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GABA, receptors (GABA,-Rs) play a significant role in mediating fast synaptic inhibition and it is the main inhibitory receptor in the
CNS. The role of Wnt signaling in coordinating synapse structure and function in the mature CNS is poorly understood. In previous
studies we found that Wnt ligands can modulate excitatory synapses through remodeling both presynaptic and postsynaptic regions. In
this current study we provide evidence for the effect of Wnt-5a on postsynaptic GABA ,-Rs. We observed that Wnt-5a induces surface
expression and maintenance of this receptor in the neuronal membrane. The evoked IPSC recordings in rat hippocampal slice indicate
that Wnt-5a can regulates postsynaptically the hippocampal inhibitory synapses. We found also that Wnt-5a: (a) induces the insertion
and clustering of GABA ,-Rs in the membrane; (b) increases the amplitude of GABA-currents due exclusively to postsynaptic mecha-
nisms; (c) does not affect the endocytic process, but increases the receptor recycling. Finally, all these effects on the GABA,-Rs are
mediated by the activation of calcium/calmodulin-dependent kinase IT (CaMKII). Therefore, we postulate that Wnt-5a, by activation of

CaMKII, induces the recycling of functional GABA ,-Rs on the mature hippocampal neurons.

Introduction

GABA ,-Rs mediate most of the fast inhibitory neurotransmis-
sion in the brain (Macdonald and Olsen, 1994; Jacob et al., 2008).
They are heteropentameric ligand-gated ion channels composed
mainly of «, 3, and y2 subunits (Rudolph and Méhler, 2006).
Postsynaptic aggregation of receptors is thought to be essential
for synaptic transmission (Nusser et al., 1998; Collingridge et
al., 2004). However, the mechanisms of postsynaptic clustering
of GABA,-Rs and of the dynamic modulation of synaptic
GABA ,-Rs are not well understood (Jacob et al., 2008). In par-
ticular, insulin leads to a rapid recruitment of GABA,-Rs to
postsynaptic sites, increasing the amplitude of GABA ,-Rs medi-
ated miniature IPSCs (mIPSCs) (Wan et al., 1997; Wang et al,,
2003). In contrast, activation of TrkB receptors by brain-derived
neurotrophic factor (BDNF) results in rapid downregulation of
GABAergic mIPSC in a major subset of cultured hippocampal
neurons (Briinig et al., 2001).
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Wht signaling is essential for neuronal development and the
maintenance of the nervous system (Logan and Nusse, 2004;
Ciani and Salinas, 2005; Salinas and Zou, 2008; Inestrosa and
Arenas, 2010). Wnt proteins signal through at least three different
pathways: Canonical Wnt pathway characterized by an increase of
cytoplasmic B-catenin levels, which enters the nucleus where it
coactivates transcription of Wnt target genes (Logan and Nusse,
2004; Toledo etal., 2008). Two noncanonical Wnt signaling path-
ways: Wnt/PCP (Planar Cell Polarity), in which Wnt acts via mo-
nomeric GTPases and C-Jun N-terminal kinase (JNK), and Wnt/
Ca’", in this case Wnt ligands can activate CaMKII and protein
kinase C (PKC) (Montcouquiol et al., 2006). There are 19 iden-
tified Wnt genes in the vertebrate genome. The expression of Wnt
ligands and proteins of the Wnt signaling machinery in the ma-
ture nervous system suggests that Wnt signaling plays a key role in
neuroprotection and synaptic plasticity (Ahmad-Annuar et al.,
2006; Salinas and Zou, 2008; Inestrosa and Arenas, 2010). Previ-
ously, it has been demonstrated that Wnt ligands regulate neuro-
genesis of hippocampal stem cells in the adult rat and human (Lie
et al., 2005; He and Shen, 2009) and modulate long-term poten-
tiation (LTP) in mouse hippocampal slices (Chen et al., 2006).
We demonstrated that Wnt-7a acts activating the Wnt canonical
pathway (Cerpa et al., 2008) and that Wnt-5a acts activating the
noncanonical pathways (Farias et al., 2009). Previously, we found
that Wnt signaling induces a short-term modulation in the syn-
aptic vesicle cycle, synaptic transmission and synaptic structure
in mature hippocampal neurons (Cerpa et al., 2008; Farias et al.,
2009, 2010). In addition, we described that Wnt regulates the
synaptic localization, the number and size of a7-nicotinic acetyl-
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choline receptor (a7-nAChR) clusters (Farfas et al., 2007). Inter-
estingly, «7-nAChR is a member of the ligand-gated ion-channel
superfamily that also comprises GABA ,-Rs.

Owing to the fact that the cellular mechanisms that neurons
use to regulate GABA,-Rs cell surface stability and activity has
been of considerable interest, we focused on studying the role of
the Wnt pathway on the modulation of inhibitory synapses, par-
ticularly in at the clustering and surface expression of GABA ,-Rs.

Materials and Methods

Materials

Culture media, 2-amino-5-phosphonovaleric acid (APV), 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX), tetrodotoxin (TTX), insulin, anti-
GABA, (y2 subunit receptor) and fumagillin from Sigma; anti al
subunits of GABA,-Rs, anti-synapsin-1 and anti-Wnt-5a (Santa Cruz
Biotechnology Inc), mouse anti-PSD-95 (UC Davis/NINDS/NIMH,
CA); Foxy-5 was obtained from Genemed Synthesis; Lithium, BDNF,
3,3',5,5'-tetramethylbenzidine (TMB), Immuno pure ABC Peroxidase
Staining Kit (Pierce). The dynamin blocking P4 peptide was purchased
from Tocris Bioscience. KN-93, TAT-TI-JIP, 55 ;43 and G66976 (12-(2-
cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo0-5H-indolo(2,3-a)
pyrrolo(3,4-c)-carbazole) were obtained from Calbiochem.

Hippocampal neuronal cultures

Hippocampal neurons were obtained from 18-d-old Sprague Dawley rat
embryos. Hippocampi were aseptically dissected and trypsinized for 20
min. After centrifugation for 1 min, cells were seeded in phenol-red-free
DMEM plus 10% horse serum into 1% poly-L-lysine-coated plates. After
120 min, the medium was removed and Neurobasal medium was added
containing 1% B27 supplement from Invitrogen. On day 3 of culture,
hippocampal neurons were treated with 2 um 1-B-p-arabinofuranosyl-
cytosine (AraC) for 24 h. Fifteen- to 18-d-old neuron cultures were used
for various experiments; the average number of neurons in each experi-
ment was ~95% of the cells present in the cultures (Alvarez et al., 2004;
Farias et al., 2007, 2009).

