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Collybistin (Cb) is a brain-specific guanine nucleotide

exchange factor that has been implicated in plasma mem-

brane targeting of the postsynaptic scaffolding protein

gephyrin found at glycinergic and GABAergic synapses.

Here we show that Cb-deficient mice display a region-

specific loss of postsynaptic gephyrin and GABAA receptor

clusters in the hippocampus and the basolateral amygdala.

Cb deficiency is accompanied by significant changes in

hippocampal synaptic plasticity, due to reduced dendritic

GABAergic inhibition. Long-term potentiation is enhanced,

and long-term depression reduced, in Cb-deficient hippo-

campal slices. Consistent with the anatomical and electro-

physiological findings, the animals show increased levels

of anxiety and impaired spatial learning. Together, our

data indicate that Cb is essential for gephyrin-dependent

clustering of a specific set of GABAA receptors, but not

required for glycine receptor postsynaptic localization.

                                             
                                           
                              
                                                    
                                   

Introduction

Fast synaptic transmission in the nervous system is mediated

by ligand-gated ion channels, which are highly concentrated

at postsynaptic membrane specializations. At inhibitory

synapses, the scaffolding protein gephyrin is required for

the synaptic localization of glycine receptors (GlyRs) and

major GABAA receptor (GABAAR) subtypes (Kneussel and

Betz, 2000; Moss and Smart, 2001). Ablation of gephyrin

expression by either antisense depletion in cultured neurons

or gene knockout (KO) in mice prevents the clustering

of GlyRs (Kirsch et al, 1993; Feng et al, 1998) and a2- and
g2-subunit containing GABAARs (Essrich et al, 1998;

Kneussel et al, 1999; Lüscher and Keller, 2004) at developing

postsynaptic sites. The lack of postsynaptic inhibitory recep-

tors is believed to underlie the early postnatal (day of birth,

P0) lethality of gephyrin-deficient mice (Feng et al, 1998).

Gephyrin depends on both actin microfilaments and mi-

crotubules for synaptic targeting and submembraneous

scaffold formation (Kirsch and Betz, 1995; Allison et al, 2000;

Bausen et al, 2006; Maas et al, 2006) and binds to the

cytoplasmic loop of the GlyR b-subunit (Meyer et al, 1995;

Sola et al, 2004). In addition, the actin-binding proteins

profilin (Mammoto et al, 1998) and Mena (mammalian

enabled)/VASP (vasodilator stimulated phosphoprotein)

(Giesemann et al, 2003; Bausen et al, 2006), as well as the

dynein light chains 1 and 2 (Fuhrmann et al, 2002), interact

with gephyrin.

Gephyrin also binds to collybistin (Cb) (Kins et al, 2000), a

guanine nucleotide exchange factor (GEF) for small Rho-like

GTPases. Multiple Cb splice variants (I–III) have been identi-

fied (Kins et al, 2000; Harvey et al, 2004a), and the human Cb

homologue, hPEM-2, has been demonstrated to function as a

GEF specific for Cdc42 in fibroblasts (Reid et al, 1999). Cb I

and II share the catalytic DH and membrane-binding PH

domains, but differ by the presence of an src homology 3

(SH3) region and a coiled-coil structure in Cb I. Coexpression

of gephyrin with Cb II in human embryonic kidney (HEK) 293

cells alters the subcellular distribution of gephyrin by relocat-

ing it from large intracellular aggregates to small clusters at

the cellular cortex (Kins et al, 2000). Cb has therefore been

proposed to participate in a membrane activation process

that labels postsynaptic membrane domains for inhibitory

synapse formation (Kneussel and Betz, 2000). Indeed,

overexpression of a Cb II deletion mutant lacking the PH

domain interfered with clustering of gephyrin at synaptic

sites (Harvey et al, 2004a). Furthermore, in a human patient

suffering from hyperekplexia and epilepsy a mutation in the

SH3 domain of Cb has been identified. Overexpression of

this Cb mutant in cultured neurons resulted in the loss of

postsynaptic gephyrin clusters (Harvey et al, 2004a).

Together, these data point to an important role of Cb in

gephyrin localization at inhibitory synapses.

To assess whether Cb is required for gephyrin-dependent

clustering of inhibitory ionotropic receptors in vivo, we

disrupted the Cb gene in mice. Herein, we show that in the

absence of this neuronal GEF, gephyrin and gephyrin-depen-

dent GABAAR subtypes, but not GlyRs, are lost from post-

synaptic sites in specific brain regions. This results in reduced

GABAergic transmission, altered hippocampal synaptic plas-

ticity, increased anxiety scores and impaired spatial learning.
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Our study discloses an essential role of Cb at selected

GABAergic synapses.

Results

Generation of Cb KO mice

To inactivate the mouse Cb gene (Arhgef9), located on the

X-chromosome, in embryonic stem (ES) cells, we employed a

targeting vector that allowed selective deletion of exon 5 by

using the Cre-Lox system (Kuhn et al, 1995) (Figure 1A).

Exon 5 encodes part of the catalytic RhoGEF domain, and its

deletion is predicted to destroy exchange factor activity and

to create a frameshift such that the entire C-terminus of Cb

is lost. Using this strategy, we produced two independent

properly targeted ‘knockout’ (KO) ES cell clones, which

were injected into blastocysts to generate chimeric male

mice. These animals were then crossed with C57BL/6 female

mice to establish germline transmission of the mutation and

to generate KO offspring. Mouse genotyping was carried out

by Southern blot analysis of mouse tail DNA (Figure 1B). The

absence of wild-type (WT) and truncated Cb transcripts and

proteins in the Cb KO mice was confirmed by Northern

blotting (Figure 1C) and Western blot analyses (Figure 1D),

respectively.

