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Synaptic Clustering of PSD-95 Is Regulated by c-Abl through

Tyrosine Phosphorylation
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The c-Abl tyrosine kinase is present in mouse brain synapses, but its precise synaptic function is unknown. We found that c-Abl levels in the rat
hippocampus increase postnatally, with expression peaking at the first postnatal week. In 14 d in vitro hippocampal neuron cultures, c-Abl
localizes primarily to the postsynaptic compartment, in which it colocalizes with the postsynaptic scaffold protein postsynaptic density
protein-95 (PSD-95) in apposition to presynaptic markers. c-Abl associates with PSD-95, and chemical or genetic inhibition of c-Abl kinase
activity reduces PSD-95 tyrosine phosphorylation, leading to reduced PSD-95 clustering and reduced synapses in treated neurons. c-Abl can
phosphorylate PSD-95 on tyrosine 533, and mutation of this residue reduces the ability of PSD-95 to cluster at postsynaptic sites. Our results
indicate that c-Abl regulates synapse formation by mediating tyrosine phosphorylation and clustering of PSD-95.

Introduction

The postsynaptic density protein-95 (PSD-95) is one of the most
abundant proteins present at excitatory postsynaptic sites in the
CNS (Cho et al., 1992; Kistner et al., 1993). PSD-95 binds other
postsynaptic molecules, including NMDA receptors and signal-
ing molecules (Kim and Sheng, 2004). This scaffolding protein is
the earliest detectable protein in the PSD and is involved in the
maturation of excitatory synapses (Rao et al., 1998; El-Husseini et
al., 2000a; Friedman et al., 2000; Prange and Murphy, 2001; Kim
and Sheng, 2004). Therefore, regulation of PSD-95 synaptic
clustering during development is likely essential for proper
synapse formation. Previous studies indicate that posttransla-
tional modifications, such as palmitoylation (Craven et al.,
1999; El-Husseini et al., 2000b) and Ser/Thr phosphorylation
(Morabito et al., 2004; Sabio et al., 2004; Soto et al., 2004; Gardoni
etal.,, 2006; Kim et al., 2007), control the dynamic recruitment of
PSD-95 at the synapse. Recently, it has been suggested that ty-
rosine phosphorylation could be an additional mechanism for
PSD-95 regulation (Du et al., 2009).
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Growing evidence has revealed that Abl family tyrosine ki-
nases play important roles in development of the CNS (Moresco
and Koleske, 2003). c-Abl belongs to the Abl family and has been
implicated in different neuronal processes, including neurulation
and neurite outgrowth (Koleske et al., 1998; Lanier and Gertler,
2000; Zukerberg et al., 2000; Woodring et al., 2002; Jones et al.,
2004). In addition, c-Abl has been implicated in neurodegenera-
tive diseases, in which c-Abl activation has a central role in signal
transduction pathways underlying pathogenesis of Alzheimer
and Niemann Pick diseases (Alvarez et al., 2004a, 2008; Cancino
et al., 2008). In adult mice, c-Abl is localized in the synaptic
compartments (Moresco et al., 2003). Electrophysiological stud-
ies in c-Abl’~ mice have shown that c-Abl is required for the
regulation of neurotransmitter release at Schaffer collateral-CA1l
synapses (Moresco et al., 2003). Evidence for postsynaptic struc-
ture requirement of c-Abl has been reported during synapse for-
mation at the neuromuscular junction (Finn et al, 2003).
Additionally, c-Abl has been involved in NMDA receptor regu-
lation downstream to PDGEP receptor in hippocampal slices
(Beazely etal., 2008). However, the specific role of c-Abl at postsyn-
aptic structures in CNS is unknown. It has been reported that c-Abl
interacts with Src kinases and phosphorylation by Src lead to en-
hanced c-Abl activity (Tanis et al., 2003; Chen et al., 2008). Interest-
ingly, evidence shows that Src/Fyn modulates the PSD-95 tyrosine
phosphorylation, and it has been suggested that this phosphoryla-
tion contributes to the facilitating effect of PSD-95 on NMDA-
mediated currents (Du et al., 2009). Therefore, it is possible that
c-Abl could contribute to the PSD-95 regulation and consequently
modulate postsynaptic development and function.

We evaluated whether c-Abl kinase is a novel posttranslational
modulator of PSD-95 clustering. We established that c-Abl activity is
important for synaptic contact establishment and for PSD-95 clus-
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tering in vitro and in vivo. Moreover, c-Abl phosphorylates PSD-95
at tyrosine 533. Our results demonstrate that c-Abl acts as an PSD-95
modulator and show for the first time that tyrosine phosphorylation
plays a role in the PSD-95 clustering.

Materials and Methods

Primary culture of rat hippocampal neurons. Rat hippocampal cultures
were prepared as described previously with some modifications (Alvarez
et al., 2004b; Kaech and Banker, 2006). Hippocampi from Sprague Daw-
ley rats at embryonic day 18 were removed, dissected free of meninges in
Ca?*/Mg?*-free HBSS, and rinsed twice with HBSS by allowing the
tissue to settle to the bottom of the tube. After the second wash, the tissue
was resuspended in HBSS containing 0.25% trypsin and incubated for 15
min at 37°C. After three rinses with HBSS, the tissue was mechanically
dissociated in plating medium (DMEM; Invitrogen), supplemented with
10% horse serum (Invitrogen), 100 U/ml penicillin, and 100 ug/ml
streptomycin by gentle passage through Pasteur pipettes. Dissociated
hippocampal cells were seeded onto poly-1-lysine-coated six-well culture
plates at a density of 7 X 10 cells per well in plating medium. Cultures
were maintained at 37°C in 5% CO, for 2 h before the plating medium
was replaced with Neurobasal growth medium (Invitrogen) supple-
mented with B27 (Invitrogen), 2 mm L-glutamine, 100 U/ml penicillin,
and 100 ug/ml streptomycin. At day 2, cultured neurons were treated
with AraC 2 um for 24 h; this method resulted in cultures highly enriched
for neurons (~5% glia). For hippocampal cultures from c-Abl~/~ mice,
we used the ablm2 mutant (Tybulewicz et al., 1991) because it is a true
Abl protein null. Each Abl~’~ mouse was matched with a wild-type (WT)
embryo control.

