5 mM glutamine, and 0.12 mg/ml
gentamycin (GIBCO-Life Technologies). The neurons grew
face down over the feeder layer but were kept separate from
the glia by wax dots on the neuronal side of the coverslips. To
prevent overgrowth of glial cells, neuron cultures were treated
with 5 μM cytosine arabinoside (Sigma-Aldrich) after 3 DIV.
Cultures were maintained in a humidified incubator with 5 %
CO2/95 % air, at 37 °C, for up to 2 weeks, feeding the cells
once per week.

Excitotoxic Stimulation with Glutamate

Hippocampal neurons were exposed to 125 μM glutamate for
20min in Neurobasal medium and further incubated in culture
conditioned medium for the indicated periods of time. Pre-
incubations of 2 h were used when cells were treated with
the calpain inhibitors MDL2817 (Calbiochem) and ALLN
(Calbiochem) (50 μM). Under control conditions, hippocam-
pal neurons were not exposed to glutamate.

Preparation of Hippocampal Culture Extracts

Hippocampal cultures were washed twice with ice-cold PBS,
and once more with PBS buffer, supplemented with 1 mM
dithiothreitol (DTT) and a cocktail of protease inhibitors
(0.1 mM phenylmethylsulfonyl fluoride (PMSF) and CLAP
[1 μg/ml chymostatin, 1 μg/ml leupeptin, 1 μg/ml antipain,
and 1 μg/ml pepstatin; SIGMA]). The cells were then lysed
with RIPA (150 mM NaCl, 50 mM Tris–HCl, pH 7.4, 5 mM
EGTA, 1 % Triton, 0.5 % DOC, and 0.1 % SDS, pH 7.5)
supplemented with 50 mM sodium fluoride (NaF), 1.5 mM
sodium orthovanadate (Na3VO4), and the cocktail of protease
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inhibitors. After centrifugation at 16,100×g for 10min at 4 °C,
protein in the supernatants was quantified using the
Bicinchoninic acid (BCA) assay kit (Pierce), and the samples
were denatured with 2× concentrated denaturating buffer
(125 mM Tris, pH 6.8, 100 mM glycine, 4 % SDS, 200 mM
DTT, 40 % glycerol, 3 mM Na3VO4, and 0.01 %
bromophenol blue).

Oxygen-Glucose Deprivation

Hippocampal neurons (14–15 DIV) were incubated in a
glucose-free saline buffer (116 mM NaCl, 25 mM sucrose,
10 mM HEPES, 5.4 mM KCl, 0.8 mM MgSO4, 1 mM
NaH2PO4, 1.8 mM CaCl2, and 25 mM NaHCO3), under an
anaerobic atmosphere (10 % H2, 85 % N2, and 5 % CO2)
(Forma Anaerobic System, Thermo Scientific) at 37 °C, for
the indicated time periods. After the OGD challenge, cultures
were incubated in culture-conditionedmedium and returned to
the humidified 95 % air/5 % CO2 incubator for 8 h. Control
neurons were washed and incubated in the saline buffer de-
scribed above, supplementedwith 25mMglucose, and kept in
the humidified 95 % air/5 % CO2 incubator at 37 °C for the
indicated time periods. When appropriate, the calpain inhibi-
tor MDL28170 (50 μM; Merck-Millipore) was added 2 h be-
fore and during OGD, and was also present during the period
after the ischemic injury.

Western Blot

Protein samples were separated by SDS-PAGE, in 12 % poly-
acrylamide gels, transferred to polyvinylidene fluoride
(PVDF) membranes (Milipore, MA), and immunoblotted, as
previously described [5]. Blots were incubated with primary
antibodies overnight at 4 °C, washed, and exposed to alkaline
phosphatase-conjugated secondary antibodies (1:20,000 dilu-
tion for anti-rabbit IgG and 1:10,000 dilution for anti-mouse
IgG) for 1 h at room temperature. Alkaline phosphatase activ-
ity was visualized by enhanced chemifluorescence (ECF) on
the Storm 860 gel and blot imaging system, and quantified
using the Image Quant software (GE Healthcare). The follow-
ing primary antibodies were used: anti-gephyrin (1:1000, Syn-
aptic Systems) and anti-spectrin (1:1000, Merck-Millipore).
The anti-synaptophysin (1:10000, Synaptic Systems) anti-
body was used as loading control.

Activation of Synaptic and Extrasynaptic NMDA
Receptors

Activation of synaptic versus extrasynaptic NMDARwas per-
formed as previously described [26, 27], in a basal saline
buffer containing 132 mMNaCl, 4 mMKCl, 1.4 mMMgCl2,
2.5 mM CaCl2, 6 mM glucose, and 10 mM HEPES. To stim-
ulate synaptic glutamate release, cultured hippocampal

neurons (14 DIV) were treated with 50 μM bicuculline
(Tocris), 2.5 mM 4-aminopyridine (4-AP; Tocris) and
10 μM glycine for 20 min, and were then allowed to recover
for 4 h in the original culture medium. To activate the
extrasynaptic pool of NMDA receptors, cultured hippocampal
neurons (14 DIV) were treated with 50 μM bicuculline,
2.5 mM 4-AP, 10 μM MK 801 and 10 μM glycine for
5 min, and were then washed with a similar solution but in
the absence of MK 801. Thereafter, neurons were incubated
with 100 μMNMDA for 20min and were further incubated in
the original culture medium for 4 h. Cell extracts were pre-
pared and described above for Western blot experiments.