Initial characterization of Cb KO mice

Female mice heterozygous for the Cb mutant allele (XþX�)

appeared phenotypically normal and showed unimpaired

Figure 1 Targeted disruption of the mouse Cb gene. (A) Schematic representation of the targeting strategy showing the WT Cb gene, the
targeting vector, the ‘floxed’ locus and the null allele. Exons are represented as black boxes. The neomycin resistance cassette (neo) and the
herpes simplex virus thymidine kinase (tk) gene of the targeting vector are indicated as gray boxes, and loxP sites as triangles. P corresponds to
the probe used for Southern analysis. SA, short arm; LA, long arm. Relevant restriction sites indicated are as follows: H, HindIII; N, NotI.
(B) Southern blot analysis of HindIII-digested mouse tail DNA from WT, Cb KO and heterozygous (7) offspring. The 4.2 kb and the 3.1 kb
bands represent the WTand the KO alleles, respectively. (m), male; (f), female. (C) Upper panel: Northern blot of brain total RNAwith a 430-bp
cDNA probe encoding exons 1–3 of the mouse Cb gene reveals 5.5 and 6.0 kb Cb transcripts in WT but not in Cb KO mice. Lower panels: control
hybridizations with random-primed probes derived from a 714-bp fragment of the mouse b-actin (b-act) cDNA or a 490-bp fragment of the
mouse GAPDH cDNA demonstrate that comparable amounts of total RNAwere loaded. (D) Western blot analysis of brain homogenates (50mg
protein/lane) using either a polyclonal Cb antibody (upper panel) or a monoclonal antibody specific for the N-terminally located SH3 domain
of the Cb protein (lower panel). Note the absence of Cb protein (indicated by arrows) in all KO samples. Asterisks indicate unspecific bands
stained under the experimental conditions used. A b-tubulin (b-tub)-specific antibody was used to confirm that roughly equal amounts of
protein were loaded. (E) Western blot analysis of crude membrane fractions prepared from different CNS regions of WTand Cb KO mice. Equal
amounts of protein (50mg protein/lane) were loaded and probed with the indicated antibodies. Note that the expression levels of all proteins
tested were not significantly different between genotypes; densitometric scanning of the band intensities determined in three independent
experiments did not reveal significant differences for any of the immunoreactive bands examined (data not shown). Geph, gephyrin; g2,
GABAAR g2-subunit; GlyR, glycine receptor; VIAAT, vesicular inhibitory amino acid transporter; NL2, neuroligin 2; Syn, synaptophysin.
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development and fertility. Crossing of the heterozygous

female mice with C57BL/6 males, or intercrossing them

with Cb KO (X�Y) males, generated KO mice at Mendelian

ratios. These animals also proved to be viable and fertile. For

further analysis of the consequences of Cb deficiency, we

focused on Cb KO males and their WT littermates. A histo-

logical analysis of cresyl-violet-stained sections from WTand

KO brains failed to disclose differences in both brain size and

morphology between genotypes (data not shown). Western

blot analysis performed on hippocampal, cerebellar, brain-

stem and spinal cord membranes prepared from adult WT

and Cb KO mice revealed that the immunoreactivities of the

postsynaptic proteins gephyrin, the GABAAR g2-subunit, the
GlyR a-subunits and neuroligin 2, and of the presynaptic

proteins VIAAT (vesicular inhibitory amino-acid transporter)

and synaptophysin, all were similar in both genotypes

(Figure 1E). Thus, inactivation of the Cb gene did not affect

the expression of proteins found at inhibitory synapses.

Cb KO mice show normal locomotor behavior but

enhanced anxiety

The motor performance of the Cb KO mice was normal at all

postnatal stages examined. The mutant mice showed no

signs of ‘hind feet clasping’, increased tremor or altered gait/

righting responses, that is, symptoms indicative of impaired

glycinergic inhibition (Gomeza et al, 2003). When locomotor

behavior was tested in the open field, also no significant

differences were detected between genotypes. Figure 2A and

B indicate representative paths traveled by a WT (A) and a Cb

KO (B) animal during an observation period of 10min; the

total path length covered by Cb KO mice was about 96%

of that measured for the WT group (Figure 2C). Notably

however, Cb KO mice spent significantly less time in the

center than their WT littermates (Figure 2D), suggesting

behavioral differences in anxiety-related responses between

mutants and controls. Furthermore, in the elevated plus-

maze, the KO mice spent significantly less time on the open

arms than their WT littermates (Figure 2E). In addition, KO

animals dipped their heads into the open arms less often than

WT animals (Figure 2F). Thus, inactivation of the Cb gene

resulted in a reduced exploratory behavior and increased

anxiety scores without affecting motor performance.

Region-specific reduction of synaptic gephyrin

and GABAAR clusters in the Cb KO CNS

As the expression levels of different synaptic proteins in the

CNS of the Cb KO mice were unaltered (Figure 1E), we

hypothesized that the observed behavioral deficits may be

related to redistribution rather than loss of inhibitory post-

synaptic proteins. Therefore, the postsynaptic localization of

gephyrin was examined in brain sections prepared from adult

WT and Cb KO mice. In WT sections, punctate gephyrin

immunoreactivity was found throughout all CNS regions

examined (Figure 3A, C and E). These gephyrin clusters

were synaptically localized, as revealed by their apposition

to presynaptic VIAAT immunoreactivity (Figure 3G, I and K).

In contrast, brain sections derived from Cb KO mice showed

region-specific reductions in the density of gephyrin

clusters. The loss of punctate gephyrin immunoreactivity was

most pronounced in hippocampal structures including the

CA1–CA3 of stratum radiatum, stratum oriens (Figure 3B and

J), dentate gyrus (hilus, molecular layer), lateral and ventral

parts of the thalamus (data not shown), the amygdala (not

shown) and the cerebellum (Purkinje cells, molecular layer;

Figure 3D). In the granule cell layer of the olfactory bulb

(not shown), the stratum pyramidale of the hippocampus

(Figure 3B and H) and the granule cell and molecular layers

of the cerebellum (Figure 3D), gephyrin was found in larger

punctate structures that did not colocalize with VIAAT and

corresponded to cytoplasmic gephyrin aggregates (data

not shown). In contrast, when neocortex, striatum, medial

thalamic areas, brainstem (caudal medulla) or spinal cord

were analyzed, punctate gephyrin immunoreactivities were

indistinguishable between KO and WT (Figure 3E, F, K and L,

and data not shown). A summary of the anatomical results

obtained is given in Supplementary Table I.