Immunofluorescence. Hippocampal neurons were seeded onto poly-L-
lysine-coated coverslips in 24-well culture plates at a density of 2.5 X 10*
cells per well. Cells were rinsed twice in ice-cold PBS, fixed with a freshly
prepared 4% paraformaldehyde/4% sucrose in PBS for 20 min, and per-
meabilized for 5 min with 0.2% Triton X-100 in PBS. After several rinses
in ice-cold PBS, cells were incubated in 0.2% gelatin in PBS (blocking
solution) for 30 min at room temperature, followed by an overnight
incubation at 4°C with primary antibodies. The cells were extensively
washed with PBS and then incubated with Alexa-conjugated secondary
antibodies (Invitrogen) 30 min at 37°C. The cells were mounted in mount-
ing medium and analyzed by confocal microscopy. Primary antibodies
(Santa Cruz Biotechnology) used were as follows: mouse anti-c-Abl, rabbit
anti-glutamate receptor 1 (GluR1), rabbit anti-microtubule-associated
protein 2 (MAP2), rabbit anti-synapsin I (Syn I), and goat anti-synaptic
vesicle protein 2 (SV2). The monoclonal antibodies anti-PSD-95, anti-
NR2B, anti-pan-SHANK (SH3 and multiple ankyrin repeat domain pro-
tein), and anti-vesicular glutamate transporter 1 (vGLUT1) was
developed by and obtained from the University of California, Davis/
National Institutes of Health (NIH) NeuroMab Facility, supported by
NIH Grant U24NS050606 and maintained by the Department of Neuro-
biology, Physiology, and Behavior, College of Biological Sciences, Uni-
versity of California, Davis.

Confocal images of neurons were obtained using a Carl Zeiss 633
(numerical aperture 1.4) objective with sequential acquisition settings at
the maximal resolution of the confocal (1024 X 1024 pixels). The con-
focal microscope settings were kept the same for all scans when fluores-
cence intensity was compared. All measurements were performed using
NIH Image] software.

Subcellular fractionation. For postsynaptic density (PSD) isolation, the
method of Carlin et al. (1980) was slightly modified. Briefly, the telen-
cephalon of 10 male Sprague Dawley rats were dissected, cut, and ho-
mogenized on ice in 8 ml of homogenization buffer (0.32 M sucrose, 0.5
mM EGTA, and 5 mum Tris, pH 7.4), using 12 strokes with a 40 ml Tissue
Grind Potter with Teflon Pestle (Thomas Scientific). Subsequent frac-
tionation followed the procedures described previously (Wyneken et al.,
2001). Then, the telencephalon homogenate was centrifuged at 1000 X g
for 10 min at 4°C, and the supernatant (S1) was saved. The pellet (P1) was
washed, manually homogenized, and centrifuged at 1000 X g for 10 min
at4°C. The pellet (P2) was discarded, and the supernatant (S2) was mixed
with S1. S1 plus S2 were centrifuged at 12,000 X g for 20 min at 4°C. The
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pellet (P3) was saved and rinsed with solution A (0.32 sucrose, 5 mm
Tris-HCI, pH 8.1, 0.5 mm EGTA, and 1 mwm dithiotreitol). Then, the P3
was manually homogenized with a 17 ml Tissue Grind Potter with Teflon
Pestle (Thomas Scientific), layered on a discontinuous sucrose step gra-
dient (0.32 M, 1 M, and 1.2 M sucrose in 5 mM Tris-HCI, pH 8.1), and
centrifuged at 150,000 X g using the for 2 h at 4°C. The synaptosome 1
(S1) fraction was isolated from 1 to 1.2 M sucrose gradient and diluted 10
times with the lysis buffer (5 mm Tris-HCI, pH 8.1, and 0.5 mm EGTA).
Lysis was performed by incubating and gently mixing the lysis buffer with
S1 in ice for 30 min. Then synaptosome 1 was centrifuged at 33,000 X g
for 30 min. The pellet (P4) was saved, resuspended in 3 ml of solution A,
and manually homogenized. Then P4 was layered on a discontinuous
sucrose step gradient (0.32 M, 1 M, and 1.2 M sucrose in 5 mm Tris-HCI,
pH 8.1) and centrifuged at 250,000 X g for 1 h at 4°C. The fraction of
synaptosome 2 was obtained from 1 and 1.2 M fractions. S2 was saved and
diluted with 8 vol of 0.32 M sucrose, 0.025 mm CaCl,, 1% Triton X-100, 2
muM DTT, and 10 mm Tris-HCI, pH 8.1. S2 fraction was gently mixed in
this buffer and centrifuged at 33,000 X g for 30 min at 4°C. The pellet
(P5) is the PSD fraction. It was saved and washed with 50 mm HEPES, pH
7.4. The PSDs were centrifuged at 250,000 X g for 10 min at 4°C, and the
pellet was resuspended in 50 mm HEPES, pH 7.4. The PSD fraction was
frozen in liquid nitrogen and stored at —80°C. Protein concentration in
the PSD fraction and total telencephalon homogenate samples was de-
termined by the BCA method. The PSD and total homogenate samples
were diluted 1:1 with loading buffer and heated at 100°C for 5 min. Then,
20 and 40 ug of protein, respectively, were loaded on a 10% SDS-PAGE,
separated by electrophoresis, and electrotransferred to polyvinylidene
difluoride (PVDF) membrane.

Immunoblot analysis. Treated cells were washed with ice-cold PBS and
immediately lysed with radioimmunoprecipitation assay (RIPA) buffer
containing (50 mm Tris, 150 mm NaCl, 1 mm EGTA, 1 mm EDTA, 0.5%
deoxycholate, 1% NP-40, and 0.1% SDS) supplemented with protease
inhibitors (1 mm PMSF, 1 ug/ml aprotinin, 10 pg/ml leupeptin, 1 mm
Na3VO4, and 50 mm NaF). The homogenates were maintained in ice for
30 min and then were centrifuged at 1000 X g for 5 min. The supernatant
was recovered, and protein concentration was determined by BCA pro-
tein assay kit (Pierce). Proteins were resolved in SDS-PAGE (10% poly-
acrylamide), transferred to PVDF membrane, and reacted with primary
antibodies. The reactions were followed by incubation with secondary
antibodies peroxidase labeled (Pierce) and developed using the ECL
technique (PerkinElmer Life and Analytical Sciences). Primary antibod-
ies were the same used for immunofluorescence in addition to rabbit
anti-B-tubulin, rabbit anti-N-cadherin, rabbit anti-Syn I, mouse anti-
GluR1, rabbit anti-NMDA receptor subunit 1 (NR1) (Santa Cruz Bio-
technology), and mouse anti-vGLUT1 (University of California, Davis/
NTH NeuroMab Facility).

