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Cellular/Molecular

Cdk5 Regulates the Phosphorylation of Tyrosine 1472 NR2B
and the Surface Expression of NMDA Receptors

Shuo Zhang, Lambert Edelmann, June Liu, James E. Crandall, and Maria A. Morabito
University of Massachusetts Medical School, Department of Cell Biology, Waltham, Massachusetts 02452

NMDA receptors (NMDARs) are a major class of ionotropic glutamate receptors that can undergo activity-dependent changes in surface
expression. Clathrin-mediated endocytosis is a mechanism by which the surface expression of NR2B-containing NMDA receptors is
regulated. The C terminus of the NMDA receptor subunit NR2B contains the internalization motif YEKL, which is the binding site for the
clathrin adaptor AP-2. The tyrosine (Y1472) within the YEKL motif is phosphorylated by the Src family of kinases and this phosphory-
lation inhibits the binding of AP-2 and promotes surface expression of NMDA receptors. Cdk5 is a serine/threonine kinase that has been
implicated in synaptic plasticity, learning, and memory. Here we demonstrate that inhibition of Cdk5 results in increased phosphoryla-
tion of Y1472 NR2B at synapses and decreased binding of NR2B to 32-adaptin, a subunit of AP-2, thus blocking the activity-dependent
endocytosis of NMDA receptors. Furthermore, we show that inhibition of Cdk5 increases the binding of Src to postsynaptic density-95
(PSD-95), and that expression of PSD-95 facilitates the phosphorylation of Y1472 NR2B by Src. Together, these results suggest a model in
whichinhibition of Cdk5 increases the binding of Src to PSD-95 and the phosphorylation of Y1472 NR2B by Src, which results in decreased
binding of NR2B to AP-2, and NR2B/NMDAR endocytosis. This study provides a novel molecular mechanism for the regulation of the
surface expression of NR2B-containing NMDA receptors and gives insight into the Cdk5-dependent regulation of synaptic plasticity.
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Introduction

NMDA receptors (NMDARs) are a major class of ionotropic
glutamate receptors that consist of heteromeric complexes com-
posed primarily of NR1, NR2, and NR3 subunits (Dingledine et
al., 1999; Cull-Candy et al., 2001). NMDARs have been impli-
cated in neuronal development, synaptic plasticity, learning and
memory, and addiction (Dingledine et al., 1999; Kumari and
Ticku, 2000), as well as psychiatric and neurodegenerative disor-
ders (Snyder et al., 2005; Ross et al., 2006). Clathrin-mediated
endocytosis is a mechanism by which the surface expression of
NMDARs is regulated during synapse maturation, in long-term
depression (LTD), and in response to ligand-binding (Roche et
al., 2001; Snyder et al., 2001; Vissel et al., 2001; Barria and Mali-
now, 2002; Lietal., 2002; Montgomery and Madison, 2002; Nong
et al., 2003, 2004; Prybylowski et al., 2005; Perez-Otano et al.,
2006). NR2A and NR2B have distinct endocytic motifs in their C
terminus tails (Lavezzari et al., 2004). Whereas the C terminus of
the NR2B subunit of NMDARs contains a clathrin adaptor AP-2
binding site and internalization motif YEKL (Roche et al., 2001;
Lavezzarietal., 2003, 2004), NR2A does not share the same YEKL
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motif and the YKKM motif in NR2A does not play an important
role in endocytosis (Lavezzari et al., 2004). Tyrosine 1472
(Y1472) within the YEKL motif of NR2B is phosphorylated by the
Src family of kinases (Cheung and Gurd, 2001; Prybylowski et al.,
2005), and the phosphorylation of Y1472 inhibits the binding of
AP-2 and promotes surface expression of NMDARs (Roche et al.,
2001; Prybylowski et al., 2005).

The Src family of kinases (SFKs) has been implicated in the
regulation of NMDAR-dependent synaptic transmission and
plasticity and in learning and memory (Grant et al., 1992; Yu et
al., 1997; Ali and Salter, 2001; Salter and Kalia, 2004). Src plays a
central role in the regulation of NMDARs as indicated by the
Src-dependent upregulation of NMDAR activity (Yu et al., 1997;
Luetal.,, 1998) and induction of NMDAR-dependent long-term
potentiation (LTP) (Lu et al., 1998). Previously, it has been
shown that a member of SFKs, Fyn, phosphorylates the Y1472
residue of NR2B and regulates the surface expression of
NMDARs (Prybylowski et al., 2005). The phosphorylation of
NMDARs by Fyn is promoted by postsynaptic density-95 (PSD-
95) (Tezuka et al., 1999), a member of the membrane-associated
guanylate kinase family of proteins (MAGUKs) that binds di-
rectly to the NR2 subunits of NMDARs (Kornau et al., 1995;
Niethammer et al., 1996; Roche et al., 2001; Lavezzari et al., 2003;
Li et al., 2003). Src and other SFKs also bind PSD-95 (Tezuka et
al., 1999; Chen et al., 2003; Hou et al., 2003; Kalia and Salter,
2003; Kalia et al., 2006), suggesting that the phosphorylation
of NMDARs by Src and other SFKs may also be facilitated by
PSD-95.