Conditioned medium containing Wnt ligand

To generate secreted Wnt ligand, HEK-293 cells were stably transfected
by Lipofectamine 2000 (Invitrogen) according to manufacturer’s in-
structions with constant and equal amounts of empty vector pcDNA or
pcDNA containing sequences encoding Wnt-ligand or soluble Frizzled
receptor protein (sFRP-1) coupled to the sequence encoding a hemag-
glutinin (HA) tag. Wnt-7a was a gift from Dr. Patricia Salinas (University
College London, UK), Wnt-5a was a gift from Randall T. Moon (Univer-
sity of Washington, Seattle, WA), Wnt-3a a gift from Dr. Roel Nusse
(Stanford University, Palo Alto, CA) and sFRP was a gift from Dr. Jeremy
Nathans (John Hopkins University School of Medicine, Baltimore, MD).
For Wnt-conditioned, control media or media containing sFRP trans-
fected HEK-293 cells were grown to 85% confluence and maintained in
Neurobasal medium without supplements by 60 h. Wnt secretion was
verified by Western blot using a HA-specific antibody (Millipore). For
the electrophysiological studies the media containing Wnt ligands was
dialyzed against ACSF for 16 h at 4°C.

Quantification of cell surface GABA ,-Rs by a colorimetric ELISA
assay (Wang et al., 2003)

Briefly, hippocampal neurons were washed with PBS and starved with
Neurobasal without supplement. At the end of each experiment, the cells
were fixed with 4% paraformaldehyde in PBS for 3 min at room temper-
ature. The fixation was then neutralized by incubation with 1% glycine at
4°C for 10 min. To determine the total amount of GABA ,-Rs proteins,
the cells were permeabilized by incubation with 0.2% Triton X-100. The
wells were blocked with 3% BSA at 4°C for at least 3 h. A primary anti-
body for GABA ,-Rs a1 (Santa Cruz Biotechnology Inc.) or y2 (Sigma)
subunits was then added to the cultures at a dilution of 1:250 and main-
tained at 4°C for 12 h. The cells were extensively washed and the antibody
was detected using the Ultra-Sensitive ABC Peroxidase Staining Kits
(Pierce). The colorimetric reaction using TMB substrate was measured at
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450 nm or stopped by addition of 0.25 ml of 3 N HCl for 10 min at room
temperature.

Quantification of cell surface GABA 4-Rs by biotinylation assay
(Cuitino et al., 2005)

Briefly, hippocampal neurons were biotinylated with sulfo-NHS-LC-
biotin (Pierce) to a final concentration of 0.5 mg/ml for 45 min at 4°C.
After biotinylation steps, the free biotin was quenched by incubation
with 50 mm NH,Cl for 10 min. Cells were lysed in ice-cold SA buffer (150
mu NaCl, 20 mm Tris pH 8.0, 5 mm EDTA, 1% Triton X-100, 0.2% BSA
and protease inhibitors). Nuclear and cellular debris was removed by
centrifugation at 14,000 X g for 5 min at 4°C and the biotinylated cell-
surface proteins were then adsorbed to streptavidin agarose beads for
16 h at 4°C. Beads were washed and the bound proteins were analyzed by
SDS-PAGE followed by immunoblotting. The values for biotinylated
cargo proteins were normalized to total cargo proteins expressed in the
cells.

Image analysis and quantification

Hippocampal neurons were cultivated at a density 30,000 cells/coverslip.
For cell surface GABA ,-Rs staining, cells were fixed with 4% paraformal-
dehyde/4% sucrose for 20 min at room temperature. Fixed cells were
washed and incubated with an antibody to al or y2 GABA ,-Rs subunit
(Santa Cruz Biotechnology Inc. and Sigma, respectively). For the staining
of other proteins, cells were fixed as described above and permeabilized
by incubation in PBS-0.2% Triton X-100, and stained with the following
antibodies: synapsin I (Santa Cruz Biotechnology Inc.) and PSD-95 (UC
Davis/NINDS/NIMH). Finally, cells were incubated with Alexa 543, Al-
exa 488, and/or Alexa 633 (Pierce) for 30 min at 37°C. To determine
which Wnt signaling was involved in the increase of GABA ,-Rs on the
cell surface, the hippocampal neurons were preincubated with fumagillin
(50 nm) for 16 h. Then, KN-93 (10 um), G66976 (200 nm) and TAT-TI-
JIP (1 uMm) were coincubated with Foxy-5 for different times. To analyze
receptor clustering, we quantified the number of clusters per neurite
length with Image] program [National Institutes of Health (NIH), Be-
thesda, MD]. Neurons on coverslips were imaged using a confocal mi-
croscope LSM 5 Pascal with a 63X/1.4 numerical aperture oil-immersion
objective. Images used for quantification were taken with identical mi-
croscope settings and analyzed using Image]J software (NIH). GABA ,-Rs
images from 10 microscope fields for each condition, of three indepen-
dent experiments, were registered. Each field containing processes for 1
neuron were studied, in which 3 neurites per neuron were selected using
the phalloidin staining to label neuronal processes. To quantify
GABA,-R clusters, images of individual neurites were isolated, back-
ground for neurite free fields were subtracted and adjusted to the thresh-
old. GABA ,-R cluster number and size were obtained with the Particle
Analysis tool using a size particle limit of 0.05-1 wm . Cluster number
was normalized against neurite length to obtain cluster density.

Slice preparation and electrophysiological analysis

Procedures for animal care, surgery, and slice preparation were in accor-
dance with the guidelines for the care and use of laboratory animals
adopted by the Society for Neuroscience. The procedures will be de-
scribed briefly because they have been extensively detailed previously
(Fuenzalida et al., 2007).