Coimmunoprecipitation assay. Protein extract was obtained from hip-
pocampal cultures lysed in RIPA buffer containing a mixture of protease
and phosphatase inhibitors. Adult rat brains were lysed in RIPA buffer,
and immunoprecipitations were performed using anti-PSD-95 and anti-
c-Abl antibody. HEK293 cells were lysed in RIPA buffer, and immuno-
precipitations were performed from transfected HEK293 cells with
PSD-95 and c-Abl plasmids. Complexes were isolated using protein A or
protein G Sepharose. Tissue and cell lysates were separated by SDS-
PAGE, transferred to PVDF membranes (Fisher Thermo Scientific), and
immunoblotted with phosphotyrosine (pTyr) antibody (Millipore Bio-
science Research Reagents), anti-PSD-95, and anti-c-Abl antibody.

Neuronal transfection. Neurons were transfected using Lipofect AMINE
2000 (Invitrogen) 2 d after seeding on 24-well (coverslips) or six-well
culture plates ata density of 4 X 10 or 1 X 10° cells per well, respectively.
Briefly, DNA and Lipofectamine 2000 were mixed in OptiMEM (Invitro-
gen) according to the instructions of the manufacturer. After 20 min, the
DNA-Lipofectamine 2000 Reagent complex was added to the cells.
Neurons were incubated at 37°C, and then the media were replaced
with Neurobasal growth medium (Invitrogen) supplemented with B27
(Invitrogen), 2 mm L-glutamine, 100 U/ml penicillin, and 100 ug/ml
streptomycin.

HEK293 transfection. Cells seeded on six-well culture plates at a density
of 70% were transfected using LipofectAMINE 2000 (Invitrogen), ac-
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cording to the instructions of the manufacturer. HEK293 were incubated
with DNA-LipofectAMINE 2000 at 37°C, and the media were replaced
with DMEM (Invitrogen) supplemented with FBS (Hyclone Laborato-
ries), 100 U/ml penicillin, and 100 pg/ml streptomycin. Cells were har-
vested 36 h after transfection and lysed.

In vitro phosphorylation assay. Kinase assay mixtures contained 25 mm
HEPES, pH 7.25, 100 mm NaCl, 5 mm MgCl,, 5% glycerol, 100 ng of
bovine serum albumin/ul, 1 mm sodium orthovanadate, and 10 nm c-Abl
kinase. Abl was purified to >90% purity as described previously (Tanis et
al., 2003). After a 5 min preincubation at 30°C, 25 ul reactions were
initiated by the addition of 500 nm glutathione S-transferase (GST)-
PSD-95 or GST—CrKkII, 5 um ATP, and 0.5 pCi of [y- **P]ATP. As nega-
tive controls of phosphorylation, we used c-Abl kinase denatured by heat
and c-Abl kinase incubated with 500 nm STI571 during the reactions.
c-Abl incubated with 0.5 uCi of [y-**P]ATP without a substrate was
used for normalization. All reaction mixtures were incubated at 30°C for
different periods of time, and the reaction mixtures were stopped on
phosphocellulose P81 paper (Whatman) and washed three times with
0.75% v/v phosphoric acid. Alternatively, the reactions were terminated
by the addition of ice-cold SDS sample buffer and were resolved by
SDS-PAGE. The gels were dried and were exposed for autoradiography
and quantified using a Molecular Dynamics PhosphorImaging system
and ImageQuant software.

Site-directed mutagenesis. PSD-95 mutants were generated by PCR
using the proofreading Pfu polymerase (Promega), followed by Dpnl
digestion of the methylated parental plasmid. Oligonucleotides used
were as follows: Y255Asense, 5'GAGTGACAGCGCTGCTCCCCC-
AG; Y255A antisense, 5’CTGGGGGAGCAGCGCTGTCACTC;
Y533A sense, 5'GGAAGTGCACGCTGCTCGTCCCA; Y533A anti-
sense, 5’ TGGGACGAGCAGCGTGCACTTCC. Each clone was veri-
fied by automated sequencing.

Statistical analysis. Mean and SE values and the number of experiments
are indicated in each figure. Statistical analysis was performed by one-way
ANOVA, followed by Student’s ¢ test using SigmaPlot (version 9.0).

Results

c-Abl is present in synaptic sites in cultured

hippocampal neurons

An increase in the clustering of synaptic proteins such as PSD-95
and SHANK has been observed in hippocampal neurons at 12—14
d in vitro (DIV) (Gerrow et al., 2006). We analyzed c-Abl distri-
bution in 14 DIV hippocampal neurons to investigate its poten-
tial synaptic role. We found that c-Abl is broadly distributed in
neurons and shows a punctate staining in neuronal processes
(Fig. 1A). To test whether c-Abl is present at synaptic sites in
cultured neurons, we examined the colocalization with the pre-
synaptic marker Syn I. As observed in Figure 1 B, at 14 DIV, c-Abl
clusters are apposed closely to Syn I puncta, suggesting that this
kinase is mainly distributed postsynaptically (Fig. 1 B) as reported
previously in hippocampal Schaffer collateral-CAl synapse
(Moresco etal., 2003). To further evaluate this, we transfected the
construct green fluorescent protein (GFP)—c-Abl-WT, and the
colocalization with Syn I or the postsynaptic scaffold protein
PSD-95 was analyzed. Along the dendritic shaft, we observed that
GFP-c-Abl-WT clusters colocalize with PSD-95 puncta in close
apposition to Syn I (Fig. 1C). Application of the intensity corre-
lation analysis plug-in (NTH Image] software) on data from con-
focal images for each synaptic marker on hippocampal neurons
transfected with GFP—c-Abl-WT allowed a quantitative descrip-
tion of the presynaptic and postsynaptic colocalization patterns.
The Mander’s overlap coefficient (R) shows that c-Abl distribu-
tion presents a higher overlap degree with PSD-95 rather than
Syn T (Rpsp.o5 = 0.6343 = 0.01 vs Ry, ; = 0.3517 = 0.02). Addi-
tionally, this was supported by Mander’s colocalization coefficients,
which indicates that the c-Abl immunostaining presents a higher
colocalization with PSD-95 than with Syn I (M1 sy wr/psp-os =
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Figure 1.  c-Ablis present in synaptic sites in cultured hippocampal neurons. 4, Inmunode-
tection of c-Abl in hippocampal neurons maintained for 14 d in culture. Scale bar, 10 pm.
B, Representative merged images with the presynaptic marker Syn | indicate that c-Abl clusters
are located postsynaptically in close apposition to Syn | puncta. C, Neurons were transfected
with GFP— c-Abl-WT 2 d after seeding. After 14 d in vitro, c-Abl—GFP (green) colocalizes with
PSD-95 (blue) close to Syn | puncta (red).