Cdk5 is a proline-directed serine/threonine kinase essential
for brain development that is activated by the regulatory subunit
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p35 or p39 (Dhavan and Tsai, 2001) and is regulated by NMDAR
activity (Wei et al., 2005). Cdk5 has also been implicated in drug
addiction, neurodegenerative disorders, and many neuronal
functions including synaptic plasticity (Bibb, 2003; Cheung et al.,
2006; Hawasli et al., 2007). We have shown previously that Cdk5
phosphorylates the N terminus of PSD-95 in a region overlapping
a Src-binding site (Morabito et al., 2004), suggesting that Cdk5,
by regulating the binding of Src to PSD-95, may regulate the
phosphorylation of Y1472 NR2B and the surface expression of
NR2B-containing NMDARs.

Materials and Methods

Cell culture and transfections. Human embryonic kidney (HEK) 293T
cells were maintained in DMEM supplemented with 10% fetal bovine
serum and transfected using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. cDNAs used in trans-
fections were as follows: NR1 and NR2B (provided by Morgan Sheng,
Massachusetts Institute of Technology, Cambridge, MA), Flag- NR2B
and Flag-NR2B S1480A (Robert Wenthold, National Institute on Deaf-
ness and Other Communication Disorders, Bethesda, MD), Y527F Src
(Peter Howley, Harvard University Medical School, Boston, MA), Y531F
Fyn (Dorit Ron, University of California, San Francisco, CA), p35, Cdk5,
DNCdk5 (Li-Huei Tsai, Massachusetts Institute of Technology), PSD-
95, AAA PSD-95 (T19A, S25A, S35A), and DDD PSD-95 (T19D, S25D,
$35D). Cells were collected and lysed 1820 h after transfection, at which
time there was no apparent degradation of proteins or cell death.

Dissociated neuronal cultures and acute forebrain slices. Pregnant rats
were killed in accordance with institutional guidelines and as approved
by the University of Massachusetts Medical School Animal Care and Use
Committee. Dissociated neuronal cultures were prepared from embry-
onic day 17 (E17) rat brains. For immunocytochemistry, dissociated
hippocampal neurons were plated on poly-p-lysine and laminin at a
density of 75,000/16 mm coverslip. For biochemistry, dissociated cortical
neurons were plated at 6 X 10%/10 cm dish, or 1 X 10°/12-well plate.
Neurons were grown in Neurobasal medium supplemented with B27
and GlutaMax (Invitrogen) for 1820 d in vitro (DIV). Coronal sections
of adult mouse forebrain were cut 300 wm thick with a vibratome
(VT1000S; Leica, Nussloch, Germany) into oxygenated artificial CSF
(Patel et al., 2003). Forebrain slices were transferred to dishes containing
Neurobasal A medium supplemented with B27 and GlutaMax (Invitro-
gen) and were then incubated for 1 h at 32°C before treatment with
roscovitine or DMSO.

Treatments of dissociated neuronal cultures and acute brain slices. To
analyze the effect of inhibition of Cdk5, cultures were treated for 45 min
with 5 um (neuronal cultures) or 15 uMm (forebrain slices) roscovitine
(Calbiochem, La Jolla, CA), or DMSO as control. Treatment of forebrain
slices with 5 um roscovitine for 45 min resulted in a reduction of Cdk5
activity (56.80 = 7.47% of control) as quantified with the phospho-Y15-
Cdk5 antibody (Fu et al., 2007) (data not shown). To determine whether
the phosphorylation of Y1472 was dependent on SFKs, the neuronal
cultures were treated with 1 um SU6656, a specific inhibitor of SFKs. The
association of NR2B with the AP-2 complex was analyzed by treating
dissociated neuronal cultures with 5 um roscovitine (or DMSO as con-
trol) for 45 min, followed by priming NMDARs with 100 uMm glycine for
5 min according to Nong et al. (2003), in the presence of 5 um roscovi-
tine, or DMSO. To analyze the effect of Cdk5 on the surface expression of
the NMDARs, the cultures were pretreated with 5 um roscovitine (or
DMSO as control) for 45 min, primed with 100 um glycine (5 um rosco-
vitine or DMSO) for 5 min, and stimulated with 50 um NMDA, 100 um
glycine for additional 5 min, according to Nong et al. (2003), in the
presence of 5 uM roscovitine or DMSO.