Slice preparation. Young Wistar rats (15-20 d of age) were decapitated,
and the brain was removed and submerged in cold (~4°C) artificial CSF
(ACSF; in mu: 124.00 NaCl, 2.69 KCl, 1.25 KH,PO,, 2 Mg,S0,, 26
NaHCO;, 2.50 CaCl, and 10.00 glucose). The pH was stabilized at 7.4 by
bubbling the ACSF with carbogen (95% O,, 5% CO,). Transverse hip-
pocampal slices (300—-350 wm thick) were cut with a Vibroslice mic-
rotome (VSL, WPI, Sarasota, FL) and incubated in ACSF for >1 h at
room temperature and incubated in the ACSF (~1 h, at room tempera-
ture, 20-22°C). Slices were transferred to a 2 ml chamber fixed to binoc-
ular stereo microscope (MSZ-10, Nikon). Slices were superfused with
carbogen-bubbled ACSF (2 ml/min) and maintained at room tempera-
ture. All recordings were made under CNQX (20 wm) and APV (50 um)
(Sigma) were added to ACSF perfusion media to suppress excitatory
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA)
and N-methyl p-aspartate receptor (NMDAR)-transmission.
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Stimulation, recording, and analysis. Single cell recordings were made
in the whole-cell configuration with fire-polished pipettes (3—5 M(2)
filled with intracellular solution (see below), connected to an EPC-7
patch-clamp amplifier (Heka Instruments), filtered at 3.0 kHz, sampled
at 4.0 kHz using an A/D converter (ITC-16, InstruTech), and stored with
Pulse FIT software (Heka Instruments). Single-electrode voltage-clamp
recordings were obtained from pyramidal neurons of CAl. In the
voltage-clamp configuration, the series resistance was compensated to
~70%, and neurons were accepted only when the seal resistance was
~1G{) and the series resistance (7-14 M{}) did not change ~10% during
the experiment. The intracellular solution contained (in mm): 97.5
K-gluconate, 32.5 KCl, 10.0 HEPES, 1 MgCl,, 5 EGTA, and 4 sodium salt
(Na-ATP), pH 7.2. Experiments started after a 5-10 min stabilization
period following entry into the intracellular compartment with patch
electrodes. The voltage-clamp recordings were rejected when the access
resistance (7-15 M{2) increased 20% during the experiment. The spon-
taneous or mini IPSPs, sIPSC and mIPSC respectively, were analyzed
offline, using an analysis software (Minianalysis, Synaptosoft), which
allowed visual detection of events. Considering the intra- and extracel-
lular chloride concentration, the reversal potential of the IPSC was ~60
mV. Then, to dissecting IPSC from EPSC, all the cells were voltage-
clamped at 0 mV (holding potential). The dynamin blocking Peptide P4
(Tocris Bioscience) was dissolved at 50 uMm in the internal solution de-
scribed above, as described (Kittler et al., 2000). To determine whether
Whnt-5a induces the surface expression of receptor by JNK, PKC, or
CaMKII, we dissolved the inhibitors TAT-TI-JIP (1 um), G66976 (200
nm) and KN-93 (10 um) in the internal solution. The evoked IPSC was
elicited using concentric electrodes (platinum/iridium, FHC Inc.),
placed at stratum radiatum close to the pyramidal layer (~10-20 pum).
The GABAergic neurons were activated by bipolar cathodic stimulation
through an isolation unit (Isoflex, A.M.P.L.). Voltage-clamp data were
high-pass filtered at 3.0 kHz and sampled at rates between 6.0 and 10.0
kHz, through a Digidata 1322A (Molecular Devices).

Recycling assay of GABA ,-Rs on hippocampal neurons
Hippocampal neurons DIV 18 were biotinylated with 0.5 mg/ml Sulfo-
NHS-SS-Biotin (Pierce) in Neurobasal medium at 37°C for 60 min.
Dishes were placed on ice and the remaining biotin on the cell surface was
stripped with 2—-5 ml of ice-cold cleaving buffer (in mm: 50 glutathione,
75 NaCl, 10% bovine serum albumin, 0.1 CaCl,, 1 MgCl,, and 0.075 N
NaOH) at 4°C for 30 min and quenched with 5 mg/ml iodoacetamide at
4°C for 15 min. Afterward, neurons were washed and returned to the
37°C incubator for 15 min, with and without the Wnt-5a ligand, to allow
recycling of endocytosed cargo proteins back to cell surface. Then newly
appeared cell surface biotin was again stripped with cleaving buffer at 4°C
for 30 min and quenched again with iodoacetamide. Finally neurons
were washed and lysed in ice-cold SA buffer at 4°C. Nuclear and cellular
debris was removed by centrifugation at 14,000 X g for 5 min at 4°C and
the supernatants were precipitated with streptavidin agarose beads
(Pierce) for 16 h at 4°C. The beads were washed and the samples were
prepared for immunoblot analysis. The values for biotinylated cargo
proteins protected from glutathione treatment were normalized to total
cargo proteins expressed in the cells (Morimoto et al., 2005). In an alter-
native approach, the recycling of the receptor was evaluated by immu-
nofluorescence. For these studies, neurons were incubated for 30 min at
37°C with an antibody against y2 subunits (Sigma). Then, the cells were
acid stripped for 5 min with 0.1 m glycine-0.1 M NaCl, pH 3.0 at 4°C,
before the treatment with Wnt-5a. The neurons were treated with Wn-5a
by the times indicated at 37°C, allowing that the prelabeled subunit re-
cycled to the cell surface. The neurons were fixed with 4% paraformal-
dehyde/4% sucrose for 10 min at 4°C and 10 min at room temperature.
The surface receptors were detected in the absence of detergent using
Alexa-conjugated secondary antibody, to detect receptors that reappear
in the plasma membrane from the intracellular pool (Vargas et al., 2008).
Then, the neurons were permeabilized by incubation in PBS-0.2% Triton
X-100 for staining gephyrin (BD Transduction Laboratories). The image
analysis for determinate the number and size of the GABA ,-R clusters
was accomplished as described above.
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Figure 1.  A-D, The insertion of the ac1- and y2-GABA, receptor in the neuronal surface is
stimulated by Wnt-5a in a time-dependent manner. Hippocampal neurons 15 DIV were incu-
bated at 37°C with Wnt-5a ligand (A, B) or Wnt-5a/sFRP (C, D) Foxy-5 (50 pum). Neurons were
labeled with an antibody against GABA,-Rs (a1 or y2 subunits, extracellular epitopes). The
ABC system was used with TMB as substrate, the final reaction was measured at 450 nm. Error
bars indicate SEM (n = 4). *p < 0.05.

Statistical analysis

Statistical analysis was performed using statistical software Prism 5
(GraphPad Software Inc.). Values are expressed as mean = SEM. Statis-
tical significance of differences was assessed with the nonpaired Student’s
ttestor ANOVA, and non-normally distributed data were analyzed using
the Mann—Whitney or Kruskal-Wallis test ( p < 0.05 was considered
significant).