Figure 2 Behavior of Cb KO mice and WT littermates in the open field and elevated plus-maze tests. Male Cb KO mice and their WT littermates
were tested between 8 and 10 weeks of age (open field, n¼ 10 per group; elevated plus-maze, n¼ 7 per group). All values represent
means7s.e.m. (A–D) Open field. (A, B) indicate representative paths traveled by a WT (A) and a Cb KO (B) animal during a period of 10min.
(C) No significant differences between genotypes were observed in the total distance traveled in the open field. (D) Cb KO mice showed a
strong reduction in the time spent in the center of the open field and stayed significantly longer in the periphery as compared to WT (**Po0.01;
Student’s t-test). (E, F) Elevated plus-maze. (E) Cb KO mice spent less time on the open arms as compared with WT controls (*Po0.05;
Student’s t-test). (F) The number of head dips into open arms was strongly reduced with Cb KO animals as compared with WT littermates
(***Po0.001; Student’s t-test).
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Quantification of the number of gephyrin-immunoreactive

puncta per 1000 mm2 section area resulted in density values of

329727 versus 770.6 for the stratum radiatum of the

hippocampal CA1 region, 20474 versus 4375 for the hilus

of the dentate gyrus, 24075 versus 90719.5 for the basolat-

eral amygdala, 219728 versus 4375 for the granule cell layer

of the cerebellum, 247743 versus 970.5 for the molecular

layer of the cerebellum, and 262735 versus 225731 for

the brainstem (caudal medulla) in WT and Cb KO sections,

respectively (Figure 3M). The number of VIAAT-immuno-

reactive sites was unaffected by the loss of Cb even in areas

showing a marked reduction of gephyrin clusters (Figure 3N).

This indicates that the density of inhibitory nerve terminals

was not changed in the KO mice. Similar results were

obtained when primary cultures of hippocampal neurons

derived from WT and Cb KO littermate embryos were com-

pared for dendritic gephyrin and VIAAT immunoreactivities

(Supplementary Figure 1).

Since gephyrin is essential for synaptic clustering of both

GlyRs (Feng et al, 1998; Harvey et al, 2004b) and a2- and
g2-subunit containing GABAARs (Essrich et al, 1998;

Kneussel et al, 1999, 2001a), we examined the effects of Cb

deficiency on GlyR and GABAAR localization. The distri-

bution of GlyR clusters revealed by mAb4a staining was

unchanged in three different CNS areas expressing GlyRs,

the caudal medulla of the brainstem, the basolateral amyg-

dala and the hilus of the dentate gyrus (Figure 4A–C). GlyR

cluster numbers per 1000 mm2 area were 327.8722.7 versus

319.8729.5 for brainstem, 2972.8 versus 28.872.5 for the

basolateral amygdala and 30.874.6 versus 35.573.5 for the

hilus in WT and Cb KO sections, respectively (Figure 4D).

Double labeling with mAb4a and the VIAATantibody showed

that only 28.873.4 and 27.972.7% of the GlyR clusters in

the hilus of WT and Cb KO preparations, respectively, were

apposed to VIAAT (data not shown). This low percentage of

synaptic GlyR clusters in the hippocampus is in agreement

with a previously published study (Danglot et al, 2004).

For examining the distribution of GABAARs in the brain of

Cb KO mice, we used an g2-subunit-specific antibody. No

significant difference was observed between WT and Cb KO

sections in the number of GABAAR g2-immunoreactive punc-

ta in brainstem (caudal medulla) and cerebellum (Figure 4E

and H), as well as in spinal cord, neocortex, thalamus

and striatum (Supplementary Table I, and data not shown).

In contrast, we consistently found a strong reduction of

GABAAR g2-subunit-positive puncta in the basolateral amyg-

dala and the hippocampus of the Cb KO mice as compared

with their WT littermates (Figure 4F, G and I; Supple-

mentary Table I). Quantification of the number of g2-positive
clusters per 1000 mm2 section area revealed density values

of 188713.5 versus 2471 for the basolateral amygdala,

321716.5 versus 5172 for the hilus of the dentate gyrus,

Figure 3 Region-specific reduction of synaptic gephyrin staining in the Cb KO CNS. (A–L) Sections from adult Cb KO mice and their WT
littermates were stained with gephyrin and VIAAT antibodies. (A, B) The punctate staining of sections from KO animals for gephyrin was
strongly reduced in the CA1 region of SR and SO as compared with WTsections. Note the significant increase of gephyrin deposits (arrows in B)
in the SP of KO sections (A). (C, D) A strong reduction of gephyrin immunoreactivity was also observed in cerebellar regions (GCL, PCL, ML) of
Cb KO animals. (E, F) BS CM sections in contrast showed similar densities of gephyrin puncta in both WT and KO animals. (G–L) Double
immunostainings of gephyrin and VIAAT puncta in the SP (G, H) and SR (I, J) of the hippocampus, and in brainstem (K, L) of WTand Cb KO
mice. Note that, in contrast to the loss of gephyrin puncta seen in (H, J), VIAAT immunoreactivity was unaffected by Cb deficiency (H, I). Scale
bars, 32 mm (A–F), 16mm (G–L). (M, N) Quantification of gephyrin and VIAAT immunoreactivities. For both genotypes, each bar corresponds
to mean values (7s.e.m.) obtained with sections from 3–4 individual brains (***Po0.001; Student’s t-test). SO, stratum oriens; SP, stratum
pyramidale; SR, stratum radiatum; GCL, granule cell layer; PCL, Purkinje cell layer; Cer ML, molecular layer of cerebellum; BS CM, caudal
medulla of the brainstem; DG HL, hilus of the dentate gyrus; BLA, basolateral amygdala.
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and 327771 versus 46.475.3 for the stratum radiatum, in

WT and Cb KO sections, respectively (Figure 4D). A similar

reduction of gephyrin-dependent dendritic GABAAR cluster-

ing was observed when primary cultures of hippocampal

neurons derived from WT and Cb KO littermate embryos

were stained with a GABAAR a2-subunit-specific antibody

(Supplementary Figure 1). In conclusion, Cb deficiency

leads to a region-specific reduction of gephyrin-dependent

GABAAR clusters.