Intra-Hippocampal Injection of Kainate

Intrahippocampal injection of kainate was performed as pre-
viously described [23]. Briefly, wild type adult male mice
(C56BL6) were deeply anesthetized with avertin (2,2,2
Tribromoethanol, 2-methyl-2-butanol), placed in a stereotaxic
apparatus, and given a unilateral injection of 1 nmol of kainate
(in 0.3 μl of PBS) into the hippocampal CA1 region using a
10 μl motorized syringe (Hamilton), after drilling a small hole
with a surgical drill. The coordinates of the injection were:
anterior-posterior -2.3 mm, medial lateral -1.5 mm, and dor-
sal-ventral -1.7 mm from the bregma. Two minutes after the
needle insertion, kainate was injected at a constant flow rate of
0.05 μl/min. The needle remained in place for an additional
2 min to prevent reflux of fluid. The body temperature of mice
was monitored and maintained at 37 °C during surgery and up
to 30 min after the injection, using a homeothermic heating
blanket (Harvard Apparatus) with feedback regulation. The
death rate in this experiment was less than 5 %. Mice were
sacrificed 4 or 8 h after injection, and a 2 mm section was
taken around the hippocampus with the help of a 1 mm coro-
nal mouse matrice. The slices were immediately frozen with
dry ice, and the contralateral and the damaged ipsilateral areas
of the hippocampal slices were taken using a Harris Unicore
2 mm tip (Pelco International). Samples were then homoge-
nized in RIPA buffer supplemented with 50 mMNaF, 1.5 mM
Na3VO4 and the cocktail of protease inhibitors (PMSF, DTT,
and CLAP), and processed for western blot.

Middle Cerebral Artery Occlusion (MCAO)

Experiments were conducted in accordance with protocols
approved by the Malmö/Lund Ethical Committee for Animal
Research (M332-09, M243-07). Nine to 11 weeks old
C57BL/6 J male mice (weight 21.5 to 27.9 g; Taconic, Den-
mark) were housed under diurnal conditions with free access
to water and food, before and after surgery.

Focal cerebral ischemia was induced by the transient oc-
clusion of the right middle cerebral artery (MCA), using the
intraluminal filament placement technique as described
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previously [28]. Briefly, adult male mice were anesthetized by
inhalation of 2.5% isoflurane (IsobaVet, Schering-PloughAn-
imal Health, England) in O2:N2O (30:70). Anesthesia was
subsequently reduced to 1.5–1.8 % isoflurane and sustained
throughout the occlusion period. Body temperature was kept
at approximately 37 °C throughout the surgery period. In or-
der to monitor regional cerebral blood flow (rCBF), an optical
fiber probe (Probe 318-I, Perimed, Sweden) was fixed to the
skull at 2 mm posterior and 4 mm lateral to the bregma and
connected to a laser Doppler flow meter (Periflux System
5000, Perimed, Sweden). A filament composed of 6–0
polydioxanone suture (PSDII, Ethicon) with a silicone tip (di-
ameter of 225 to 275 μm) was inserted into the external ca-
rotid artery and advanced into the common carotid artery. The
filament was retracted, moved into the internal carotid artery
and advanced until the origin of the MCA, given by the sud-
den drop in rCBF (approximately 70 % of baseline). After
45min, the filament was withdrawn and reperfusion observed.
The animals were placed in a heating box at 37 °C for the first
2 h post-surgery and thereafter transferred into a heating box
at 35 °C, to avoid post-surgical hypothermia. Thirty minutes
after the onset of reperfusion, 0.5 ml of 5 % glucose were
administered subcutaneously. Temperature and sensorimotor
deficits were assessed at 1 and 2 h and in the morning after the
surgery. Forty-eight hours after MCAO, mice were
anesthesized, perfused with saline, and sacrificed. Brains were
removed and frozen in isopentane (−60 °C), and the regions of
interests (infarct core, peri-infarct area, and contralateral cor-
tex) were dissected at −60 °C. Samples were then homoge-
nized and processed for Western blot.

Neuron Transfection with Calcium Phosphate

Transfection of cultured hippocampal neurons (DIV12) with
EGFP, EGFP-tagged full-length gephyrin (EGFP-geph.FL),
or with a truncated form of gephyrin (EGFP-geph.T) [29]
was performed by the calcium phosphate coprecipitation
method. Briefly, 2 μg of plasmid DNA were diluted in Tris-
EDTA (TE) pH 7.3 and mixed with 2.5 M CaCl2. This DNA/
TE/calcium mix was added to 10 mMHEPES-buffered saline
solution (270 mM NaCl, 10 mM KCl, 1.4 mM Na2 HPO4,
11 mM dextrose, 42 mM HEPES, and pH 7.2). The precipi-
tates were allowed to form for 30 min at room temperature,
protected from light, with vortex mixing every 5 min, to en-
sure that the precipitates had similar small sizes. Meanwhile,
cultured hippocampal neurons were incubated with cultured-
conditioned medium with 2 mM kynurenic acid (Sigma). The
precipitates were added drop-wise to each well and incubated
for 2 h at 37 °C, in an incubator with 95 % air/5 % CO2. The
cells were then washed with acidic 10 % CO2 equilibrated
culture medium containing 2 mM kynurenic acid and returned
to the 95% air/5%CO2 incubator for 20min at 37 °C. Finally,
the medium was replaced with the initial culture-conditioned

medium, and the cells were further incubated in a 95% air/5%
CO2 incubator for 48 h at 37 °C to allow protein expression.
Where indicated the cells were then subjected to OGD for
90 min, and 8 h after the insult they were fixed to proceed
with the cell death assay.