Isolation of synaptosomal membrane fractions. Roscovitine-treated and
control acute forebrain slices were subjected to biochemical fraction-
ation based on the protocol of Dunah and Standaert (2001). All buffers
were supplemented with protease and phosphatase inhibitors (1 mm
PMSF, 1 pg/ml aprotinin, 10 pg/ml leupeptin, 1 pwg/ml pepstatin, I mm
Na,VO,, and 50 mm NaF). Slices were homogenized with 12 strokes in
ice-cold homogenization buffer (320 mm sucrose, 1 mm HEPES, pH7.4, 1
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mM NaHCOj;, and 1 mm EDTA). Homogenates were then subjected to
centrifugations to yield crude synaptosomal fractions (P2). For hypo-
osmotic lysis, P2 fractions were resuspended in homogenization buffer,
diluted with 9 vol of ice-cold water, lysed with three strokes, and buffered
by adding HEPES, pH 7.4 to 20 mM final concentration. The lysed P2
fractions were then centrifuged 33,000 X g (15 min) and the pellet (syn-
aptosomal membrane fraction, LP1) was lysed in 1% deoxycholate
(DOC) lysis buffer (150 mm NaCl, 1% DOC, 50 mm Tris, pH 8.8) for 2 h
at 4°C followed by the addition of an equal volume of modified RIPA
buffer [150 mm NaCl, 1 mm EDTA, 1% (w/v) Triton X-100, 0.1% (w/v)
SDS, 50 mm Tris-HCl, pH 7.4] and 1 h incubation at 4°C.

Lysates of cultured cells and embryonic brains. Protease and phosphatase
inhibitors were freshly added to all buffers (1 mm PMSF, 1 ug/ml apro-
tinin, 10 pug/ml leupeptin, 1 wg/ml pepstatin, 1 mm Na;VO,, and 50 mm
NaF). Cell lysates were obtained using weakly denaturing conditions as
described previously (Kalia et al., 2003). Briefly, the cultured cells were
lysed in 1% DOC lysis buffer (150 mm NaCl, 1% DOC, 50 mm Tris, pH
8.8) for 2 h at 4°C followed by the addition of an equal volume of mod-
ified RIPA buffer [150 mm NaCl, 1 mm EDTA, 1% (w/v) Triton X-100,
0.1% (w/v) SDS, 50 mm Tris-HCI, pH 7.4] and 1 h incubation at 4°C.
Genotyped brains from E17.5 Cdk5—/— and control (+/—) littermate
mice were gifts from Zhigang Xie (L.-H. Tsai laboratory, Massachusetts
Institute of Technology). Brain tissue was homogenized in 1% DOC lysis
buffer and treated as described above. Protein levels were determined
using a Detergent Compatible Protein Assay (Bio-Rad, Hercules, CA).

Immunoprecipitations and Western blot analysis. Solubilized proteins
were incubated overnight with anti-Src (Calbiochem), anti-Fyn (Milli-
pore, Lake Placid, NY), anti-NR2B (Millipore), or nonspecific mouse (or
rabbit) IgG (Calbiochem) antibodies as control. Immune complexes
were isolated by protein-G Sepharose (or Protein-A) (GE Healthcare
Bio-Sciences, Piscataway, NJ) for 1 h at 4°C. Immunoprecipitates were
separated by SDS-PAGE, transferred to polyvinylidene difluoride mem-
branes (Millipore), and incubated with primary antibodies followed by
HRP-conjugated secondary antibodies (GE Healthcare Bio-Sciences.).
The following antibodies and concentrations were used: phospho-Y1472
NR2B (1:500, Millipore; 1:1000, Zymed, San Francisco, CA); NR2B (I:
1000, 1:400, Millipore; 1:500, BD PharMingen); NR1 (1:1000, Millipore);
phospho-Y416 SFK (1:400; Cell Signaling, Beverly, MA); Src (1:250; Cal-
biochem); B2-adaptin (1:500; BD PharMingen); PSD-95 (1:10000; An-
tibodies Incorporated, Davis, CA); p35 and Cdk5 (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA); Actin (1:1000; Sigma, St. Louis, MO).
Signals were detected with enhanced chemiluminescence (GE Healthcare
Bio-Sciences) and developed on Kodak (Rochester, NY) x-ray film. The
bands were digitally scanned and analyzed using NIH Image software.
The ratios of coimmunoprecipitated versus immunoprecipitated pro-
teins, phospho-Y1472 NR2B versus total NR2B, or phospho-Y416 Src
versus total Src were expressed as mean = SEM and statistically com-
pared using the Student’s t test.