Results

Whnt-5a ligand induces neuronal surface expression

of GABA ,-Rs

Previous studies suggest that an important factor in regulating
the efficacy of GABAergic inhibition is the number and stability
of postsynaptic GABA ,-Rs. Thus, a direct relationship between
the number of synaptic GABA,-Rs and the strength of the
inhibitory synapses has been demonstrated (Otis et al., 1994;
Collingridge et al., 2004). On account of that in the brain are
expressed >19 subunits of the GABA,-Rs, combinatorial sub-
unit composition leads to different subtypes of receptors with
different pharmacological properties and subcellular localization
(Rudolph and Méhler, 2006; Jacob et al., 2008). We analyzed the
effect of Wnt-5a in receptors containing the a1 and y2 subunits.
Importantly, y2 is critical for the expression, trafficking, cluster-
ing and synaptic localization of the major heteropentameric
receptor expressed in brain (Essrich et al., 1998). We used a quan-
titative colorimetric assay to calculate the surface expression of
GABA ,-Rs (Wang et al., 2003). We evaluated the effect of Wnt-
5a, aligand that leads to the activation of the Wnt/PCP and Wnt/
Ca** pathways in hippocampal neurons (Farias et al., 2009). We
observed that Wnt-5a induced a rapid increase of ~25% of sur-
face expression of GABA ,-Rs, reaching ~40% after 15 min of
treatment. This effect was maintained for up to 60 min, measured
by the detection of GABA,-Rs al and 2 subunits (cl-
GABA,-Rs and y2-GABA,-Rs) (Fig. 1 A, B). To test the specific-
ity of the Wnt-5a effect, the Wnt ligand was incubated with a
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soluble frizzled receptor protein antagonist (sFRP). sFPR binds to
the Wnt ligand, thereby preventing the interaction with cellular
membrane-bound Frizzled receptor (Rattner et al., 1997). The
coincubation of the Wnt-5a with sFRP prevented the increase of
the surface expression of the GABA ,-Rs triggered by the ligand
(Fig. 1A, B). To further establish that the observed effects were
due to Wnt-5a and not to other proteins present in the condi-
tioned medium, we used a formylated hexapeptide (Foxy-5)
derived from the sequence of the Wnt-5a ligand (Genemed Syn-
thesis). This peptide mimics the full molecule in cultures of hip-
pocampal neuron (Farias et al., 2009; our unpublished data).
Treatment with the Foxy-5 (50 uM) increases the surface expres-
sion of a1-GABA ,-Rs by 40% at 15 min of treatment and con-
tinues for 60 min (Fig. 1C). In addition, we observed a similar
effect in y2 containing GABA ,-Rs (Fig. 1 D). We confirmed that
treatment with Insulin (0.5 uMm) produces a significant increase in
cell surface GABA ,-Rs after 5 min (supplemental Fig. S1 A, avail-
able at www.jneurosci.org as supplemental material), which then
decrease staying above control levels for the remaining 60 min
(Wangetal., 2003). Previously, our laboratory had demonstrated
that Wnt-7a, a canonical Wnt ligand, was able to regulate the
presynaptic region (Farias et al., 2007; Cerpa et al., 2008). There-
fore, we evaluated the potential contribution of this pathway in
the surface expression of GABA ,-Rs. We used Wnt-7a ligand and
lithium, an activator of canonical Wnt pathway that inhibits gly-
cogen synthase kinase-33 (GSK-3) a key enzyme of this signal-
ing pathway (Inestrosa and Arenas, 2010). However, neither of
both substances changed the surface expression of GABA,-Rs
(supplemental Fig. S1 B, C, available at www.jneurosci.org as sup-
plemental material). This result suggests that Wnt-5a, but not
Wnt-7a, specifically regulates the surface expression of the
GABA ,-Rs in neurons.

To corroborate these observations we performed experiments
of surface biotinylation in cultured hippocampal neurons. As it
was expected, treatment with Wnt-5a for 15 min increased the
surface expression of y2 containing GABA ,-Rs without affecting
the total amount of this GABA ,-Rs subunit (Fig. 2A,B). We did
not observe any effect of Wnt-5a on transferrin receptor, TfR,
another constitutively expressed receptor in hippocampal
neurons (Parton et al., 1992). Treatment with sFRP abolished
the effect of Wnt-5a, however, Wnt-3a, a canonical Wnt ligand
(Alvarez et al., 2004), did not trigger any effects (Fig. 2A,B).
Taken into account these results, they indicate that Wn#-5a, but
not canonical ligands, such as Wnt-3a and Wnt-7a, increase the
surface expression of GABA,-Rs composed of al and y2 sub-
units in neurons.

To study the clustering of GABA ,-Rs at the cell surface, hip-
pocampal pyramidal neurons were analyzed by immunofluo-
rescence using specific antibodies to GABA,-Rs subunits, in
particular directed toward the external epitopes of the y2 or al
subunits (Fig. 2C; data not shown). The neurons were incubated
with Wnt-5a or Foxy-5 at the time indicated. The number of
GABA ,-R clusters in dendritic networks increase during the first
5 min after Wnt-5a or Foxy-5 treatment and remain elevated for
the rest of the experiment (Fig. 2 Da). Interestingly the size of the
clusters did not increase (Fig. 2 Db). Together, these results indi-
cate that Wnt-5a and Foxy-5 increases the number but not the
size of the GABA ,-R clusters.

Whnt-5a increases the efficacy of GABA synapses at the
postsynaptic level

To determine whether the increase in GABA ,-Rs surface expres-
sion induced by Wnt-5a leads to a concomitant increase in the
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number of functional receptors, we analyzed the effect of Wnt-5a
over evoked GABA, receptor-mediated IPSC (eIPSC) in hip-
pocampal CA1 pyramidal neurons. In whole-cell configuration
at holding potential of 0 mV (close to the reversal potential of the
glutamatergic current), the e[PSC evoked by the paired-pulse
protocol were isolated in the presence of the AMPA and NMDA
ionotropic glutamatergic receptor antagonists CNQX (20 um)
and APV (50 uMm), respectively (Fig. 3A, top recordings). After
stable baseline responses obtained for at least 10 min, the bath
applications of Wnt-5a ligand induced a strong, fast and long-
lasting increase of eIPSC peak amplitude (179.8 * 24.9%; p <
0.05; n = 10) (Figs. 3A, filled circle, 3B, black bar). This effect is
illustrated by a representative neuron in Figure 3A, top record-
ings. The superimposed recordings showed the changes in the
amplitude of eIPSC before (gray trace) and during perfusion of
Whnt-5a (black line). In contrast, the bath application of control
media failed to induce any significant changes in the inhibitory
synaptic efficacy (93.5 = 10.6%; p > 0.05; n = 4; Fig. 3A, open
circles). To establish the specificity of the Wnt-5a effect, we used
an antibody against Wnt-5a. Treatment with this antibody abol-
ished the effect of Wnt-5a ligand (data no shown).

It has been established that the induction and expression of
long-lasting changes in the synaptic efficacy can be determined by
pre and/or postsynaptic mechanism (Citri and Malenka, 2008).
Thus, to establish whether the Wnt-5a-dependent eIPSC poten-
tiation is due to presynaptic or postsynaptic mechanisms, we
analyzed the paired-pulse index in presence of Wnt-5a. Accord-
ing to previous studies (Murthy et al., 1997) all of the tested
eIPSCs showed paired-pulse depression (38.6 = 4.0%; n = 10;
Fig. 3C, white column) that did not change with the application
of Wnt-5a (35.5 % 3.0%; p < 0.05; n = 10; Fig. 3C, black column)
or control media (40.1 = 1.7%; p > 0.05; n = 4). The scaled
superimposed recordings in Figure 3C shows that the Wnt-5a
failed to induce changes in the time course and paired-pulse re-
lationship of eIPSC. The above results indicate that the potenti-
ation of eIPSC induced by Wnt-5a is exclusively mediated by
postsynaptic mechanisms.