0.9187 = 0.015 M1z wrysyn 1 = 0.3147 = 0.01). These results
strongly suggest that c-Abl is mainly localized on postsynaptic struc-
tures. However, we cannot rule out the possible presence of this
kinase on the presynaptic region.
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Control | s total cluster number per neurite length
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STt _ STIS71 -+ -+ -+ 0.001) and ~22% reduction in synaptic
PSD-95 Syn I

Figure 2.

or absence of STI571 treatment. Scale bar, 5 m.

c-Abl modulates the synaptic contact number and

PSD-95 clustering

The possible role of c-Abl in synaptic structure was evaluated in
14 DIV neurons by treatment with STI571, an inhibitor of the
c-Abl kinase activity (Corbin et al., 2002). We evaluated the num-
ber of synaptic contacts, identified by PSD-95/Syn I or PSD-95/
SV2 coclusters along the neuronal projection (Fig. 2A). Treatment
with 1 um STI571 for 24 h decreased the number of synaptic contacts
per neurite length (controlgy,, 1 psp.os, 5.6 = 0.2/10 wm neurite vs
STI571 , 4.1 £ 0.2/10 pwm neurite; controlgy,_psp.os> 3.1 =

Syn I-PSD-95

¢-Abl modulates the synaptic contact number and PSD-95 clustering. A, Neurons at 14 DIV were treated with 1 m
STI571 for 24 h, and synaptic contacts were evaluated by immunodetection against PSD-95 (green)/Syn | (red) or PSD-95 (green)/
SV2 (red). B, Representative image ofimmunofluorescence for presynaptic protein using anti-Syn , anti-SV2, and the postsynaptic
protein PSD-95 in control neurons and those treated with STI571. (, Quantification of the total cluster number per neurite length,
synaptic cluster density variation, and area for PSD-95, Syn |, and SV2 in cultured neurons with or without treatment with 1 um
STI571 for 24 h. Error bars depict SEM of five independent experiments (**p << 0.01; ***p << 0.001). D, Neurons were transfected
with PSD-95—GFP before seeding. After 14 d in vitro, the number of PSD-95 puncta per neurite length was analyzed in the presence

SV2 PSD-95 cluster density (control, 0.66 *=
0.05; STI571,0.51 = 0.03; p < 0.01).In an
attempt to determine whether the
amount of PSD-95 in the remaining
clusters is diminished in the presence of
STI571, the area of PSD-95 clusters was
evaluated. As shown in Figure 2C, the
cluster area decreased ~30% in STI571-
treated neurons (STI571, 0.71 * 0.04
relative to control). In addition, hip-
pocampal neurons were transfected
with the construct coding for PSD-95—-GFP, which allowed us
to analyze PSD-95 clusters on isolated neurons (Fig. 2D). In 14
DIV transfected neurons, treatment with 1 um STI571 for 24 h
significantly decreased the number of PSD-95-GFP clusters per
neurite length (37.10 = 2.3% decrease; p < 0.001). These results
suggest that c-Abl inhibition affects the postsynaptic region.

To determine whether other scaffold proteins are also affected
by STI571 treatment, we analyzed total SHANK cluster density
and area. SHANK is one of the most abundant proteins in the
postsynaptic density and is important for the structural and func-
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tional organization of the dendritic spine (Sala et al., 2001). We
determined that STI571 treatment did not affect SHANK clusters
(number of clusters: control, 4.14 * 0.31/10 wm neurite; STI571,
3.77 = 0.85/10 wm neurite; cluster area: control, 1 = 0.09;
STI571, 1.10 = 0.07) (supplemental Fig. 2 A, available at www.
jneurosci.org as supplemental material). In addition, we evalu-
ated whether c-Abl activity modulates dendritic spines, which
were visualized with fluorescent phalloidin (supplemental Fig.
2B, available at www.jneurosci.org as supplemental material).
No significant differences were observed in dendritic spine num-
ber per neurite length between control versus STI571-treated
neurons (control, 8.19 * 0.43/10 wm; STI571, 8.56 = 0.52/10
pm). These results suggest that c-Abl activity specifically modu-
lates PSD-95 clustering and not the general structure of the
postsynaptic compartment.

It has been widely described that PSD-95 regulates the inser-
tion and retention of AMPA receptor at the synapse (El-Husseini
et al., 2000a; Schnell et al., 2002; Ehrlich and Malinow, 2004).
Therefore, we evaluated the effect of STI571 on the AMPA recep-
tor subunit 1 (GluR1) clustering and determined an almost 23%
reduction in GluR1 cluster density in neurons treated with 1 um
STI571 for 24 h (control, 5.18 = 0.37/10 wm neurite; STI571,
4.02 = 0.35/10 wm neurite; p < 0.05) (supplemental Fig. 2C,
available at www.jneurosci.org as supplemental material). This
result suggests that c-Abl could ultimately influence AMPA re-
ceptor clustering during synapse maturation.