Production of Adeno-Associated Viral Vectors Serotype 1
(AAV1) and Transduction of Hippocampal Neurons

AAV1 vectors were produced by polyethylenimine (PEI)-
based triple transfection of HEK293 cell cultures using a pro-
tocol adapted from Konermann et al. [30]. Briefly, HEK293
cells were grown in complete medium containing Dulbecco’s
Modified Eagle Medium (DMEM)/Nutrient Mixture F-12
medium with GlutaMax (Life technologies), 10 % heat-
inactivated HyClone FBS (Thermo Scientific), and 1 % 1 M
HEPES (Life Technologies) at 37 °C in a humidified incuba-
tor with 5 % CO2/95 % air. Twenty-four hours before trans-
fection, 10×106 HEK293 cells were plated onto a 15-cm dish.
The cells were transfected with pDF6 helper plasmid, pAAV1
serotype packaging vector, and pAAV vector carrying the
gene of interest, in a ratio of 2:1.6:1, mixed with 434 μl of
serum-free DMEM and 130 μl of PEI BMax^ (MW 40,000,
Polysciences Europe) (1 mg/ml). The DNA/DMEM/PEI mix
was vortexed for 10 s, incubated at room temperature for
15 min, added to 22 ml of complete medium, and used to
replace the medium on the 15-cm dish of HEK293 cells. At
48 h posttransfection, the viral supernatant was collected and
filtered through a 0.45-μm PVDF filter (Fisherbrand) and
stored at −80 °C. Two recombinant AAV1 vectors were gen-
erated, one encoding for eGFP the other encoding for
Calpastatin.

AAV1 vectors (500μl/well) were added directly to primary
cultures of hippocampal neurons, maintained in 6-well
multiwell plates, on DIV 9. The cells were further incubated
in culture medium lacking virus for 5 days before preparation
of the extracts.

Immunocytochemistry

Cells were fixed in 4 % sucrose/paraformaldehyde and perme-
abilized with 0.3 % Triton X-100 in PBS. The neurons were
then incubated with PBS supplemented with 10 % BSA for
1 h at room temperature, to block nonspecific staining, and
incubated with primary antibodies diluted in PBS supplement-
ed with 3 % BSA, overnight at 4 °C. The cells were then
washed six times with PBS and incubated with the appropriate
secondary antibodies, for 1 h at 37 °C. The coverslips were
mounted in a fluorescent mounting medium (DAKO, Den-
mark), and imaging was performed on a Zeiss LSM510 con-
focal microscope, using a 63× oil objective. For each set of
experiments, the images were acquired using identical expo-
sure settings. The regions of interest used in the quantification
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were blindly chosen using the MAP2 channel. The quantifi-
cation was performed using the ImageJ software (NIH). After
determination of the threshold and subtraction of the back-
ground, the results were normalized for the length of the re-
gion of interest. At least 12 cells per condition were analyzed
for each preparation.

The primary antibodies used were anti-VGAT (1:500, Ab:
75-87aa; Synaptic Systems, Germany), anti-MAP2 (1:10,000,
Abcam), anti-gephyrin (1:500, Synaptic Systems), and anti-
GFP (1:500, MBL). The secondary antibodies used were anti-
Chicken IgG conjugated with AMCA Fluor 350 (1:200,
Invitrogen), anti-mouse IgG conjugated with Alexa Flour
568 (1:500, Invitrogen), anti-rabbit IgG conjugated with
Alexa Flour 568 (1:500, Invitrogen), and anti-guinea pig
IgG conjugated with Alexa 647 (Invitrogen).

For surface labeling of GABAAR γ2 subunits, before fix-
ation, cells were incubated with primary antibodies (anti-
GABAAR γ2, 1:500, Merck-Millipore), diluted in condi-
tioned Neurobasal medium, washed twice and then fixed.

Cell Death Assay

Hippocampal neurons were cultured for 14 days on poly-D-
lysine-coated glass coverslips as previously described [5]. Af-
ter the experiments cells were fixed in 4 % sucrose/4 % para-
formaldehyde (in PBS), washed twice with PBS and were
then incubated with Hoechst 33342 (0.5 μg/ml) to stain nu-
clei. Analysis of the nuclear morphology was performed on a
Zeiss Axiovert 200 florescence microscope, under a 40×
objective.

Statistical Analysis

The immunoreactivity obtained in each experimental condi-
tion was calculated as a percentage of the control. Data are
presented as mean±SEM of at least three different experi-
ments, performed in independent preparations. Statistical
analysis of the results was performed using one-way ANOVA
analysis followed by the Dunnet or Bonferroni multiple com-
parison test, as indicated in the figure caption.

Results

Gephyrin is Cleaved After Excitotoxic Stimulation
with Glutamate

To investigate the effect of excitotoxic stimulation on
gephyrin protein levels, cultured hippocampal and striatal
neurons (7 DIV) were stimulated with 125 μM glutamate for
20 min and were further incubated in culture conditioned me-
dium for different periods of time. Stimulation of cultured
hippocampal neurons under these conditions causes 40–

50 % of cell death (Almeida et al., 2005), and Western blot
experiments, using an antibody against the C-terminal region
of gephyrin (G-domain), showed a time-dependent cleavage
of the protein, with a t1/2 of 6 h, giving rise to a product of
about 47 kDa (Geph.T) (Fig. 1a). The time-dependent down-
regulation of the full-length gephyrin (by 30 % at 1 h) was
associated with an upregulation of the 47 kDa immunoreac-
tive band, suggesting that this is a cleavage product of
gephyrin. Accordingly, the total amount of gephyrin (full
length+truncated gephyrin) did not change at the different
time points analyzed after the excitotoxic insult (Fig. 1b).

Since the striatum is enriched in GABAergic neurons vul-
nerable to excitotoxic injury, we tested the effect of glutamate
stimulation on gephyrin protein levels in cultured rat striatal
neurons. The cells were stimulated with 125 μMglutamate for
20 min and further incubated during 1.5 or 8 h in culture
conditioned medium. The results also showed an increase in
the percentage of cleaved gephyrin by about 20 % when de-
termined 8 h after injury (Fig. 1c).