In addition, short- or long-term changes in the presynaptic
excitability of inhibitory neurons that increase the spontane-
ous firing of inhibitory interneurons, may result in the in-
crease of efficacy of GABA-mediated inhibitory current. To
analyze whether Wnt-5a increases the amplitude and frequency
of GABA ,-mediated postsynaptic currents simultaneously, we
analyzed the spontaneous and miniature postsynaptic inhibitory
current (sIPSC and mIPSC, respectively). Similarly to experi-
mental conditions to the evoked IPSC, sIPSC and mIPSC were
recorded in whole-cell configuration at a holding potential of 0
mV, in the presence of CNQX (20 um) and APV (50 um). The
GABAergic mIPSCs were recorded in the presence of TTX (0.5
uM). Wnt-5a application induces a strong increase of the ampli-
tude without affecting the frequency of sIPSC and mIPSCs (Fig.
4). Figure 4 illustrates single recordings of representative neurons
of sIPSC and mIPSCs before and during application of Wnt-5a
(15 min). Wnt-5a increase the amplitude of both spontaneous
and miniature synaptic current. In average, the sSIPSC amplitude
increased from 33.1 £ 2.1-47.1 = 2.3 pA (n = 10) while mIPSC
amplitude increased from 20.0 = 1.5-28.0 = 1.7 pA (n = 10).
However, the frequency of sSIPSC and mIPSC was similar before
and during bath application of Wnt-5a. The frequency sIPSC in
control conditions was 8.7 = 0.8 Hz and 9.1 % 0.4 Hz in the
presence Wnt-5a (15 min of treatment). Similarly, in controls the
mIPSC frequency was of 1.5 = 0.1 Hz and 1.45 = 0.1 Hz under
Whnt-5a. In addition, rise time and decay time constant of mIPSC
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2004; Jacob et al., 2008). Internalized
GABA,-Rs are then subjected to either
rapid recycling or targeted for lysosomal
degradation. To understand the mecha-
nism by which Wnt-5a regulates the sur-
face expression of GABA,-Rs, first, we
investigated whether the endocytic pro-
cess of receptor was modified. To test this,
we performed whole-cell patch-clamp
electrophysiological experiments using
P4, a peptide that interferes with the
function of the GTPase dynamin, thus
blocking clathrin-dependent endocyto-
sis of GABA,-Rs (Kittler et al., 2000). P4
produced an increase in the amplitude
and frequency of mIPSCs and increased
synaptic GABA,-Rs in cultured cortical
neurons (Kittler et al., 2000). We rea-
soned that if the P4 peptide and Wnt-5a
mediate their effects by targeting different
components of the same endocytic path-
way, their effects should not be additive
on GABA,-Rs-mediated current. Inter-
estingly, we observed an additive effect
during cotreatment with P4 peptide and
Whnt-5a (15 min of treatment). A single
recording of a representative neuron of
mIPSCs before and during application of
Wnt-5a is illustrated (Fig. 5). Treatment
with the P4 peptide induces a clear in-
crease in the amplitude of GABA ,-Rs cur-
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Figure 2.  The clustering of the -y2-GABA, receptor on the neuronal surface is specifically induced by Wnt-5a. A, Neurons (18

DIV) were treated with control media, Wnt-3a or with Wnt-5aligand for 15 min, or coincubating with Wnt-5a/sFRP. Then neurons
were labeled with Sulfo-NHS-LC-Biotin and processed at 4°C. The GABA,-Rs present in neuronal surface and total protein was
analyzed using SDS-PAGE and Western blot with the antibody against the y2 subunit. Transferrin (TfR), another receptor, was also
detected as control. B, Quantification of the blots (n = 3). €, GABA,-Rs were immunostained with antibody to -y2 subunits in
nonpermeabilized cells showing clustering of the receptor. Representative images of control hippocampal neurons or those treated
with Wnt-5a or Foxy-5, at the time indicated, are shown. D, The number of clusters in 20 wm of neurite (Da) and the size (m?,

normalized to the control) (Db) were analyzed (n = 5). Error bars indicate SEM. *p << 0.05.

were unaffected by Wnt-5a (data not shown). Because an increase
in the frequency but not in the amplitude of mIPSCs is generally
thought to reflect a presynaptic increase in probability of trans-
mitter release (Malenka and Nicoll, 1999), both the paired-pulse
protocol and the frequency measurements of spontaneous events
indicate that the presynaptic excitability and probability of GABA
release was unaffected by exposure to Wnt-5a. Additionally, the
evoked, spontaneous and mini IPSCs were GABA ,-mediated be-
cause they were blocked by picrotoxin (data no shown). To-
gether, these results suggest that the noncanonical Wnt ligand,
Whnt-5a, induces a rapid increase in the response mediated by
GABA,-Rs, due to an increase in the number of functional recep-
tors present on the surface plasma-membrane of hippocampal
neurons.

Wnt-5a modulates the recycling of GABA ,-Rs

Previous studies have revealed that neuronal GABA ,-Rs undergo
significant rates of constitutive endocytosis (Kittler et al., 2000;
Collingridge et al., 2004; Jacob et al., 2008), a process that has
been established to regulate synaptic inhibition (Kittler et al.,

rent without affecting the frequency of
mIPSCs (Fig. 5). We observed that the
cotreatment with P4 peptide/ Wnt-5a in-
duces a further increase in the amplitude
of mIPSCs (P4:36.0 £ 3.2 pA,n=6;P4 +
Wnt-5a: 48.4 * 2.8, n = 6) without af-
fecting the frequency of mIPSCs (P4:
1.1 £ 0.3 Hz, n = 6; P4 + Wnt-5a: 1.0 =
0.2 Hz, n = 6). These results suggest that
the P4 peptide and Wnt-5a act in different
pathways to increase the neural surface
expression of GABA ,-Rs.