An additional approach to establish the role of c-Abl kinase
activity on PSD-95 clustering was to transfect neurons with the
dominant-negative mutant of c-Abl [kinase-inactive form (GFP—
c-Abl-KD)]. First, we analyzed the distribution of this mutant
version of c-Abl in neurons. As observed with GFP—c-Abl-WT, GFP—
c-Abl-KD shows a diffuse staining in the dendritic shaft and a
clustered postsynaptic distribution, as it colocalizes with PSD-95
in close apposition to Syn staining (Fig. 3A). This observation was
supported by the Mander’s overlap coefficient (Rpgp.o5 =
0.6898 £ 0.02 vs Ry, ; = 0.3822 £ 0.03; p < 0.001) and Mander’s
colocalization coefficients for PSD-95 (M1Gpp_ cabl_kD/psp-o5 =
0.9472 % 0.02) and Syn T (M1gpp_c_aptkprsyn 1 = 0-4750 * 0.05),
which show a higher GFP—c-Abl-KD colocalization with PSD-95
rather than Syn I. Thus, the postsynaptic distribution of c-Abl is
independent of kinase activity. To determine the role of c-Abl on
PSD-95 synaptic clustering, we analyzed the number of PSD-95
puncta number per neurite length in transfected neurons (Fig.
3B). GFP—c-Abl-KD transfection decreased PSD-95 cluster
number compared with GFP as control (GFP, 1 = 0.03; GFP—c-
Abl-KD, 0.51 * 0.02; p < 0.001). In addition, there is a signifi-
cant decrease in synaptic contact number positive for Syn I and
PSD-95 (Fig. 3B) in neurons transfected with GFP—c-Abl-KD
compared with neurons transfected with GFP (GFP, 1 = 0.03;
GFP-c-Abl-KD, 0.54 = 0.07; p < 0.01). This result supports a
role for c-Abl activity in PSD-95 clustering in hippocampal neu-
rons. To evaluate the synaptic distribution of PSD-95 in the ab-
sence of c-Abl, we analyzed PSD-95 clustering in hippocampal
neurons obtained from c-Abl~’~ mice (Koleske et al., 1998). At
14 DIV, hippocampal neurons from knock-out mice (Fig. 3C)
show significantly less clusters of PSD-95 per neurite length
(wild type, 1 * 0.1; c-Abl™’7, 0.52 *= 0.06; p < 0.01) and a
reduction in cluster area (wild type, 1 = 0.06; c-Abl ', 0.67 *+
0.07; p < 0.01) compared with neurons from wild-type ani-
mals. MAP2 staining was used as control of normal dendritic
arborization. Altogether, these results demonstrate that c-Abl ac-
tivity is required for PSD-95 clustering.
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c-Abl interacts with PSD-95 and modulates PSD-95

tyrosine phosphorylation

Considering that c-Abl modulates PSD-95 clustering, it is possi-
ble that there is an interaction between both proteins. To assess
this interaction in vitro, we performed a coimmunoprecipitation
assay from cultured hippocampal neurons at 14 DIV. The immu-
noprecipitation with anti-c-Abl antibody followed by PSD-95
immunoblot showed that this postsynaptic scaffold protein
forms part of a complex with c-Abl and NR1 (Fig. 4A). To eval-
uate whether c-Abl/PSD-95 interact in vivo, we first studied the
expression of c-Abl in the developing hippocampus. We observed
that this kinase is present at low levels at embryonic stage, then
increases between postnatal day 2 (P2) and P5, and starts to de-
crease at P10 and maintains its low level until adult stages (Fig.
4B). Synaptic proteins VGLUT1 and synaptophysin increase
from low levels at P2 to high levels in adult. N-cadherin was used
as a loading control because it is known to be present at all ages
(Petralia etal., 2005). The pattern of expression of c-Abl indicates
that this kinase is more highly expressed during the synaptogenic
stages in vivo (Fiala et al., 1998). In addition, c-Abl is enriched in
synaptosomal and PSD fractions from adult rat brain (Fig. 4C), val-
idating the postsynaptic distribution of c-Abl in vivo. To evaluate
c-Abl/PSD-95 interaction, we performed coimmunoprecipitation
assays from total homogenate and synaptosomal 1 fraction obtained
from adult rat brain. In total brain homogenate and synaptosomal
fraction 1, c-Abl was coimmunoprecipitated with PSD-95 and vice
versa (Fig. 4 D). Interestingly, PSD-95/c-Abl complex is enriched in
the synaptosomal fraction. These results indicate that PSD-95 and
c-Abl interact in hippocampal neurons in vitro and, more impor-
tantly, that this interaction also takes place in vivo.

Considering this interaction, we analyzed whether PSD-95 is
phosphorylated on tyrosine residues by c-Abl. This phosphory-
lation was assessed in HEK293 cells cotransfected with PSD-95
plus GFP—c-Abl-WT or GFP—c-Abl-KD. PSD-95 immunopre-
cipitation followed by pTyr immunoblot showed that, in cells
cotransfected with PSD-95 plus wild-type c-Abl, there is a strong
increase in tyrosine phosphorylation immunoreactivity com-
pared with cells transfected with PSD-95 alone (Fig. 5A). This
increase was not observed in cells cotransfected with PSD-95 plus
GFP-c-Abl-KD in which PSD-95 tyrosine phosphorylation lev-
els are maintained at control levels as shown by the densitometric
analysis (Fig. 5A, graph). In addition, in cells cotransfected with
PSD-95 plus GFP—c-Abl-WT and incubated with STI571 for
24 h, we observed a dose-dependent effect of STI571 treatment
on PSD-95 tyrosine phosphorylation (Fig. 5B). Expression levels
of PSD-95 and c-Abl in transfected HEK293 cells are shown in
supplemental Figure 3 (available at www.jneurosci.org as supple-
mental material). These results suggest that PSD-95 can be phos-
phorylated on tyrosine residues by c-Abl.

Tyrosine phosphorylation of PSD-95 was also assessed in hip-
pocampal neurons. Immunoprecipitation of PSD-95 and Western
blot analysis with anti-pTyr revealed that, under control conditions,
PSD-95 is phosphorylated on tyrosine residues (Fig. 5C). Treatment
with STI571 for 24 h decreased tyrosine phosphorylation of PSD-95
in a concentration-dependent manner, as determined by quantifica-
tion of pTyr levels normalized to total PSD-95 levels in the immu-
noprecipitate (Fig. 5C, graph). To assess whether there is a direct
phosphorylation of PSD-95 by c-Abl, we performed an in vitro phos-
phorylation assay. Purified c-Abl kinase was incubated with GST—
PSD-95 or GST—CrKkII, used as a positive control, and [y-P**]ATP,
and the transfer of radioactive phosphate was measured. As shown in
Figure 5D, we observed a time-dependent increase in GST-PSD-95
phosphorylation by autoradiography and by absorption on p81 cel-
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Figure 3.