To further characterize the effect of excitotoxic stimulation
on the cleavage of gephyrin, cultured hippocampal neurons
were transfected with GFP-gephyrin, and the cleavage of the
protein was analysed by western blot with an antibody against
GFP. Stimulation with glutamate increased the protein levels
of a gephyrin cleavage product containing the N-terminal re-
gion of the protein fused with GFP (Fig. 1d, left panel, lane 4).
Under the same conditions, there was also an upregulation of
the cleavage product containing the C-terminal region of the
protein, detected by the anti-gephyrin antibody (Fig. 1d, right
panel, lane 4).

It has been hypothesized that the extrasynaptic pool of
NMDA receptors is preferentially coupled to the activation
of the excitotoxic machinery [27, 31]. To better understand
the role NMDA receptors (NMDAR) in glutamate-evoked
cleavage of gephyrin, we stimulated cultured hippocampal
neurons under conditions that allow activating synaptic or
extrasynaptic NMDAR [27, 26]. Gephyrin protein levels were
analyzed by Western blot at 8 h after stimulation of NMDA
receptors. The results show that gephyrin cleavage was spe-
cifically induced by stimulation of the extrasynaptic pool of
NMDAR (Fig. 1e).

To determine whether gephyrin cleavage also occurs under
excitotoxic conditions in vivo, adult mice were subjected to
middle cerebral artery occlusion (MCAO), a model of tran-
sient focal ischemia [28]. Adult mice were subjected to a
45 min occlusion of the left middle cerebral artery, and ex-
tracts were prepared from the ipsilateral and contralateral brain
hemispheres (cerebral cortex, hippocampus, and striatum)
48 h after injury. Gephyrin cleavage was observed in the stri-
atum (peri-infarct area) and cerebral cortex (infarct core),
which are the brain areas affected in this model, as assessed
by Western blot using the antibody against gephyrin C-
terminal region (Fig. 2).
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Calpain Cleaves Gephyrin Under In Vitro and In Vivo
Excitotoxic Conditions

Calpains play a key role in neuronal death following
excitotoxic injury and in brain ischemia [21], and the gephyrin
molecule contains several putative calpain cleavage sites as
predicted by the GPS-CCD program (calpain cleavage detec-
tor based on the algorithm for group-based prediction system,
available at http://ccd.biocuckoo.org/) [32]. Accordingly,
in vitro experiments showed that gephyrin is a substrate of
calpains in the brain [33, 19]. Therefore, we investigated
whether these proteases are involved in gephyrin cleavage
following an excitotoxic insult with glutamate. Incubation of
cultured hippocampal neurons (7 DIV) with the chemical
calpain inhibitors ALLN or MDL28170 prevented

glutamate-evoked gephyrin cleavage, when analyzed 8 h after
the insult (Fig. 3a).

To determine whether calpains also play a role in
gephyrin cleavage in an in vitro model of brain ischemia,
we tested the effect of MDL28170 in hippocampal neurons
subjected to a transient incubation in the absence of oxygen
and glucose (OGD) (Hertz, 2008). Hippocampal neurons
were subjected to OGD for 90 min, which induces the
death of about 40 % of the neurons when determined 7–
12 h after the insult [5]. Incubation of hippocampal neurons
with MDL28170 prevented gephyrin cleavage induced by
OGD (Fig. 3b). Furthermore, the effects of OGD on the
cleavage of gephyrin were abrogated in hippocampal neu-
rons transduced with calpastatin, the endogenous calpain
inhibitor, while no effect was observed in cells transduced

Fig. 1 Excitotoxic injury leads to the cleavage of gephyrin in cultured
hippocampal and striatal neurons. Hippocampal (a, b) (7 DIV) or striatal
(c) (7 DIV) neurons were subjected to excitotoxic stimulation with
glutamate (125 μM for 20 min), and the extracts were prepared after
incubation in culture conditioned medium for the indicated periods of
time. In the experiments shown in d hippocampal neurons (14 DIV)
were transfected or not with EGFP-tagged full length gephyrin (GFP-
gephyrin FL) and were stimulated with 50 μM glutamate for 20 min. In
this case, extracts were prepared after incubation of the cells for 1 h in
culture-conditioned medium. Samples were analysed by western blot
with an antibody against the G-domain of gephyrin (or with an anti-
GFP antibody as indicated in panel (d)), and the results are expressed
as a percentage of total gephyrin (FL and truncated gephyrin) (a, c) or as

total gephyrin protein levels (b; full length+truncated gephyrin). e
Cultured hippocampal neurons (14 DIV) were incubated under
conditions that allow the specific activation of synaptic or extrasynaptic
NMDA receptors, as described in material and methods. Gephyrin
protein levels were determined by western blot, and the results are
expressed as a percentage of the total amount of gephyrin. The results
are the average±SEM of five to seven independent experiments
performed in distinct preparations. The images shown in panel (d) are
representative of two independent experiments. Statistical analysis was
performed using one-way ANOVA, followed by the Dunnet’s multiple
comparison test. N.S. non significant;*p<0.05,**p<0.01, ***p<0.001
when compared with the control
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Fig. 2 Cleavage of gephyrin in the core and penumbra regions after
transient focal ischemia. Adult C56BL/6 mice were subjected to
transient 45 min MCAO/sham and gephyrin, and synaptophysin protein
levels were determined in the infarct core, penumbra, and contralateral
cortex 48 h after the lesion, by Western blot. The ratio between gephyrin
protein levels and the loading control (synaptophysin) was calculated,

and the results obtained in the contralateral hemisphere of sham
operated mice were set to 100 %. The results are the average±SEM of
3–4 independent experiments performed in different animals. Statistical
analysis was performed using one-way ANOVA followed by
Bonferroni’s multiple comparison test; ***p<0.001, when compared
for the indicated comparisons