Afterward, we investigated whether the recycling process was
modified by Wnt-5a treatment. To identify the recycling of this
receptor, we used labeling with Sulfo-NHS-SS-Biotin (cleavable
biotin), which allows the receptors to follow reinsertion from
internal compartments to the cell surface (Morimoto et al.,
2005). Neurons were labeled with cleavable biotin and incubated
using different periods of times with Wnt-5a, allowing the recy-
cling of endocytic cargo proteins back to the cell surface. The
neurons were lysed, a part of the extract was prepared for Western
blot analysis, and the other part was precipitated with streptavi-
din. We observed that a fraction of receptor is precipitated with
streptavidin before and after the treatment with glutathione (Fig.
6Aa), indicating that there is an intracellular pool of the labeled
receptor which is protected from the reduction with glutathione
(0 min). Treatment with Wnt-5a induces a rapid recycling of the
receptor toward the cell surface, as it is demonstrated by a minor
protection from the reduction of the biotinylated receptor (Fig.
6 AD). The quantification of the receptor that returns to the sur-
face (+glutathione) is expressed as a percentage of the total re-
ceptor labeled with cleavable biotin (—glutathione). In basal
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conditions, the basal recycling is ~40%. A
That is, 60% of the receptor does not re-
cycle to the surface and thus remains in-
tracellular linked to biotin (Fig. 6 Ab, line
+glutathione in Biotinylated proteins).
Whnt-5a treatment induces a strong in-
crease of recycling reaching 90%. In other
words, only 10% of the labeled GABA ,-Rs
was protected from the reduction, indi-
cating that a greater number of biotinyl-
ated receptors are in the cell surface when
the neurons were incubated with glutathi-
one (Fig. 6Ab, line +glutathione in Bio-
tinylated proteins). These results clearly
indicate that the treatment with Wnt-5a
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resentative neuron before and after the
treatment with Wnt-5a is illustrated (Fig.
6 B). Initially, GABA ,-Rs clusters are few
and small (cluster/20 um: 2.65 *= 0.29;
cluster area was considerate as 1). However,
after 5 min of treatment with Wnt-5a,
GABA ,-Rs clusters increase significantly
in number (control: 6.14 * 0.64; Wnt-5a:
11.04 = 0.49), but after 15 min of treat-
ment the clusters numbers increase even
more (control: 15.80 = 0.49; Wnt-5a: 21.55 = 0.69). In addition,
the size of GABA,-Rs clusters increased significantly at 5 min
(control: 1.22 * 0.03; Wnt-5a: 1.40 = 0.03) and at 15 min after
treatment with Wnt-5a (control: 1.68 = 0.1; Wnt-5a: 1.91 *=
0.02). The number of GABA ,-R clusters increase nearly twice in
control conditions and nearly four times in neurons treated with
Whnt-5a (Fig. 6 B). The size of the clusters (the clusters area) in-
crease ~68% in control conditions and 90% in cells treated with
Whnt-5a. Both the size and the number remained high during 60
min of Wnt-5a treatment (data not show). The localization, the
number and size of the clusters, and the total levels of synaptic
protein gephyrin did not change in the presence of Wnt-5a (sup-
plemental Fig. S2, available at www.jneurosci.org as supplemen-
tal material). These results indicate that the treatment with
Whnt-5a increases the recycling of GABA ,-Rs. It happens because,
a significant proportion of internalized GABA,-Rs are rapidly
recycled back to the plasma membrane and virtually no
GABA,-R degradation could be detected within the first hour
(Kittler et al., 2004).

Figure3.

(n = 10).%p < 0.01.

The noncanonical Wnt/Ca>" pathway regulates the increase
of the surface expression of GABA ,-Rs induced by Wnt-5a
Previously, we demonstrated that Wnt-5a and Foxy-5 act as non-
canonical ligands in mature hippocampal neurons, activating
both Wnt signaling pathway, Wnt/JNK and Wnt/Ca>" (Farfas et
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Wnt-5aligand increases the amplitude of evoked IPSC, without affecting the paired-pulse index. Intracellular record-
ing of a CA1 pyramidal cells after Wnt-5aligand treatment at a holding membrane potential of 0 mV and in the presence of 50
APVand 20 um CNQX. A, Averaged evoked IPSCs by paired-pulse protocols (elPSCs), before (Aa) and after 15 min (4b) of continued
perfusion with Wnt-5a. Time course of the effect of Wnt-5a (black circles) on elPSC amplitudes is shown. B, Quantification of the
average amplitude of elPSCs before (media) and after 15 min of treatment (control or Wnt-5a). €, Determination of the PPR index
before (media) and after 15 min of treatment (control or Wnt-5a). “Media” corresponds to the values of eIPSCs when the cells have
not been treated. “Control” corresponds to the values of elPSCs when the cells were treated with vehicle. Error bars indicate SEM
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Figure 4.  Wnt-5a ligand increases the amplitude of spontaneous and miniature IPSCs.
Events were recorded from voltage-clamped (0 mV) CAT pyramidal cells in the presence of 50
M APV and 20 um CNQX. Recording of spontaneous and miniature IPSCs, sIPSC and mIPSC
respectively, in cells treated with control or Wnt-5a.

al., 2009; our unpublished observations). To determine whether
the noncanonical Wnt pathways are involved in the regulation of
the surface expression of the GABA ,-Rs induced by Wnt-5a or
Foxy-5, we used fumagillin (Fum), a synthetic inhibitor of the
noncanonical Wnt pathways. This inhibitor acts downstream of
the Wnt receptors, but upstream of CaMKII and JNK without
affecting the canonical Wnt/B-catenin pathway (Farias et al.,
2009) (Fig. 7A). Previously, we described that Fum blocked the
activation of JNK and CaMKII induced by Wnt-5a or Foxy-5 in
mature hippocampal neurons (Farias et al., 2009; our unpub-



Cuitino et al. e Wnt-5a Modulates GABA,-R Recycling

P4 Peptide

renennbonbibnn  ahamilomilmann
MWMMMM

20 pA
200 ms

P4 Peptide + Wnt-5a

Figure5.  Wnt-5aligand does not affect the endocytosis of GABA,-Rs. Events were recorded
from voltage-clamped (0 mV) CAT pyramidal cells in the presence of 50 v APV, 20 um CNQX
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sion of GABA ,-Rs (supplemental Fig. S3 A, B, available at www.
jneurosci.org as supplemental material). To confirm that the
Wnt/Ca®" pathway is implicated in the increase of functional
GABA ,-Rs, we analyzed the effect of TAT-TI-JIP, KN-93 and
G066976 over evoked GABA ,-R-mediated eIPSCs, in hippocam-
pal CAl pyramidal neurons. We observed that the effect of
Whnt-5a (Fig. 7F ) or Foxy-5 (supplemental Fig. S3C, available at
www.jneurosci.org as supplemental material) is not blocked by
TAT-TI-JIP or by G66976. Consistently with the results obtained
by the immunofluorescence assay, the effect of Wnt-5a and
Foxy-5 is completely inhibited by KN-93 (Fig. 7F; supplemental
Fig. S3C, available at www.jneurosci.org as supplemental mate-
rial). These results suggest that CaMKII is
the main mediator of the effect of Wnt-5a
over GABA,-Rs. The inhibitors alone do
not affect the amplitude of the eIPSCs me-

BiOtinYIated Protein “ _

Glutathione

diated by GABA,-Rs (supplemental Fig.
S3D, available at www.jneurosci.org as
supplemental material). Together, these
results indicate that the noncanonical
Wnt/Ca>" pathway is required to modu-
late the recycling of functional GABA ,-Rs
on hippocampal neurons.