Reduced dendritic GABAergic transmission in the

hippocampus of Cb KO mice

To determine the physiological consequences of the reduced

GABAAR g2-subunit clustering seen in the hippocampus,

we recorded GABAergic miniature inhibitory postsynaptic

currents (mIPSCs) from CA1 pyramidal neurons in

slices prepared from KO mice and littermate WT controls

(Figure 5A and B). The most prominent difference found was

a strong reduction (43.3%) in mean mIPSC frequency in KO

neurons as compared with controls (WT: 3.370.32ms versus

Cb KO: 1.8770.19ms; Po0.001; Figure 5C). In addition,

a significant decrease in the mean amplitude of mIPSCs

(WT: 57.0872.74 pA versus Cb KO: 48.372.53 pA; Po0.05;

Figure 5B and D) and a slower rise time (WT: 1.3170.046ms

versus Cb KO: 1.5770.068ms; Po0.01; Figure 5B and E)

of mIPSCs was found in Cb KO mice, whereas mean

mIPSC decay times were similar in both genotypes (WT:

24.5971.45ms versus Cb KO: 22.6771.68ms; P¼ 0.39;

Figure 5F). These results indicate postsynaptic changes and

show that the loss of Cb results in a substantial reduction of

action potential-independent GABAergic inhibition of CA1

pyramidal cells.

To test for action potential-dependent GABAergic inhibi-

tion, we performed experiments in brain slices and recorded

evoked alpha-amino-3-hydroxy-5-methyl-4-isoxazole pro-

pionic acid (AMPA) receptor-mediated excitatory postsynap-

tic currents (EPSCs) and GABAAR-mediated IPSCs from the

somata of CA1 pyramidal cells (Supplementary data).

However, the ratio of the peak amplitudes of GABAergic

IPSCs and glutamatergic EPSCs was not significantly different

between WT and Cb KO mice (P40.2; data not shown).

This might be explained by the fact that strong perisomatic

inhibition (Freund, 2003), largely mediated by gephyrin-

independent a1 containing GABAARs (Kneussel et al, 2001a),

masks differences in dendritic inhibition suggested by

our immunohistochemical results (Figure 4; Supplementary

Figure 4 Reduced clustering of the GABAAR g2-subunit in the hippocampus and basolateral amygdala of Cb KO mice. Sections from adult
Cb KO mice and their WT littermates were stained with the GlyR specific mAb4a (A–C) or an antibody specific for the g2-subunit of GABAARs
(E–I) and processed for confocal microscopy. (A–C) The punctate staining of GlyRs was comparable in BS CM, BLA and DG HL of both Cb KO
and WT mice. (D) Quantification of GlyR and GABAAR g2-subunit immunoreactivities. For both genotypes, each bar corresponds to counts
performed on sections from 3–4 individual brains. Data represent means7s.e.m. (**Po0.01; ***Po0.001; Student’s t-test). (E, H) In BS CM
and Cer ML, g2-staining was unaffected by the loss of Cb, as compared to controls. (F, G, I) In contrast, the g2-subunit punctate staining was
selectively reduced in the BLA, the hilus of the DG and the CA1 region of SR in Cb KO sections, as compared with WT. Scale bar, 16mm. BS CM,
caudal medulla of the brainstem; BLA, basolateral amygdala; DG HL, hilus of the dentate gyrus; Cer ML, molecular layer of cerebellum; SR,
stratum radiatum.
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Figure 1). To disclose selective alterations in evoked dendritic

inhibition, we performed field potential recordings on acute

hippocampal slices by stimulating the Schaffer collateral-CA1

synapse and compared the local dendritic field potential

response to extracellular stimulation both in the absence

and presence of the GABAAR antagonist picrotoxin

(100 mM). Application of picrotoxin enhanced the slope of

field excitatory postsynaptic potentials (fEPSPs) to a lesser

extent in slices derived from Cb KO mice as compared with

controls (WT: 130.174.1% versus Cb KO: 115.377.5%;

P¼ 0.04; Figure 6A), indicating a significant difference in

GABAergic inhibition between genotypes. In conclusion, our

analysis of mIPSCs and dendritic fEPSPs revealed a reduction

of dendritic GABAAR-mediated transmission in Cb KO mice.

Consistent with the unaltered punctate GlyR staining seen

in brainstem of Cb KO mice, we found no differences in

glycinergic neurotransmission between WT and KO animals.

Recordings from hypoglossal motoneurons (Gomeza et al,

2003) disclosed similar mean amplitude (WT: 46.0711.5 pA

versus Cb KO: 54.076.5 pA; P40.1), mean decay time (WT:

11.971.0ms versus Cb KO: 11.970.6ms; P40.1) and mean

frequency (WT: 9.773.5Hz versus Cb KO: 7.872.6Hz;

P40.1) values for glycinergic IPSCs in both genotypes.