¢-Abl kinase activity modulates synaptic clustering of PSD-95. A, Inmunodetection of PSD-95 (blue) and Syn | (red) in hippocampal neurons transfected with GFP— c-Abl-KD (green)

2 d after seeding and maintained in culture for 14 d. B, Representative image and quantification of PSD-95 cluster number and synaptic contact, evaluated as the positives sites for Syn | (red) and
PSD-95 (green), by length neurite in transfected neurons with GFP and GFP— c-Abl—KD. Error bars depict SEM. n = 15-20 transfected neurons (**p << 0.01; ***p << 0.001). C, Immunofluorescence
ofPSD-95 and MAP2 on hippocampal culture (14 DIV) from wild-type and c-Ab/ ™ mice. The graph shows the quantification of PSD-95 cluster number per 10 .um neurite length and PSD-95 cluster

area. Scale bar, 5 m. Error bars depict SEM of five independent experiment (**p < 0.01).

lulose phosphate paper (graph). The phosphorylation of GST-PSD-
95, as well as GST—CrKII, started as early as 5 min of incubation and
increased significantly at 90 min. This increase is not observed when
c-Abl is inactive (heat denatured or incubated with STI571). Alto-
gether, these results indicate that GST-PSD-95 can be tyrosine phos-
phorylated by c-Abl.

c-Abl modulates phosphorylation of tyrosine 533 in PSD-95
The regulation of PSD-95 tyrosine phosphorylation by c-Abl ac-
tivity suggests that this scaffold protein could be a synaptic target

of c-Abl. We evaluated c-Abl consensus phosphorylation sites in
PSD-95 with online resource NetPhos 2.0 (http://www.cbs.dtu.
dk/services/NetPhos/). This prediction method revealed that
PSD-95 contains two tyrosine residues as part of potential c-Abl
consensus sequences YX;_s (P/F) (Cujec et al., 2002; Goss et al.,
2006): tyrosine 255 and tyrosine 533 (supplemental Fig. 4, avail-
able at www.jneurosci.org as supplemental material). We per-
formed site-directed mutagenesis of both tyrosine residues to
alanine in PSD-95 and evaluated tyrosine phosphorylation levels
of PSD-95 in HEK293 cells cotransfected with GFP—c-Abl-WT
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or GFP—c-Abl-KD (Fig. 6A). Similar levels A
of expression were observed in cells trans-
fected with wild-type PSD-95 and the mu-

tants PSD-95(Y255A) and PSD-95(Y533A)
(supplemental Fig. 5, available at www. 95
jneurosci.org as supplemental material). As

Ipp c-Abl

described above, cotransfection of PSD-95 c-Abl
plus GFP—c-Abl-WT induced an increase i
: . ) NRI

in tyrosine phosphorylation levels of

PSD-95 that was not observed in cells co- 1G

transfected with GFP—c-Abl-KD (Fig.
6A). A similar effect was observed with
the mutant PSD-95(Y255A), indicating
that Y255 residue is not target of c-Abl
kinase. In contrast, the mutant PSD-
95(Y533A) contained significantly less
phosphotyrosine than wild-type PSD-95
when cotransfected with GFP—c-Abl-WT
(Fig. 6 A), suggesting that Y533 residue is a
target of phosphorylation by c-Abl.

To investigate the functional significance
of PSD-95 Y533 phosphorylation, we trans-
fected cultured hippocampal neurons with
wild-type PSD-95 or PSD-95(Y533A) and
analyzed the clustering of this protein at 14
DIV. The mutant PSD-95(Y533A) shows a
significant reduction (22.98 = 3.76%; p <
0.001) in synaptic clustering compared with
wild-type PSD-95 (Fig. 6 B), indicating that
Y533 residue is relevant for the clustering of
this scaffold protein. To assess whether
phosphorylation of Y533 is the mechanism
involved in the regulatory effect of c-Abl on PSD-95 clustering, hip-
pocampal neurons transfected with wild-type PSD-95 or PSD-
95(Y533A) were subjected to treatment with 1 um STI571 for 24 h.
No additional decrease in PSD-95(Y533) clustering was observed by
STI571 treatment. Moreover, the decrease observed in the number
of clusters of wild-type PSD-95 by STI571 treatment was similar to
the decrease observed in neurons transfected with PSD-95(Y533)
without treatment. These results indicate that the regulation of
PSD-95 clustering by c-Abl is mediated by Y533 phosphorylation.

Figure 4.

Discussion

Previously, c-Abl localization had been described in synaptic
compartments in adult brain hippocampus (Moresco et al.,
2003), and it has been postulated that c-Abl could be important in
synaptic structure and function (Moresco and Koleske, 2003) and in
pathogenesis (Alvarez et al., 2008; Cancino et al., 2008). Here, we
report for the first time a role for c-Abl on the regulation of PSD-95
clustering in hippocampal neurons. We observed that c-Abl modu-
lates tyrosine phosphorylation of PSD-95, particularly on Y533 res-
idue, and this phosphorylation modulates synaptic clustering of
PSD-95.

Treatment with the c-Abl inhibitor STI571 decreased PSD-95
cluster density and area, indicating that c-Abl modulates the synaptic
accumulation of this scaffold protein. This treatment did not affect
presynaptic protein clustering, suggesting a restricted role of c-Abl in
the postsynaptic site. In agreement, localization analysis of c-Abl on
14 DIV neurons revealed that this kinase is mainly located at the
postsynaptic region, in which it colocalizes with PSD-95. However,
we cannot discard a presynaptic effect because there is a close inter-
action between the presynaptic and postsynaptic regions; thus, alter-
ations in the organization the postsynaptic region could induce a