Control

Control

15 min

Figure 6.

lished observations). Consistent with our previous studies, the
effect induced by Foxy-5 (50 uM) at 15 min on the surface clus-
tering of GABA ,-Rs is inhibited by Fum (Fig. 7B, C). To dissect
whether Wnt-5a induces the surface expression of receptor by the
Wnt/JNK or the Wnt/Ca>" pathways, we used inhibitors for the
three well known effectors of these pathways: TAT-TI-JIP to in-
hibit JNK activity of the Wnt/JNK pathway and KN-93 and
G66976 to inhibit CaMKII and PKC activities of the Wnt/Ca>*
pathway (Fig. 7A). Hippocampal neurons were incubated with
Foxy-5 for 15 min in the presence of the inhibitors mentioned
and the clusters number per um of neurite was measured. TAT-
TI-JIP did not affect significantly the cluster number of GABA,-Rs
induced by Foxy-5 (Fig. 7D, E). However, when we analyzed
the contribution of the CaMKII and PKC, we found that only in
the presence of the CaMKII inhibitor, the effect of Foxy-5 on the
surface expression of the GABA,-Rs was completely blocked
(Fig. 7 D, E). The inhibitors alone do not affect the surface expres-
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GABA, Receptors are recycled on the neuronal surface under the effect of Wnt-5a ligand. A, Neurons were incubated
for 1 h at 37°C with Sulfo-NHS-SS-Biotin. Aa, Control cells at 0 min were reduced or not with glutathione. Ab, Neurons were
stimulated for 15 min with Wnt-5a at 37°C. Surface Sulfo-NHS-SS-Biotin was reduced or not with glutathione, biotinylated and
total y2-GABA-Rs were detected. B, Neurons were labeled with an antibody against -y2 subunits at 37°Cand then incubated with
Wnt-5a. The -y2 subunits were detected in nonpermeabilized neurons and correspond to the receptor recycling to the surface cell.

Wnt-5a
Discussion
GABA,-Rs are critical mediators of syn-
aptic inhibition in the brain (Macdonald
and Olsen, 1994; Jacob et al., 2008). At
synapses, GABA,-Rs constitutively un-
dergo significant rates of constitutive en-
docytosis, via clathrin-coated pits in a
dynamin-dependent process; the inter-
nalized GABA ,-Rs are then subjected to
either rapid recycling or targeted for ly-
sosomal degradation (Kittler et al., 2004;
Jacob et al., 2008). Therefore, changes in
the rates of GABA ,-R endocytosis and/or
endocytic sorting represent potentially
powerful mechanisms to regulate GABA ,-R
cell surface number and inhibitory syn-
aptic transmission (Collingridge et al.,
2004; Kittler et al., 2004). A direct rela-
tionship between the number of postsyn-
aptic GABA,-Rs and the strength of the
synapse has been demonstrated (Nusser et
al., 1997, 1998). Therefore, to maintain a
stable cell-surface receptor number, contin-
ual membrane insertion of newly synthesized or recycled receptors is
required (Kennedy and Ehlers, 2006). However, how neurons facil-
itate the insertion of GABA,-Rs into synaptic membranes remains
to be determined. This issue is not only of importance for inhibitory
synaptic transmission, in fact, the major sites of excitatory synaptic
transmission in the brain, the AMPA-type glutamate receptors also
cycle between the plasma membrane and intracellular compart-
ments playing a role in synaptic plasticity (Citri and Malenka, 2008).
To address the mechanisms underlying GABA ,-R membrane traf-
ficking we have studied the role of the Wnt signaling pathway. Our
results demonstrate that treatment with the noncanonical Wnt-5a
ligand significantly increases the amount of the functional
GABA ,-Rs on the neuronal cell surface, increasing the number of
clusters and the amplitude of the inhibitory currents.

Since the presynaptic and postsynaptic regions strongly inter-
act, alterations in structuring the presynaptic terminal or the
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postsynaptic region are accompaniedbya A
parallel change in the opposite synaptic
site (Ahmad-Annuar et al., 2006; Citri and
Malenka, 2008; Salinas and Zou, 2008).
However, when we analyzed the scaffold
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ment, during the same time frame where

Whnt-5a increased the surface expression i

of GABA ,-Rs. These results suggest that T
Whnt-5a does not affect the organization of TAT-TI-JIP
the whole inhibitory postsynaptic region,
at least on the same time scale. In fact, our
studies were performed after short-term
exposure to Wnt ligands, therefore we do
not know whether a long-term exposure
to Wnts will affect the presynaptic coun-
terpart as a consequence of the postsynap-
tic differentiation. Previous studies in our
laboratory demonstrated that Wnt-5a
does not affect the clustering of different
presynaptic proteins until 60 min (Cerpa
et al., 2008, Farias et al., 2010; Inestrosa
and Arenas, 2010). Therefore, although
an increase in cluster number could indi-
cate new, unsilenced synapses, it is more
likely that this result from an increase in
receptor levels above the immunocyto-
chemical detection threshold at previously
existing synapses. Furthermore, because we
do not observed changes in paired-pulse re-
lationship or mIPSC frequency in CA1 neu-
rons in hippocampal slices after Wnt-5a or Foxy-5 application, it
appears that the increase in surface receptors happens at preexisting
synapses.

In addition, we demonstrate that the regulation of the expres-
sion of GABA ,-Rs induced by Wnt-5a on the cell surface is due to
the fact that this ligand increases the recycling of the receptor
without affecting the endocytic process or the total protein level.
These effects induced by the Wnt-5a are specific since they are
blocked by sFRP, a soluble antagonist of Wnt signaling. More-
over, the increase induced by Wnt-5a in the surface expression of
the GABA ,-Rs was reproduced by a formylated hexapeptide that
mimics Wnt-5a effect (Foxy-5). These results suggest that Wnt-5a
facilitates the membrane insertion of GABA ,-Rs. However, the
precise mechanisms that mediate the stabilization of GABA ,-Rs
on the neuronal surface induced by Wnt-5a remains to be estab-
lished. But, at least an increase in the recycling of GABA ,-Rs is
triggered by the Wnt-5a ligand.