Excitatory postsynaptic receptor function is unaffected

in Cb KO mice

To assess whether the loss of Cb might affect excitatory

synaptic transmission, we performed fEPSP recordings on

slices derived from WTand Cb KO. This failed to reveal signi-

ficant differences in basal parameters of excitatory synaptic

transmission. In particular, the size of the presynaptic fiber

volley (FV), which represents a good estimate of the number

of stimulated axons, and the slope of fEPSPs were not

significantly changed in mutant mice, although a trend

to higher fEPSP slope values was noted in Cb KO mice

(Figure 6B), consistent with reduced dendritic inhibition

(Figure 6A). Furthermore, short-term plasticity, e.g. paired-

pulse facilitation which is predominantly mediated by

presynaptic mechanisms, was also unaltered (Figure 6C).

To specifically analyze the functionality of the excitatory

N-methyl-D-aspartate (NMDA) and AMPA receptors, fEPSPs

were recorded under low (0.5mM) Mg2þ conditions. In the

presence of the NMDA receptor antagonist DL-2-amino-5-

phosphonovalerate (AP-5) in the artificial cerebrospinal

fluid (aCSF, low Mg2þ ), the fEPSP slope was reduced to

71.377.4 and 73.675.1% in WT and Cb KO slices, respec-

tively (Figure 6D). The remaining signal was completely

AMPA receptor-dependent and disappeared in the presence

of the selective AMPA receptor antagonist 6,7-dinitroquinoxa-

line 2,3-dione (DNQX) in both genotypes. This result suggests

that NMDA and AMPA receptor transmission was unaffected

in Cb KO mice. Consistent with these functional data, we

also did not see any differences in the punctate staining of the

excitatory synapse marker PSD-95 between WT and Cb KO

hippocampal sections (data not shown).

Cb deficiency leads to changes in hippocampal

synaptic plasticity

The reduction of dendritic GABAergic inhibition onto CA1

pyramidal neurons of Cb KO mice prompted us to investigate

whether the induction of synaptic plasticity was affected in

these animals. We analyzed the Schaffer CA3–CA1 hippo-

campal collateral pathway for deficits in two forms of

activity-dependent synaptic plasticity, long-term potentiation

Figure 5 Altered GABAergic mIPSCs in CA1 pyramidal neurons of Cb KO slice preparations. (A) Representative traces of mIPSCs recorded in
the absence or presence of the GABAA receptor antagonist bicuculline (10 mM) fromWTand Cb KO neurons. (B) Superimposed averaged traces
calculated from 3316 (WT) and 1316 (Cb KO) events over a recording period of 15min. Dotted lines indicate peak positions of mIPSCs in each
trace. (C–F) Cumulative distributions of mIPSC frequencies (C), amplitudes (D), rise times (E) and decay times (F) recorded from 14 neurons
per genotype. In total, 40 351 (WT) and 23 370 (KO) events were analyzed. Each dot represents the mean value for an individual cell. Lines in
each cumulative distribution indicate the averaged mean values of WT (open dots) and Cb KO (closed dots). P-values for each cumulative
distribution are indicated (two-tailed Mann�Whitney U-test). All experiments were performed in the presence of 1mM TTX, 10mM CNQX and
1mM D-AP5 at a VH of �65mV.
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(LTP) and long-term depression (LTD). LTP was induced

by theta-burst stimulation (TBS) at 100Hz. After recording

a stable baseline, TBS was applied to fibers of the CA3

presynaptic neurons, and fEPSPs were recorded extracellu-

larly in the stratum radiatum of the CA1 region for 3 h post

stimulation. Short-term synaptic plasticity, measured as post-

tetanic potentiation (PTP) after TBS, was unchanged in Cb

KO mice (Figure 7A). However, comparison of KO mice with

littermate WT controls revealed a significant increase in LTP,

still visible 3 h after LTP induction (WT: 152.479.7% versus

Cb KO: 189.9714.5% at 175–180min after TBS application;

Po0.001; Figure 7A). As this might reflect an altered thresh-

old of hippocampal LTP induction, we examined whether a

20Hz tetanus was sufficient to induce LTP in Cb KO mice.

Indeed, during the first 60min after a 20Hz TBS, significant

potentiation was only seen in KO but not in control slices

(WT: 101.474.9% versus Cb KO: 118.876.1%; Po0.01).

However, fEPSP amplitudes were back to baseline 3 h after

TBS application (data not shown).

To establish whether the altered threshold of hippocampal

LTP induction seen in Cb KO animals is a consequence of

reduced GABAergic neurotransmission, we induced maximal

LTP by TBS (100Hz) in the presence of the GABAAR antago-

nist picrotoxin (100 mM). Under these conditions, the differ-

ence in LTP noted between Cb KO slices and slices from WT

littermates failed to be significant (WT: 168.9711.7% versus

Cb KO: 185.3714.2% at 55–60min after TBS application;

P¼ 0.21; Figure 7B). Moreover, comparison of the LTP induc-

tion produced in normal aCSF versus picrotoxin containing

aCSF revealed an increase in potentiation only in slices

derived from WT but not Cb KO mice (WT: P¼ 0.011, Cb

KO: P¼ 0.25 for LTP induction in normal aCSF versus picro-

toxin containing aCSF at 55–60min after TBS application).

Hence, the increased LTP seen in the mutant animals is due to

reduced GABAergic inhibition.

In order to disclose whether synapses in Cb KO mice show

a higher degree of plasticity, we analyzed depotentiation in

Cb KO versus WT slices. We again induced maximal LTP by

TBS (100Hz), which after 5min was followed by a low-

frequency stimulus (LFS) (1Hz) to induce depotentiation

(Figure 7C). Using this protocol, it was not possible to

depotentiate the fEPSPs recorded from Cb KO slices, whereas

recordings from WT slices went back to baseline 60min

after LFS (WT: 104.777.2% versus Cb KO: 166.3710.1%;

Po0.0001).