Fig. 3 Calpains mediate the cleavage of gephyrin in hippocampal
neurons subjected to excitotoxic conditions and after OGD. a Cultured
hippocampal neurons were preincubated (2 h) with the calpain inhibitors
MDL 28170 (100 μM) or ALLN (50 μM), before and during glutamate
stimulation (Glu; 125 μM, 20 min). The cells were further incubated in
culture-conditioned medium for 1.5 h with calpain inhibitors and extracts
were analyzed bywestern blot with an anti-gephyrin antibody. bCultured
hippocampal neurons were subjected to OGD (90 min) in the presence or
in the absence of the calpain inhibitors MDL 28170 (100 μM) or ALLN
(50 μM). c Cultured hippocampal neurons infected or not with AVV type

1 virus expressing calpastatin or GFP were subjected to OGD (90 min)
and western blot analysis was performed 8 h after the insult. The cleavage
of gephyrin was quantified, and neuronal infection was confirmed using
specific antibodies against GFP and calpastatin. The results are expressed
as a percentage of total gephyrin protein levels (FL and truncated
gephyrin) and are the average±SEM of 4 to 7 independent experiments
performed in different preparations. Statistical analysis was performed
using one-way ANOVA followed by Bonferroni’s multiple comparison
test. *p<0.05, **p<0.01,***p<0.001
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with GFP (Fig. 3c). Taken together, the results indicate that
gephyrin is cleaved by calpains after excitotoxic injury and
following an in vitro ischemic insult.

In additional experiments, we investigated the role of
calpains in gephyrin cleavage under excitotoxic conditions
in vivo, by injecting kainate in the hippocampus of wild type
mice and in mice overexpressing calpastatin [23, 34, 35].
Gephyrin protein levels were determined at 4 and 8 h after
kainate injection in the CA1 region of the hippocampus. In
agreement with the results obtained in cultured hippocampal
neurons subjected to excitotoxic conditions, kainate injection
induced gephyrin cleavage in the ipsilateral hemisphere (as
compared to the contralateral hemisphere) at 4 and 8 h after
the insult in the wild type mice. The effect of kainate was
significantly decreased in transgenic mice overexpressing
calpastatin, by about 71 or 50 % when determined 4 and
8 h after the excitotoxic lesion, respectively (Fig. 4a, b).
Under the latter conditions, there was also a significant re-
duction in cell death induced by kainate injection in the
hippocampus [23].

Gephyrin Cleavage Decreases GABAA Receptor
Clustering at the Synapse

Cleavage of gephyrin under excitotoxic conditions gives rise
to a cleavage product with an apparent molecular weight of
47 kDa which interacts with an antibody raised against the
gephyrin N-terminus (Figs. 1 and 2). The complementary
cleavage product was also detected following excitotoxic
stimulation of cultured hippocampal neurons transfected with

GFP-gephyrin (Fig. 1d). This indicates that the calpain cleav-
age site is located at the end of the gephyrin linker region or at
N-terminus of the E-domain [29]. Accordingly, this region of
the gephyrin molecule contains several putative calpain cleav-
age sites as predicted by the GPS-CCD program (e.g., residues
401 and 412). To investigate the impact of gephyrin cleavage
on GABAergic synapses, we analyzed the clustering of the
endogenous protein along dendrites in hippocampal neurons
transfected with an EGFP-tagged truncated form of the pro-
tein, containing the G-domain and the linker region (gephyrin-
GC). Under these conditions, the alteration in the distribution
of the endogenous full-length protein can be specifically ana-
lyzed with an antibody against the gephyrin E-domain. In
control experiments, hippocampal neurons were transfected
with GFP. The results of Fig. 5a–c show that transfection of
hippocampal neurons with truncated gephyrin significantly
reduced the area and intensity of the clusters formed by the
endogenous protein by 53.4 and 60.0 %, respectively, when
compared with the control. These results indicate that the
cleavage of gephyrin decreases the clustering of the protein
along dendrites. In contrast, transfection with full-length
gephyrin increased the area and intensity of the puncta con-
taining endogenous and EGFP-tagged protein (Fig. 5a–c).
Previous studies showed that synaptic targeting and clustering
of recombinant gephyrin are not affected by the presence of
EGFP [29, 20].

To further investigate the effect of gephyrin cleavage on
GABAergic synapses, we compared the colocalization of the
endogenous protein with the vesicular GABA transporter
(VGAT), a presynaptic marker, in hippocampal neurons

Fig. 4 Calpains mediate the cleavage of gephyrin in the hippocampus
under excitotoxic conditions in vivo. Adult wild type mice (Wt)
(C56BL6) or calpastatin-transgenic mice (hCast) were injected with
kainate (1 nmol in 0.3 μl phosphate buffer) in the right hippocampus
and 4 h (a) or 8 h (b) later the ipsilateral, and the contralateral
hippocampi were collected from the coronal sliced brain. Hippocampal

extracts were analysed by western blot using an antibody against
gephyrin, and gephyrin cleavage was expressed as a percentage of total
gephyrin (FL and truncated). The results are the average±SEM of 3–5
independent experiments performed in different preparations. Statistical
analysis was performed using one-way ANOVA followed by
Bonferroni’s multiple comparison test.*p<0.05,**p<0.01, ***p<0.001
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transfected with EGFP-tagged gephyrin-GC or with GFP
(control). Expression of truncated gephyrin decreased the
number of puncta containing endogenous gephyrin and
VGAT to 51.8 % of the control (Fig. 5d). Furthermore, under

the same conditions, there was a reduction in the area of the
puncta and the percentage of dendritic gephyrin colocalizing
with VGAT to 47.5 and 56.0 %, respectively (Fig. 5e, f).
Taken together, these results indicate that gephyrin cleavage