During the last years, it has been observed that the phosphor-
ylation of GABA,-Rs subunits is an important mechanism that
dynamically modulates GABA ,-Rs trafficking at synapses (Brandon
etal., 2002) The GABA,-Rs is phosphorylated by diverse kinases
including the cAMP-dependent protein kinase (PKA), PKC,
CaMKII, Protein kinase B (Akt) and tyrosine kinases of the Src
family. On this context, Brandon and coworkers described that
GABA, receptor function, dependent upon the subtype ana-
lyzed, and it can be differentially modulated by phosphorylation
of key residues within the intracellular loop of receptor 1-3 and
v2 subunits. Interestingly, PKC and CaMKII are involved in the
noncanonical Wnt signaling pathway initiated by Wnt-5a (Farias
et al., 2009, 2010; Inestrosa and Arenas, 2010). Previous studies
have demonstrated that these kinases modulate differentially the
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Figure 7. Noncanonical Wnt/Ca* pathway signaling is involved in the surface expression of GABA,-Rs induced by Wnt-5a.
A, The scheme indicates the two noncanonical Wit pathways described for Wnt-5a, Wnt/Ca® " and Wnt/INK. The effectors for each
pathway: CaMKII, PKC and JNK are shown as well as the drugs used to inhibit these kinases: TAT-TI-JIP, KN-93 and G§6976.
Fumagillin (Fum) is a general inhibitor of the noncanonical Wnt pathways. B, Representative neurite images of hippocampal
neurons exposed to Foxy-5 for 15 min in the presence or absence of Fum. €, Quantification of y2-GABA,-R clusters number/20 m
neurite shown in B). D, Representative neurite images of hippocampal neurons incubated with Foxy-5 or coincubated with Foxy-5
and inhibitors indicated, for 15 min. £, Quantification of -y2-GABA,-R clusters number/20 um neurite of the treatments indicated
in D). F, Quantification of average amplitude of elPSCs in presence of Wnt-5a or coincubated with the inhibitors indicated for 15 min
of treatment. The inhibitors were injected by the patch pipette. Error bars indicate SEM (n = 10). *p << 0.05.

receptor stability in the cell surface. Thus, the PKC activation
promotes GABA , receptor endocytosis and decreases cell surface
expression of the receptor. This phenomenon is accompanied by
strong decreases in GABA-gated chloride currents (Herring et al.,
2005). In addition, it has been demonstrated that CaMKII acti-
vation promotes the recruitment of postsynaptic GABA ,-Rs, en-
hancing the amplitude of GABA whole-cell currents and IPSCs
(Churn and DeLorenzo, 1998; Wei et al., 2004). In accordance
with the studies mentioned above, we demonstrated that the
noncanonical Wnt/Ca>* pathway, particularly CaMKII, is re-
quired to modulate the effect of Wnt-5a on GABA ,-Rs.

GABA ,-Rs not only function as chloride channels that also
regulate membrane voltage and conductance, but also play a cru-
cial role in the establishment of functional synapses, as well as its
maturation and stabilization (Ben-Ari, 2002; Ben-Ari et al.,
2004). In addition, they are involved in the control of the excit-
ability of the brain, circadian rhythms, cognition, sleeping-
wakening cycle, learning and memory (Rudolph and Méohler,
2006). Functional adaptation of GABAergic synapses can gener-
ally be achieved by changes in either the neurotransmitter release
properties of GABAergic neurons or changes in gene expression,
cellular distribution, or function of postsynaptic GABA,-Rs.
However, experimental evidences suggest that the synaptic effi-
cacy of GABAergic synapses is tightly correlated with the number
of postsynaptic GABA ,-Rs (Kittler et al., 2000, Jacob et al., 2008).
Therefore, changes in the trafficking of these receptors could
regulate neuronal plasticity and contribute to the manifestation
of a wide range of neurological and psychiatric disorders includ-
ing epilepsy (Naylor et al., 2005), mood disorders such as anxiety
and depression (Brambilla et al., 2003; Tunnicliff and Malatynska,
2003), and alcoholism (Kumar et al., 2003).
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There are a wide variety of receptors that can be distinguished
based on their pharmacologic profile, in their subcellular local-
ization or simply by the combination of their subunits. The main
GABA ,-Rs expressed in the brain are composed by 2 a1 subunits,
2 B subunits and a y2 subunit (Jacob et al., 2008). The y2 subunit
has been described as the responsible for the sensitivity to benzo-
diazepines, the synaptic localization, and the trafficking modula-
tion of the receptors (Essrich et al., 1998; Connolly et al., 1999).
But the current view is that gephyrin stabilizes receptor clusters in
the postsynaptic membrane by preventing their lateral diffusion
and/or internalization. In the present study we have described
that Wnt-5a modulates the surface expression of the al as y2
subunit in mature hippocampal neurons, increasing the number
of the clusters and the colocalization with gephyrin, conferring to
the Wnt signaling pathway a key role in the maintenance of the
GABAergic synapses in the brain.

The Wnt signaling pathway has been involved in various cel-
lular processes, including functions in the neuronal development
and maintenance of the nervous system (Lie et al., 2005; Ahmad-
Annuar et al., 2006; Chen et al., 2006; Salinas and Zou, 2008;
Inestrosa and Arenas, 2010). Wnt proteins signal through at least
three different pathways. In the canonical pathway, Wnt ligand
increases cytoplasmic 3-catenin levels, allowing 3-catenin to en-
ter the nucleus where it co-activates the transcription of Wnt
target genes (Logan and Nusse, 2004; Toledo et al., 2008). Several
“noncanonical” Wnt signaling pathways do not affect gene tran-
scription through B-catenin, they mediate other cellular processes
through different molecular intermediates instead, including the
regulation of monomeric GTPases of the Rho/Rac family and
changes in intracellular calcium levels (Montcouquiol et al.,
2006; Salinas and Zou, 2008). Our laboratory has demonstrated
that the Wnt signaling regulates the presynaptic localization of
a7-nAChRs (Farias et al., 2007), it induces recycling and exocy-
tosis of synaptic vesicles (Cerpa et al., 2008) and the clustering of
PSD-95 at the postsynaptic region (Farias et al., 2009). However,
little is known about its role in mature neurons, even though Wnt
ligands and proteins that mediate their signaling are expressed in
the mature nervous system (Inestrosa and Arenas, 2010). In the
present work, we are proposing that the Wnt signaling pathway
has a key role in the homeostasis of inhibitory neuronal synapses,
suggesting a possible effect on the plasticity of the inhibitory
synapses.

Receptor translocation has important implications for synap-
tic function and given that GABA-Rs cycle between synaptic
sites and intracellular endocytic structures (Kittler et al., 2000,
2004; Jacob et al., 2008). The capacity of neurons to modulate the
removal and/or insertion of GABA ,-Rs in synaptic membranes
may have profound effects on the efficacy of synaptic transmis-
sion (Otis et al., 1994). Thus, the rapid increase of GABA,-Rs
induced by Wnt-5a in the postsynaptic domain of inhibitory syn-
apses provides an additional mechanism for the induction of
synaptic plasticity in these synapses.
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