Previous studies have demonstrated that depotentiation

and homosynaptic LTD have many common properties (Bear

and Abraham, 1996). We therefore examined whether LTD in

the Schaffer collateral-CA1 pathway was also changed in the

Cb KO slices. After recording baseline responses for 20min,

LFS was delivered to induce LTD. Whereas WT slices showed

a persistent decrease in fEPSPs, which lasted for at least 1 h,

the Cb KO slices returned to baseline (WT: 72.374.6%

versus Cb KO: 95.675.4% at 55–60min after LFS; Po0.01;

Figure 6 Analysis of fEPSPs in the hippocampal CA1 region. (A) Left: fEPSP slope size was significantly increased by bath-application of
100mM picrotoxin. This enhancement was significantly larger in WT as compared with Cb KO mice (*Po0.05; two-tailed Student’s t-test).
Right: sweeps from individual experiments before (aCSF) and after application of picrotoxin (aCSFþPic), averaged over three trials. (B) Left:
fEPSP slope size at various stimulus intensities (FV: fiber volley). Right: series of original traces recorded from WTand Cb KO slices. (C) Left:
paired-pulse facilitation of the fEPSP at various interstimulus intervals (ISI) from Cb KO and WTslices. Right: single sweeps for WTand Cb KO
mice recorded at 10–160 ISI. (D) Left: NMDA receptor and AMPA receptor contributions to the fEPSP recorded in the presence of the indicated
antagonists under low (0.5mM) Mg2þ conditions. Right: original traces from individual experiments. In panels A�C, there were no significant
differences between KO and WT slices (P40.1; Student’s t-test). All values represent means7s.e.m.
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Figure 7D). Thus, in Cb KO slices, the same LFS that was

unable to reverse LTP when delivered 5min after TBS, also

failed to induce LTD. Overall, our results suggest a significant

impairment of lasting bidirectional modifiability of CA1

pyramidal cell excitation (increased LTP and reduced LTD)

in Cb KO mice.

Cb KO mice display deficits in spatial learning

The changes in synaptic plasticity observed in the hippocam-

pus of Cb KO mice suggested that hippocampus-dependent

memory formation might be affected in these animals. There-

fore, we tested the Cb KO mice in a hippocampus-dependent

learning paradigm, the spatial version of the Barnes maze

(Barnes, 1979; Bach et al, 1995). In learning to find the

escape tunnel, mice use a fixed sequence of three search

strategies: random, serial and spatial (Supplementary data).

Figure 8 presents the percentage of sessions, in which the

animals used random (A), serial (B) or spatial (C) searches.

Both WT and Cb KO mice employed the random search

strategy in the first sessions (Figure 8A) and shifted to

the more efficient serial search strategy subsequently

(Figure 8B). However, although the KO mice were able to

shift from random to serial search in a manner similar to that

of WT animals, they used the spatial search strategy only at

o20% of the time during the last sessions (days 25–30;

Figure 8C). In contrast, the WT mice then spent 480% of

the time with spatial searches. After day 17, 50% of the WT

animals had learned to locate the escape tunnel, that is,

acquired the task (Supplementary data), whereas none of

the Cb KO mice did (Figure 8D). Even after 30 trials, 10 out of

10 Cb KO mice failed to show spatial memory, whereas 80%

of the WTanimals fulfilled the learning criterion (Figure 8D).

A reversal test (Supplementary data) was performed with

all mice that had learned successfully. Here, all animals

displayed spatial retention during this trial (data not

shown). In conclusion, the Cb KO mice developed normal

hippocampal-independent serial searches (Bach et al, 1995),

but appeared unable to learn the hippocampal-dependent

spatial search strategy. These results suggest that the altered

synaptic plasticity in the hippocampus of Cb KO mice is

associated with an impairment in hippocampal-dependent

memory formation.

Discussion

This study demonstrates that Cb is an essential determinant

of gephyrin and GABAAR synaptic clustering in selected

regions of the mammalian CNS. In Cb KO mice, the number

of postsynaptically localized gephyrin and GABAAR g2-
subunit puncta was strongly reduced in the hippocampus

and the basolateral amygdala. GABAARs containing the

a2- and g2-subunits have been previously shown to depend

on gephyrin for postsynaptic localization (Essrich et al, 1998;

Kneussel et al, 1999). VIAAT immunocytochemistry failed to

Figure 7 Cb KO mice show changes in synaptic plasticity. (A) LTP was induced in the CA3–CA1 pathway of the hippocampus in slices from
WT (n¼ 8) and Cb KO (n¼ 10) mice; for all slices, a control pathway (ctrl path) was also recorded, here shown for the KO slices (n¼ 10). Inset
shows sweeps from individual experiments at the time points indicated by a–d, averaged over six trials. The difference between genotypes was
highly significant (Po0.001; Student’s t-test). (B) As (A), but in the presence of 100mM picrotoxin (n¼ 11 for WT, n¼ 12 for Cb KO mice,
respectively). Note that the difference between genotypes was no longer significant (P¼ 0.38; Student’s t-test). (C) For depotentiation
experiments, a TBS (100Hz) was given, followed 5min later by a 15min LFS (1Hz). WTslices (n¼ 7) displayed normal depotentiation (fEPSP
amplitude goes back to baseline), whereas Cb KO slices (n¼ 8) showed no depotentiation effect (Po0.001; Student’s t-test). Inset shows
sweeps from individual experiments as described in panel A. (D) In Cb KO slices, LTD was not induced upon LFS, whereas WT slices showed
normal LTD (Po0.01; Student’s t-test). Inset shows sweeps from individual experiments as described in panel A.
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reveal changes in the distribution and density of presynaptic

terminals between KO and WT animals, indicating that the

regional differences in gephyrin and GABAAR clustering

do not reflect reduced inhibitory innervation. Notably, in

neurons of some of the affected Cb KO brain regions, the

loss of gephyrin clusters was accompanied by the appearance

of cytoplasmic gephyrin immunoreactivity. This result is in

agreement with previous data showing that coexpression of

gephyrin with Cb II in HEK 293 cells alters the subcellular

distribution of gephyrin by redistributing it from large intra-

cellular aggregates to small clusters at the cellular cortex

(Kins et al, 2000). Thus, our in vivo observations support the

proposal that synaptically activated Cb binds to the cytoplas-

mic leaflet of the plasma membrane and thereby recruits

gephyrin to developing postsynaptic sites (Kneussel and Betz,

2000). However, this seems to be true only for selected

regions of the mammalian brain.