Fig. 5 Expression of a truncated form of gephyrin downregulates
gephyrin clustering. Cultured hippocampal neurons (low density) were
transfected with GFP, EGFP-tagged full length gephyrin (EGFP-
geph.FL) or with a truncated form of gephrin containing the G-domain
and the linker region (EGFP-geph.T). Gephyrin expression was evaluated
by immunocytochemistry with an antibody against the C-terminus of the
protein. The area (a) and intensity (b) of gephyrin puncta were analysed
in the dendritic compartment and normalized for its length. The number

(d) and area (e) of gephyrin puncta colocalizingwith VGAT, as well as the
% of colocalization (f) were calculated. Results are means±SEM of at
least three independent experiments (30 cells), performed in different
preparations. Representative images are shown in panel (c). Statistical
analysis was performed by one-way ANOVA, followed by Dunnett’s test.
*p<0.05; **p<0.01; ***p<0.001—significantly different when com-
pared to control conditions
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contributes to a disassembly of the GABAergic synapses. In
contrast, transfection of hippocampal neurons with EGFP-
tagged gephyrin increased significantly the number of
gephyrin puncta that colocalized with VGAT (by 84.6 %),
the area of the puncta containing the pre- and postsynaptic
GABAergic markers (by 97.8 %), and the percentage of
gephyrin that colocalized with VGAT along dendrites (by
104.3 %) (Fig. 5d–f).

Given the role of gephyrin in anchoring GABAAR at the
synapse, the cleavage of the protein under excitotoxic condi-
tions is likely to affect the surface expression of the receptors.
To address this question, we compared the surface distribution
of GABAAR γ2 subunits in hippocampal neurons transfected
with EGFP tagged gephyrin-GC or with GFP. GABAAR γ2
subunits are expressed in a large percentage of synaptic
GABAAR [36]. In agreement with the effect on gephyrin clus-
tering, transfection of gephyrin-GC decreased the number of
GABAAR γ2 puncta, as well as the puncta area and intensity,
to 60.6, 55.5, and 46.7%, respectively (Fig. 6a–d). In contrast,
transfection of hippocampal neurons with EGFP-tagged full-
length gephyrin upregulated the total number of puncta con-
taining the GABAAR γ2 subunit (by 47.4 %) and the intensity
of the puncta (by 31.6 %), but no effect was observed in the
puncta area (Fig. 6a–c and g). Together, these results show that
dissociation of the gephyrin clusters induced by the truncated
protein is correlated with a disassembly of surface GABAAR
clusters. Colocalization experiments, characterizing the distri-
bution of surface GABAAR γ2 subunits and the presynaptic
marker VGAT, were performed to further evaluate the effect of
gephyrin-GC on the surface distribution of plasmamembrane-
associated GABAAR. Transfection of hippocampal neurons
with truncated gephyrin decreased the number and area of
GABAAR γ2 puncta that colocalized with VGAT to 61.1
and 67.0 %, respectively (Fig. 6e, g). A significant reduction
in the percentage of total GABAAR subunits that colocalized
with the presynaptic marker was also observed (to 53.0 %)
(Fig. 6g). In contrast, transfection with the EGFP-tagged full-
length gephyrin increased the number GABAAR γ2 puncta
that colocalized with VGAT (by 31.9 %) (Fig. 6e), while no
effect was observed in the puncta area and on the percentage
of GABAAR γ2 subunit colocalization with VGAT (Fig. 6f–g).
These results show an effect of cleaved gephyrin on the
surface expression of GABAAR which is likely to affect
GABAergic synaptic transmission.

Gephyrin Cleavage Increases OGD-Induced Neuronal
Death

The activity of GABAergic synapses is an important modula-
tor of neuronal demise in brain ischemia [5]. In particular, the
GABAAR γ2 is present in the majority of postsynaptic
GABAARs which mediate phasic inhibition [36]. Therefore,
we hypothesized that the cleavage of gephyrin in brain

ischemia (Figs. 2 and 3b and c) could contribute to neuronal
death by downregulating the inhibitory synaptic transmission.
To address this question, we determined the impact of trans-
fection with EGFP-geph-GC on the survival of hippocampal
neurons exposed to OGD. Under control conditions, hippo-
campal neurons were transfected with GFP or with the full-
length form of gephyrin (EGFP-geph). Hippocampal neurons
transfected with GFP showed an increase in cell death to
51.5 % after 90 min of OGD, when assessed 8 h after the
insult. When similar experiments were performed in hippo-
campal neurons transfected with EGFP-geph-GC, the same
insult induced a more significant increase in cell death to
82.5 % (Fig. 7a, b). As expected, trasfection with full length
gephyrin (EGFP-gephyrin) slightly reduced neuronal injury
induced by OGD although the effect was not statistically sig-
nificant. As expected, non-transfected cells showed similar
rates of cell death, showing the specificity of the effects
resulting from the transfection with the full-length and trun-
cated forms of gephyrin (Fig. 7a, c).

Taken together, the results indicate that the dominant neg-
ative effect of truncated gephyrin destabilizes GABAergic
synapses and the resulting impairment of the inhibitory sig-
naling renders the cells more vulnerable to the toxic injury
resulting from OGD.

Discussion

In this work, we show a role for calpains in the cleavage of
gephyrin under excitotoxic conditions, both in cultured hip-
pocampal neurons and in vivo, giving rise to a stable cleavage
product. The results obtained in hippocampal neurons
transfected with a peptide corresponding to the gephyrin G-
domain and linker region suggest that the gephyrin cleavage
products act as dominant negatives to disassemble the
gephyrin lattice responsible for anchoring GABAAR at the
synapse. Furthermore, the resulting downregulation of
GABAergic synapses was found to increase neuronal death
in hippocampal neurons subjected to OGD. In a previous
study, we showed that OGD decreases the interaction of the
surface GABAAR α1 subunit with gephyrin by a calcineurin-
dependent mechanism [5]. Under the same conditions, the
PP1/PP2A-mediated dephosphorylation of GABAAR β3 sub-
units was reported to favor the internalization of the receptors
[5]. Together, the effects of calpain and calcineurin decrease
the anchoring of GABAAR at the synapse, and the increased
receptor mobility may allow them to reach the sites where they
are internalized, thereby decreasing GABAAR surface
expression.