Chymotrypsin assay. Treatment of cortical cultures with 5 um roscovi-
tine (or DMSO as control) for 45 min was followed by priming with 100
M glycine and 5 pm roscovitine (or DMSO) for 5 min and stimulated
with 50 um NMDA, 100 uMm glycine, and 5 um roscovitine (or DMSO) for
an additional 5 min. Live neurons were then subjected to chymotrypsin
protease treatment to determine surface NR2B expression (Hall and
Soderling, 1997; Fong et al., 2002). Briefly, cultured neurons were washed
twice with warm HBSS buffer (Invitrogen) with 20 mm HEPES pH 7.4
and then incubated in 0.05 mg/ml chymotrypsin in the same buffer for 10
min. After three washes with warm HBSS buffer, neurons were lysed by
sample buffer (6% glycerol, 2% SDS, 60 mm Tris, pH 6.8, 0.01% bromo-
phenol blue, 2% 2-mercaptoethanol) and analyzed by SDS-PAGE. As a
control for protein loading, the blots were probed with actin antibodies.
The bands were digitally scanned and analyzed using NIH Image soft-
ware. The NR2B bands were normalized against actin, plotted as mean *
SEM, and analyzed for significance using the Student’s ¢ test.

Immunocytochemistry. To visualize NMDAR surface expression, neu-
rons were fixed after treatment (see above) with 4% paraformaldeyde,
5% sucrose in PBS with no detergent (to prevent permeabilization) for 10
min, washed with PBS, and then blocked with 10% BSA in PBS (no
detergent) for 1 h. Surface NMDARs were stained overnight in 3% BSA,
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PBS (no detergent) with a mouse antibody that recognizes an extracellu-
lar epitope of the NR1 subunit (NR1, 1:200; BD PharMingen). Under
these nonpermeable conditions, staining of cytoplasmic proteins such as
PSD-95 was greatly reduced (data not shown). After washes in PBS,
neurons were permeabilized with 0.2% Triton X-100, 10% BSA in PBS
and incubated overnight with a rabbit NR2B antibody (1:100; Millipore)
tolabel all of the NR2B-containing NMDARs (i.e., those expressed on the
surface and those internalized). After extensive washes in 0.1% Triton
X-100 in PBS, cultures were incubated with anti-mouse (green) and
anti-rabbit (red) secondary antibodies (Alexa Fluor; Invitrogen). Images
were captured using Leica DM IRBE confocal microscope under identi-
cal conditions (40X objective, 1422 X 1422 pixels format, and identical
settings). The level of surface expression of NR2B-containing NMDARs
was determined by quantifying the number of puncta that were immu-
nostained for NR2B (total number of receptors) compared with the
number of puncta immunostained for NR2B and for NR1 (surface re-
ceptors, i.e., double labeled). The levels of NR2B-containing NMDARs
surface expression, defined as the ratio of surface receptor (NR2B+/
NR1+) versus total receptor (NR2B+), were calculated for all four con-
ditions (DMSO = glycine/NMDA, roscovitine = glycine/NMDA). The
degree of surface expression was expressed as mean *+ SEM and statisti-
cally compared using a two-way ANOVA with post hoc between treat-
ment comparisons analyzed with the Tukey’s honest significant differ-
ence (HSD) test (JMP version 5.1.2; SAS Institute, Cary, NC).

Results

Inhibition of Cdk5 activity increases the phosphorylation of
NR2B at Y1472

The synaptic scaffolding protein PSD-95 binds Fyn and facilitates
the phosphorylation of NMDARs by Fyn (Tezuka et al., 1999).
The phosphorylation of Y1472 NR2B by Fyn regulates the bind-
ing of the clathrin adaptor AP-2 and the endocytosis of the
NR2B-containing NMDARs (Prybylowski et al., 2005). PSD-95
also binds Src (Kalia and Salter, 2003; Kalia et al., 2006) and
amino acids 1-54 of PSD-95 are sufficient for SRC-PSD-95 bind-
ing (Kalia et al., 2006). Cdk5 phosphorylates the region of the N
terminus of PSD-95 that binds Src (Morabito et al., 2004). There-
fore, we hypothesized that Cdk5 regulates the binding of Src to
PSD-95 and the Src-dependent phosphorylation of Y1472 NR2B
thereby regulating the surface expression of NR2B-containing
NMDARSs.