Our results extend the diversity of regulatory mechanisms

underlying the formation, and possibly maintenance, of inhi-

bitory postsynaptic membrane specializations by disclosing

two types of gephyrin-dependent clustering reactions for

inhibitory neurotransmitter receptors, Cb-dependent and

Cb-independent ones. In contrast to what was predicted

from previous transfection experiments (Kins et al, 2000;

Harvey et al, 2004a), our results indicate that Cb is not

essential for the gephyrin-dependent clustering of GlyRs in

mice. On the other hand, gephyrin-mediated clustering of

GABAARs (Essrich et al, 1998; Kneussel et al, 1999) depends

on Cb in a region-specific manner, as evidenced by the

selective loss of major GABAAR subtypes from synapses

in hippocampal and amygdala structures of the Cb KO

mice. Furthermore, the unimpaired punctate staining of the

GABAAR g2-subunit in the cerebellum of the Cb KO mice, a

region in which gephyrin clusters were strongly reduced, is in

agreement with the existence of gephyrin-independent

GABAAR clustering mechanisms as proposed previously

(Kneussel et al, 2001a; Knuesel et al, 1999; Fischer et al,

2000; Sassoe-Pognetto et al, 2000; Levi et al, 2004).

The region- and receptor subtype-specific clustering im-

pairment in Cb KO mice has important behavioral and

functional consequences. In line with the unaffected GlyR

clustering seen in the brainstem of Cb KO mice, we were

unable to detect any neuromotor phenotype in these animals.

However, in accordance with a region-specific loss of g2-
subunit containing GABAAR clusters, Cb KO mice showed an

enhanced reaction to aversive stimuli, as demonstrated by

two anxiety-related test paradigms, the open field and the

elevated plus-maze. A similar anxiety phenotype has been

observed in mice expressing only a single functional GABAAR

g2-subunit allele (Crestani et al, 1999). These anxiety-related

responses are thought to be mediated by the septohippocam-

pal and/or amygdala systems in both humans and animals,

that is, the regions displaying reduced synaptic GABAAR

staining in the Cb KO mice.

In the hippocampus of Cb KO mice, the marked reduction

of dendritic GABAAR clusters correlated with a substantial

decrease of GABAergic inhibition, as deduced from the

analysis of mIPSCs recorded from CA1 pyramidal cells and

pharmacological analysis of the dendritic fEPSPs. The most

prominent effect was a significant reduction in mIPSC

frequency, indicating a loss of functional synaptic sites.

This could be interpreted as postsynaptic silencing of a

large subset of inhibitory synapses due to the loss of clusters

consisting largely of g2-subunit containing GABAARs. In this

scenario, postsynaptic GABAAR activation during GABA

release from a single vesicle falls below electrophysiologically

Figure 8 Barnes maze performance of WT and Cb KO mice. (A–C) The percentage of sessions, in which each of the three search strategies,
(A) random, (B) serial and (C) spatial, was used by the WTand Cb KO mice, is presented. All sessions included the same number of animals
per group (n¼ 10). (D) Plot showing the cumulative percentage of WTand Cb KO mice that had acquired the Barnes maze test over a period of
30 sessions.
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detectable levels, resulting in a lower apparent mIPSC

frequency. Additionally, the lack of postsynaptic GABAAR

clusters could reduce presynaptic transmitter release prob-

ability, for example, by affecting retrograde signals. However,

the number of GABAergic release sites appeared to be

unchanged in the Cb KO mice, as inferred from VIAAT

immunostaining. Electrophysiologically, a reduced GABAergic

inhibition in the CA1 region of Cb KO mice could be directly

demonstrated by pharmacological analysis of dendritic

fEPSPs. However, we were unable to detect a general reduc-

tion of CA1 pyramidal cell inhibition when analyzing evoked

IPSCs and EPSCs in the whole-cell configuration. This

suggests that dendritic inhibition could not be resolved

under these recording conditions, most likely due to the

strong perisomatic innervation of the pyramidal cells by

GABAergic interneurons. Notably, the synapses formed by

parvalbumin-positive interneurons on CA1 pyramidal cells

operate mostly via a1-subunit containing GABAARs (Freund,

2003), which have been shown to not depend on gephyrin for

postsynaptic localization (Kneussel et al, 2001a). Also, we

cannot exclude a partial upregulation of perisomatically

located GABAAR subunits other than g2 in the hippocampus

of the Cb KO mice.

Our analysis of synaptic plasticity in the hippocampal CA1

region shows that Cb deficiency causes significant changes in

LTP, LTD and depotentiation. This cannot be attributed to

changes in excitatory transmission, since our fEPSP analysis

of fiber volley size, paired-pulse facilitation and glutamate

receptor pharmacology were not significantly different

between genotypes. Apparently, the reduction of dendritic

GABAergic inhibition shifts the threshold for induction of

lasting synaptic plasticity toward LTP under the experimental

protocols used. Consistent with this interpretation, in the

presence of the GABAAR antagonist picrotoxin, the difference

in LTP induction seen between WT and Cb KO slice prepara-

tions was occluded. In agreement with our findings, a

previous report has shown that hyperexcitability induced by

GABA withdrawal decreases the threshold of LTP induc-

tion due to reduced GABAAR-mediated inhibitory activity

(Casasola et al, 2004).