A role for calpains in the cleavage of gephyrin under
excitotoxic conditions in vivo and in vitro, as well as in
in vitro brain ischemia, is suggested by the following pharma-
cological and non-pharmacological evidence: (i) the glutamate-
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evoked cleavage of gephyrin was blocked by the calpain inhib-
itors ALLN and MDL28170; (ii) the cleavage of gephyrin in
hippocampal neurons subjected to OGD was inhibited by
MDL28170 as well as in the presence of increased protein
levels of calpastatin, an endogenous calpain inhibitor; (iii) the
cleavage of gephyrin induced by kainate injection in the

hippocampal CA1 region was inhibited in transgenic mice
overexpressing calpastatin; (iv) the gephyrin molecule contains
several putative calpain cleavage sites as predicted by the GPS-
CCD program. In agreement with this hypothesis, incubation of
hippocampal extracts with calpain-1 was also shown to induce
gephyrin cleavage, giving rise to a stable cleavage product of

Fig. 6 Expression of a truncated form of gephyrin downregulates the
surface expression of GABAAR. a–g Cultured hippocampal neurons
(low density) were transfected with GFP, EGFP-tagged full-length
gephyrin (EGFP-geph.FL) or with a truncated form of gephyrin contain-
ing the G-domain and the linker region (EGFP-geph.T). Surface expres-
sion of the GABAAR γ2 subunits was evaluated by immunocytochemis-
try with an antibody against the GABAAR γ2 subunits (N-terminus)
under non-permeabilizing conditions. The number of GABAAR γ2 sub-
unit particles (a), puncta area (b), and intensity (c) were analysed in the

dendritic compartment and normalized for its length. The number (e) and
area of GABAAR γ2 puncta (f) colocalizing with VGAT, as well as the %
of colocalization (g), were calculated. Results are means±SEM of at least
three independent experiments (30 cells), performed in different prepara-
tions. Representative images are shown in panel (d). Statistical analysis
was performed by one-way ANOVA, followed by Dunnett’s test.
**p<0.01; ***p<0.001—significantly different when compared to con-
trol conditions
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about 50 kDa [19, 33]. Similarly, gephyrin cleavage under
excitotoxic conditions and in brain ischemia gives rise to a
stable (>8 h) cleavage product with ~47 kDa.

The postsynaptic multimeric, hexagonal gephyrin aggre-
gates are thought to arise from the dimerization of gephyrin
E-domain and trimerization of the G-domain [11, 37–39]. The
results of the Western blot experiments suggest that gephyrin
cleavage under excitotoxic and ischemic conditions occurs
near the C-terminus of the linker region or in the first amino
acids of the gephyrin E-domain. To investigate the impact of
gephyrin cleavage on GABAergic synapses, we transfected
differentiated hippocampal neurons with a truncated form of
gephyrin containing the G-domain and the linker region, and
analyzed the changes in GABAergic synapses. The results
showed a decrease in the area and intensity of the puncta
formed by the endogenous protein. A decrease in the number

of synaptic puncta and their area was also observed, showing a
dominant-negative type of effect by the truncated proteins to
disassemble the postsynaptic clusters of endogenous
gephyrin. The same effect was previously reported in devel-
oping hippocampal neurons [29] and suggests a constant turn-
over of gephyrin in postsynaptic clusters present in mature
GABAergic synapses. A dynamic behavior of the postsynap-
tic gephyrin scaffold was previously suggested using different
experimental approaches [40–42].

The GABAAR γ2 subunit plays a key role in synaptic
clustering of the receptors [43], being expressed in a large
fraction of postsynaptic GABAARs that mediate phasic inhi-
bition [36]. Although gephyrin does not interact directly with
GABAAR γ2 subunits, it is thought that the scaffold protein
might stabilize the γ2-containing receptor clusters at the syn-
apse [12]. In agreement with this model, we observed a

Fig. 7 Expression of a truncated form of gephyrin increases OGD-
induced neuronal death. a–b Cultured hippocampal neurons were
transfected with GFP, EGFP-tagged full length gephyrin (EGFP-
geph.FL) or with a truncated form of gephyrin containing the G-domain
and the linker region (EGFP-geph.T), and subjected to OGD for 90 min
before incubation in culture conditioned medium for 12 h. Where indi-
cated (sham), the cells were treated under control conditions. The
transfected cells were identified by immunocytochemistry with an anti-
GFP antibody, and the viability of transfected (b) and non-transfected (c)
cells was evaluated by fluorescence microscopy with Hoechst 33342.

Representative images are shown in panel (a). The arrows point to the
nuclei of hippocampal neurons transfected with GFP, the EGFP-tagged
full length gephyrin (EGFP-geph.FL) or with the truncated form of
gephyrin (EGFP-geph.T). For each experimental condition, two cover-
slips were analyzed and at least 40 cells were counted per coverslip.
Results are means±SEM of at least three independent experiments, per-
formed in different preparations. Statistical analysis was performed by
one-way ANOVA, followed by Bonferroni test. *p<0.05, **p<0.01,
***p<0.001—significantly different when compared to Sham condition
or for the indicated comparison. N.S. not significant
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decrease in synaptic clustering of GABAAR γ2 subunits in
hippocampal neurons transfected with the truncated form of
gephyrin containing the G-domain and the linker region,
which also decreased the clustering of the endogenous
gephyrin at the synapse. Interestingly, expression of the
gephyrin E-domain was also shown to decrease the clustering
of the scaffold protein along dendrites [29]. Therefore, under
excitotoxic condition and in brain ischemia, the gephyrin
cleavage products containing N-terminus (G-domain and
linker region) and the C-terminus (E-domain) are likely to
act together as dominant negatives in the inhibition of
gephyrin clustering. This effect, together with the decrease
in total full length gephyrin protein levels, is expected to con-
tribute to the loss of synaptic GABAAR containing γ2 sub-
units, with consequent downregulation of phasic inhibition.
The modulation of the surface clustering of GABAAR by the
truncated forms of gephyrin may depend on the subunit com-
position of the receptors since expression of truncated forms
of gephyrin did not affect the clustering of receptors contain-
ing α2 subunits [29]. However, the latter studies were per-
formed in hippocampal neurons cultured for 6 or 10 days
before transfection, and this may suggest that early in devel-
opment the clustering of GABAAR is not critically regulated
by gephyrin.