&
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¢-Abl interacts with PSD-95, and STI571 modulates PSD-95 tyrosine phosphorylation in hippocampal culture.
A, Coimmunoprecipitation assay from cultured hippocampal neurons at 14 DIV with an anti-c-Abl antibody. Western blot was
probed with antibodies against PSD-95, c-Abl, and NR1. B, Detection of c-Abl during development in hippocampus and in differ-
entiating cultured hippocampal neurons. Immunoblots of protein extracts of the developing hippocampus from embryonic day 18
(E18) and P2—P50. The same amount of protein was applied to all lanes. Molecular weight standards are indicated at the right (in
kilodaltons). €, c-Abl enrichment on synaptosomal and DPS fractions from adult brain of rat. The presence of c-Abl in postsynaptic
densities was established by c-Abl Western blot analysis of four different protein synaptic enriched fractions and using GluR1 and
PSD-95 as postsynaptic markers. The different fractions analyzed were as follows: H, homogenate of adult rat brain; S1, synapto-
some fraction 1 (presynaptic and postsynaptic membrane-enriched fraction); S2, synaptosome fraction 2 (enriched only with
postsynaptic membranes); PSD, postsynaptic densities. D, Coimmunoprecipitation assay from total homogenate and synaptoso-
mal 1 fraction obtained from adult rat brain. Extracts were immunoprecipitated with antibodies directed against PSD-95 (top) or
¢-Abl (bottom), and membranes were probed with anti-PSD-95 and anti-c-Abl antibodies. IPP, Immunoprecipitation.

subsequent modification on the presynaptic terminal. Interestingly,
in adult mice, c-Abl has an important role in modulation of synaptic
efficacy via a presynaptic mechanism during repetitive stimulation
(Moresco et al., 2003).

As observed with STI571 treatment, transfection with the
dominant-negative form of c-Abl decreased the number of
PSD-95 clusters in hippocampal neurons, and, more impor-
tantly, hippocampal neurons from ¢-Abl’~ mice show signifi-
cantly less PSD-95 clusters than wild-type animals. In these
experiments, PSD-95 clustering was evaluated in neurons at
14 DIV. At this culture stage, an increase in the expression and
synaptic clustering of the postsynaptic scaffold proteins PSD-
95, SHANK, and guanylate kinase domain-associated protein
(GKAP) has been described (Rao et al., 1998; Petralia et al., 2005;
Gerrow et al., 2006), suggesting that c-Abl could be important in
the maturation of postsynaptic structure during CNS develop-
ment. We observed that c-Abl activity inhibition did not affect
the clustering of the scaffold protein SHANK or the number of
dendritic spines, suggesting a specific effect of c-Abl on PSD-95
regulation and not in the general structure of the postsynaptic
compartment. We determined that c-Abl levels increase in the
early postnatal stage in rat hippocampus. Consistent with previ-
ous reports (Courtney et al., 2000; Moresco et al., 2005), we
found that c-Abl has a peak expression at P2-P5 and then de-
creases steadily until adult stages when it exhibits low levels of
expression. Thus, c-Abl could modulate synaptic clustering of
PSD-95 mainly during early developmental stages.

It has been determined that serine/threonine kinases modu-
lates PSD-95 functions (Yoshimura et al., 2002; Morabito et al.,
2004; Sabio et al., 2004; Soto et al., 2004; Gardoni et al., 2006; Kim
etal., 2007; Steiner et al., 2008; Farfas et al., 2009). Recently, it was
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Figure 5.

PSD-95 tyrosine phosphorylation is regulated by c-Abl activity. A, HEK293 cells were cotransfected with PSD-95 plus GFP— c-Abl-WT or GFP— c-Abl—-KD or the empty vector (pcDNA).

PSD-95 wasimmunoprecipitated, and the membrane was probed with anti-pTyrand anti-PSD-95. Error bars depict SEM of four independent experiments. B, PSD-95 was immunoprecipitated from
HEK293 cells cotransfected with PSD-95 plus GFP— c-Abl-WT 24 h after transfection. Cells were incubated with different concentration of STI571 for 24 h. Western blot was incubated with pTyr,
PSD-95, and c-Abl. ¢, Immunoprecipitation of PSD-95 from total extracts of hippocampal neurons treated with 0.5 or 1 um STI571 for 24 h. Western blot was probed with anti-pTyr and anti-PSD-95
antibodies. Molecular weight standards are indicated at the right (in kilodaltons). Error bars depict SEM of six independent experiments (***p << 0.001). D, In vitro phosphorylation assay was
performed by incubating GST-PSD-95 or GST—Crkll (positive control) with c-Abl kinase at different times (0—90 min). The radioactivity was monitored by SDS-PAGE and autoradiography and
additionally by absorption in P81 paper and scintillation counter. The radioactivity incorporation for each substrate was normalized against c-Abl incubated for 90 min with 0.5 G of [y-2P]ATP
but without a substrate (dotted line). Arrowheads show autophosphorylated c-Abl. Error bars depict SEM of four independent experiments (***p << 0.001). a.u., Arbitrary units; Den or Denat,

denatured.

found that Src family kinases regulate tyrosine phosphorylation
of PSD-95 on a tyrosine important for glutamate or NMDA-
mediated current (Du et al., 2009). Thus, tyrosine phosphoryla-
tion could be a posttranslational mechanism important for the
regulation of the functions of this scaffold protein. Herein, we
determined that (1) c-Abl coimmunoprecipitates with PSD-95 in

vitro and in vivo, (2) c-Abl mediates tyrosine phosphorylation of
PSD-95 in hippocampal neurons; and (3) c-Abl directly phos-
phorylates PSD-95 as determined by in vitro phosphorylation
assays. More importantly, by inhibiting c-Abl kinase activity, we
were able to modulate synaptic clustering of PSD-95, revealing
c-Abl as a novel kinase involved in the regulation PSD-95.
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Although our results strongly support A
a postsynaptic role of c-Abl, morphologi-
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cal and synaptic abnormalities have not
been detected in adult c-Abl”/~ mutant
mouse brain (Koleske et al., 1998; Mo-
resco et al., 2003). It has been suggested
that c-Abl has overlapping roles with an-
other member of Abl family kinase, Arg
(Abl related-gene). Arg and c-Abl kinases
have different expression patterns during
development, with Arg being more highly B
expressed in adult brain (Herndndez et al.,
2004; Moresco etal., 2005). Therefore, it is
possible that Arg could compensate for
c-Abl functions in c-Abl™’~ mice; in that
case, Arg kinase could modulate PSD-95
clustering in c-Abl~/~ mice. It would be
informative to evaluate PSD-95 clustering
in the absence of both kinases, although
the double mutant c-Abl™/~Arg” '~ mice
present alterations on morphogenesis of
neuroepithelial cells during neurulation
and die at embryonic day 10.5 (Koleske
etal., 1998).