Different studies indicate that bidirectional modifiability of

synaptic strength is critical for a neuronal network to function

as an effective memory system (Huh et al, 2000; Zeng et al,

2001). Consistent with this view, the impairment of spatial

learning observed in Cb KO mice correlates with both en-

hanced LTP and reduced LTD in the hippocampal CA1 region

of these mice. Although changes in other GABAergic circuits

where gephyrin deposition also depends on Cb function

could contribute to impaired spatial learning, we consider

this highly unlikely. Clearly the Cb KO mice were not

impaired in motivation, as deduced from their motility in

the Barnes maze paradigm and the efficient acquisition of the

serial search strategy. Furthermore, enhancement of hippo-

campal LTP in combination with spatial memory impairment

has been previously seen in PSD-95- (Migaud et al, 1998),

GluR2- (Gerlai et al, 1998) and dystrophin-(Vaillend et al,

2004) deficient mice. Together, these data suggest that under

conditions, which cause many synapses within a network to

become strongly potentiated (e.g., due to reduced GABAergic

inhibition), degradation of information storage might occur,

which becomes manifest as a learning impairment (Migaud

et al, 1998). Taken together, our results indicate that Cb has

an essential role in inhibitory synapse specification and

thereby contributes to the balance of excitation and inhibi-

tion, which constitutes an important determinant of synaptic

plasticity in the hippocampus.

Cb was originally identified as a brain-specific GEF, whose

transcripts are widely distributed throughout the mammalian

CNS (Kins et al, 2000; Kneussel et al, 2001b). Cb mRNA

prominently accumulates during the second half of embryo-

nic development and increases until the adult stage,

consistent with a role of Cb in neuronal development and/

or synaptogenesis. The reasons for the discrepancy between

the widespread expression of Cb and the region-specific

roles disclosed here are currently unknown but might

reflect compensation or interaction specificity. During the

last decade, many brain-specific GEFs have been identified,

which have been implicated in different neuronal processes

(Schmidt and Hall, 2002). Interestingly, some of these

neuronal GEFs display high sequence similarity to Cb

(Thiesen et al, 2000) and might therefore substitute for Cb

in a developmental stage- or region-specific manner. Further-

more, gephyrin is known to exist in different splice variants,

some of which have been reported to display tissue-specific

expression (Prior et al, 1992; Ramming et al, 2000; Ule et al,

2003; Paarmann et al, 2006). Hence, the interaction of Cb

with gephyrin (Grosskreutz et al, 2001) might be regulated by

alternative splicing or secondary protein modification

reactions. Clearly, further work is required to unravel the

molecular mechanisms underlying the region- and synapse-

specific regulation of postsynaptic gephyrin clustering.

Materials and methods

Generation of Cb KO mice
For the generation of Cb KO mice, a previously used strategy
was employed (Harvey et al, 2004b). For details see Supple-
mentary data.

RNA isolation and Northern blotting
Total RNAwas isolated fromWTand Cb KO brains by using TRIZOL
reagent (Invitrogen, Karlsruhe, Germany). For details see Supple-
mentary data.

Western blotting
Brain homogenates or crude membrane fractions from mouse
hippocampus, cerebellum, brainstem or spinal cord were prepared
as described (Kneussel et al, 1999), separated by 10 or
7.5% SDS–polyacrylamide gel electrophoresis (20–50mg protein/
lane), transferred to nitrocellulose (Schleicher & Schüll, Dassel,
Germany), and probed with different primary antibodies as detailed
in Supplementary data. Bound antibody was visualized using an
enhanced chemiluminescence detection system (Perbio Science,
Bonn, Germany).

Immunostaining
Cryostat sections (14mm) were prepared, fixed and stained with
mAb7a against gephyrin and a VIAATantibody as described (Kirsch
and Betz, 1995; Feng et al, 1998). Immunostainings were performed
similarly for all brain regions analyzed. Immunostaining with
an antibody against the GABAA receptor g2-subunit or mAb4a,
which recognizes all GlyR a-subunits, was performed as described
in Supplementary data. Incubation with secondary antibodies
was performed as described (Kirsch and Betz, 1995). Images
were collected by confocal microscopy, as detailed in Supplemen-
tary data.

Electrophysiological recordings of GABAergic mIPSCs from
acute hippocampal slices
For slice electrophysiology, 5- to 6-week-old mice were anaesthe-
tized with isoflurane and decapitated according to institutional
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guidelines. Transverse 300-mm thick hippocampal slices were cut
using a custom-built vibratome (Geiger et al, 2002). Whole-cell
patch-clamp recording of GABAergic mIPSCs from CA1 pyramidal
neurons was performed as described in Supplementary data.

Electrophysiological recordings from acute hypoglossal slices
Two hundred and eighty micrometer slices of the caudal medulla
containing the hypoglossal nucleus from P6-P8 mice were prepared,
and spontaneous glycinergic IPSCs in WT (n¼ 11) and Cb KO
(n¼ 8) neurons were recorded as described previously (Gomeza
et al, 2003).

Field potential recordings on acute hippocampal slices
LTD experiments were performed with P14-P20 mice. Mice used for
LTP and depotentiation experiments were P40–P70. Slice prepara-
tion, electrophysiological recordings, pharmacology and data
analysis were performed as described previously (Rosch et al,
2005). For LTP experiments in the presence of picrotoxin (100 mM),
a cut was introduced with a razor blade between the CA3 and CA1
region, in order to prevent seizure activity. The baseline recorded
for 20min before high-frequency stimulation was stable in the
presence of picrotoxin, which was added to the aCSF 10min before
starting the baseline (10min ‘prebaseline’ condition), and hence
30min before TBS application. The effect of picrotoxin on fEPSP

slope was analyzed by comparing fEPSPs recorded 5min before
picrotoxin application with those sampled in the presence of
picrotoxin during the first 5min of prebaseline recording. Then the
relative contribution of evoked dendritic inhibition to the fEPSP
slope size was compared between WT and Cb KO mice.

Behavioral studies
Behavioral tests were performed as detailed in Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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