S-nitrosylation of gephyrin under excitotoxic conditions
and in brain ischemia may also regulate the clustering of the
protein at GABAergic synapses [44]. Accordingly, upregula-
tion of the neuronal isoform of nitric oxide synthase (nNOS)
was found to decrease the size of postsynaptic gephyrin clus-
ters. Therefore, the NMDA receptor mediated [Ca2+]i over-
load with a consequent activation of nNOS [45] may contrib-
ute to the disassembly of the synaptic gephyrin clusters
through S-nitrosylation of the protein, with a consequent loss
of synaptic clustering of GABAAR. A distinct mechanism that
may also contribute to downregulate the synaptic clustering of
GABAAR in OGD is suggested by the observed decrease in
the interaction of gephyrin with surface GABAAR containing
α1 subunits mediated by calcineurin [5]. Although the cal-
cineurin target(s) was not investigated in detail, the effects
were attributed to the dephosphorylation of GABAAR. These
effects of calcineurin may be downstream of the activation of
NMDA receptors since the influx of Ca2+ through these re-
ceptors was shown to increase the mobility and the rapid dis-
persal of GABAAR [46]. Alternatively, OGD may affect the
activity of the protein kinase(s) involved in the phosphoryla-
tion of the amino acid residue targeted by calcineurin.

The diffusion of GABAAR away from the synapse follow-
ing excitotoxic injury is not necessarily associated with an
upregulation of tonic inhibition by extrasynaptic receptors.
First, the synaptic population of GABAAR is characterized
by a lower affinity for the neurotransmitter GABAwhen com-
pared with the extrasynaptic receptors, due to their distinct
molecular composition [36, 47] and, therefore, the

neurotransmitter concentration in the extrasynaptic regions
may not be high enough to allow the activation of synaptic
receptors displaced to extrasynaptic sites. Furthermore, the
latter population of receptors may be internalized, by a mech-
anism dependent on the dephosphorylation of β3 subunits, as
shown for synaptic GABAAR in hippocampal neurons sub-
jected to OGD [5, 9]. In contrast with the OGD-induced loss
of synaptic clustering of GABAAR, which is accompanied by
receptor internalization, the decrease in synaptic clustering of
GABAAR following sustained network activity is not accom-
panied by an upregulation in receptor internalization [48].
Differences in the phosphorylation of GABAAR β3 subunits
may account for the distinct fate of the receptors after leaving
the synapse.

Transfection of hippocampal neurons with a truncated form
of gephyrin, which disassembles the clusters of gephyrin and
downregulates the expression of GABAAR at the synapse,
significantly increased neuronal death induced by OGD. The-
se results point to a key protective role of GABAergic activity
under ischemic conditions, which depends on the stability of
gephyrin clustering. The disassembly of the gephyrin lattice
may allow the lateral diffusion of the receptors on the mem-
brane, followed by their internalization. Expression of a
phosphomimetic mutant of GABAAR β3 subunits, which is
not internalized upon OGD, also reduced cell death in this
in vitro model of brain ischemia [5]. Together, our results
showing neuroprotective effects of GABAergic neurotrans-
mission in OGD strongly suggest that strategies for stabilizing
the gephyrin clusters at the synapse may constitute a good
target for ischemia therapy. However, an effective strategy
should also prevent the calpain-mediated cleavage of the ve-
sicular GABA transporters, which affects their delivery to the
synapse by removing a targeting sequence [23, 49]. Cleavage
of glutamic acid decarboxylase, the enzyme that mediates the
rate limiting step in the synthesis of GABA from glutamate,
also decreases the synthesis of the neurotransmitter [50, 51].

In addition to the role played in the cleavage of gephyrin
and in the disassembly of the protein clusters under ischemic
conditions, calpains were also shown to regulate the gephyrin
postsynaptic cluster density in cultured hippocampal neurons
under resting conditions [19]. Transfection of hippocampal
neurons with calpastatin, the endogenous calpain inhibitor,
increased the density but not the size of gephyrin clusters,
indicating that Ca2+-dependent proteolysis of gephyrin re-
duces its availability for postsynaptic clustering.

In conclusion, in this work, we showed a key role for
calpains in the cleavage of gephyrin under excitotoxic condi-
tions and in an in vitro model of brain ischemia, giving rise to
a stable cleavage product. These truncated forms of gephyrin
contribute to the disassembly of the postsynaptic gephyrin
clusters, with a consequent loss of the neuroprotective activity
mediated by synaptic GABAAR. Therefore, inhibition of
gephyrin cleavage might be a therapeutic target to preserve
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synaptic inhibition in brain ischemia. Given the recent evi-
dence showing a downregulation of gephyrin during
epileptogenesis in the CA1 region of the hippocampus [52],
which is associated with the accumulation of gephyrin protein
fragments [53, 54], strategies aiming at preventing calpain-
mediated gephyrin cleavage may also be effective in epilepsy.
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