Our experiments show that there is an
interaction of c-Abl and PSD-95 and that
PSD-95 is phosphorylated at Y533 in a
c-Abl-dependent manner, because PSD-95
mutant PSD-95(Y533A) is less phosphory-
lated than wild-type PSD-95 or the mutant
PSD-95(Y255A) in the presence of wild-
type c-Abl. Therefore, these c-Abl mod-
ules are good candidates to mediate its association with PSD-95.
Sequence analysis revealed two putative conserved residues (Y63
and Y523) that could be recognized by c-Abl-Src homology 2
(SH2) domain (supplemental Fig. 6, available at www.jneurosci.
orgas supplemental material). Interestingly, it has been described
that Y523 in PSD-95 is phosphorylated by Src/Fyn kinase (Du et
al., 2009), and this phosphorylated tyrosine could be recognized
by c-Abl-SH2 domain, therefore promoting Y533 phosphoryla-
tion by c-Abl. If that is the case, both tyrosine kinases could
collectively modulate PSD-95 phosphorylation. This could ex-
plain why our mutation at Y533 did not completely abolish
PSD-95 tyrosine phosphorylation.

Structurally, PSD-95 has a multidomain structure consisting of
protein—protein interaction modules: three N-terminal PDZ (PSD-
95/Discs large/zona occludens-1) domains, one SH3 domain, and one
C-terminal guanylate kinase homology (GK) domain (Cho et al.,
1992; Kim et al., 1995; Kornau et al., 1995). Considering the prox-
imity of Y533 to the GK domain of PSD-95 [residues 534-713 (Ta-
vares et al., 2001)], it is possible that the phosphorylation at Y533
could be relevant for the functions associated with this domain.
For instance, the GK domain interacts with GKAP (Kim
et al., 1997; Takeuchi et al., 1997) and AKAP79/150 [A kinase
(PRKA) anchor protein 79/150] (Colledge et al., 2000) and indi-
rectly recruits the scaffold protein SHANK to the PSD (Naisbitt et
al., 1999). This domain is also involved in spine growth (Steiner et
al., 2008) and forms a complex with SPAR (surfactant protein A
binding protein), a RapGAP modulating spine morphology
through reorganization of the actin cytoskeleton (Pak et al.,
2001). Thus, it is possible that phosphorylation of PSD-95 at
Y533 affects the association of the GK domain with some of
these proteins and, as a result, modulates PSD-95 clustering

Figure 6.

- wt kd

YS33A

Tyrosine 533 residue of PSD-95 is phosphorylated by c-Abl and is relevant for PSD-95 clustering. 4, c-Abl modulates
phosphorylation of tyrosine 533 in PSD-95. PSD-95 was immunoprecipitated (IPP) from HEK293 cells cotransfected with wild-type
PSD-95 or the mutant versions PSD-95(Y255A) or PSD-95(Y533A) plus GFP— c-Abl-WT or GFP—c-Abl-KD. Western blot was
probed with anti-pTyr and PSD-95. Total extract (TE) was loaded as control. Molecular weight standards are indicated at the right
(inkilodaltons). Error bars depict SEM of four independent experiments (*p << 0.01; ***p << 0.001). B, Hippocampal neurons were
transfected with wild-type PSD-95—GFP or the mutant version PSD-95(Y533A)—GFP. After 14 d in vitro, the number of PSD-95

puncta per neurite length was analyzed in control and 1 m STI571-treated (24 h) neurons. Error bars depict SEM; n = 15-20
transfected neurons (**p << 0.01; ***p << 0.001). a.u., Arbitrary units.
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and therefore the postsynaptic structure. PSD-95 assumes a
synaptic localization early during network formation (Rao et al.,
1998; Scheiffele et al., 2000; Gerrow et al., 2006), and it has been
suggested that it plays important roles in synapse formation
(Bresler et al., 2001). In this study, we show evidence that c-Abl
activity is necessary for the synaptic accumulation of PSD-95, but
the mechanism involved in the clustering of PSD-95 mediated by
c-Abl phosphorylation remains unclear. It has been observed that
de novo PSD-95 clusters can form by recruitment from a diffuse
pool of PSD-95 into the synapse with no obvious involvement of
discernible transport particles (Bresler et al., 2001). In contrast, it
has been reported that the splitting of PSD-95 clusters can occur in
neuronal cultures (Gerrow et al., 2006). Future experiments will aim
to elucidate how Y533 phosphorylation modulates the synaptic
clustering of PSD-95 and to determine whether it involves the
recruitment of PSD-95 from a diffusible pool or the splitting of
previously formed clusters. Finally, does c-Abl modulate gluta-
mate receptor clustering and function through its effect on PSD-
95?2 It is known that PSD-95 is a binding partner of the NR2
subunit of NMDA receptors and seems to regulate NMDA recep-
tor activity and signaling rather than its clustering at the synapse
(Kornau et al., 1995). In contrast, a role for PSD-95 in regulating
AMPA receptor insertion and retention at the synapse has been
widely documented. Overexpression of PSD-95 was shown to
enhance AMPA receptor recruitment and excitatory synaptic re-
sponses without affecting NMDA receptor clustering in develop-
ing hippocampal neurons (El-Husseini et al., 2000a). The effects
of PSD-95 on AMPA receptor clustering is modulated through
association with stargazin and related family members (Chen et
al., 2000; Schnell et al., 2002; Dakoji et al., 2003). Other studies
have also shown that PSD-95 levels influences AMPA receptor
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retention and activity at the synapse (Ehrlich and Malinow, 2004;
Schliiter et al., 2006), and mice lacking PSD-95 show reduced
AMPA receptor function (Migaud et al., 1998; Béique et al., 2006;
Ehrlich et al., 2007). As expected from this evidence and the role
suggested for c-Abl in the present work, a significant reduction in
GluR1 cluster density was observed in neurons treated with
STI571, suggesting that c-Abl could indirectly modulate AMPA
receptor through the clustering of PSD-95. Additional experi-
ments are necessary to corroborate this hypothesis.

In summary, our results show that c-Abl kinase modulates
PSD-95 phosphorylation and clustering, supporting a synapto-
genic role for this kinase. In addition, our data show for the first
time that PSD-95 clustering is modulated by tyrosine phosphor-
ylation, providing an additional regulatory mechanism for this
key component of the PSD.
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