To assess the role of Cdk5 in the phosphorylation of Y1472
NR2B in neurons, dissociated cultured cortical neurons were
treated for 45 min with DMSO (control) or 5 uMm roscovitine, a
specific inhibitor of CdkS5, a treatment that results in a decrease in
Cdk5 activity as detected by a decrease in phosphorylation of
tyrosine 15 Cdk5 (Fu et al., 2007). NR2B immunoprecipitated
from lysates of these cultured neurons was analyzed with a
phospho-Y1472 NR2B-specific antibody. Compared with the
control, cultures treated with roscovitine revealed a sixfold in-
crease in Y1472 NR2B phosphorylation (685.55 = 175.69% of
control) (Fig. 1 A). To further evaluate the impact of Cdk5 activ-
ity on the phosphorylation of Y1472, we analyzed lysates derived
from Cdk5—/— brains of E17.5 mouse embryos by immunoblot-
ting. Comparison with the control littermates (Cdk5+/—) re-
vealed an increase in Y1472 NR2B phosphorylation in the
Cdk5—/— lysates (706.88 = 62.65% of control), consistent with
the increased phosphorylation of Y1472 NR2B observed in neu-
rons treated with roscovitine (Fig. 1 B). This indicated that the
level of phosphorylation of Y1472 NR2B is dependent on the
activity of Cdk5. To determine whether the increase in phosphor-
ylation of Y1472 NR2B observed when Cdk5 is inhibited is de-
pendent on SFKs, we treated the neuronal cultures with 1 um
SU6656, a specific inhibitor of SFKs, and 5 uMm roscovitine for 45
min. The phosphorylation of Y1472 NR2B was substantially de-
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Figure 1. Inhibition of Cdk5 in neurons results in increased phosphorylation of NR2B at
residue Y1472. A, The level of phosphorylation of NR2B at residue Y1472 was monitored in
neuronal cortical cultures treated with roscovitine (5 wum) or DMSO (as control) for 45 min.
Immunoprecipitated (IP) NR2B from lysates of cultures treated with roscovitine (R) or DMSO (D)
were analyzed with phospho-Y1472 NR2B-specific antibody. Quantification shows that rosco-
vitine treatment increases the phosphorylation of Y1472 NR2B compared with control
(685.55 == 175.69%; p = 0.098; n = 5). B, The phosphorylation of NR2B at residue Y1472 was
analyzed in Cdk5—/— and Cdk5+/— brains from E17.5 mice. NR2B immunoprecipitated
from brain lysates was analyzed with phospho-Y 1472 NR2B-specific antibody. Phosphorylation
of Y1472 NR2B increased in Cdk5—/— compared with Cdk5+/— brains a (706.885 =
62.65% of control; p = 0.222;n = 2). exp, Exposure. C, The level of phosphorylation of NR2B at
residue Y1472 was monitored in neuronal cortical cultures treated for 45 min with roscovitine (5
fum) alone or with roscovitine and SU6656, an inhibitor of SFKs. NR2B immunoprecipitated from
the lysates of the treated cultures was analyzed with phospho-Y1472 NR2B-specific antibody.
There was a decrease in phospho-Y1472 NR2B in cultures treated with SU6656 compared with
cultures not treated with SU6656 (46.74 = 6.44% of control; p = 0.245;n = 2).

creased by SU6656 treatment (46.74 = 6.44% of control), indi-
cating that the observed increase in phosphorylation of NR2B on
Y1472 is SFKs-dependent (Fig. 1C). Together these results indi-
cate that the SFKs-dependent phosphorylation of NR2B on
Y1472 is increased when Cdk5 is inhibited.

Src phosphorylates Y1472 NR2B in a Cdk5- and
PSD-95-dependent manner

Among the SFKs, Src plays a central role in the regulation of
NMDARSs, but the molecular mechanisms by which Src asserts its
function are not clear. To determine whether, in the presence of
PSD-95, Src phosphorylates Y1472 NR2B in a Cdk5-dependent
manner, we analyzed the phosphorylation level of Y1472 NR2B
in lysates of HEK 293Tcells expressing a constitutively active mu-
tant of chick Src (Y527F), PSD-95, NMDARs subunits NR1 and
NR2B, and either p35-Cdk5 (active) or p35-DNk5 (dominant
negative Cdk5, inactive). Phosphorylation of Y1472 NR2B is sig-
nificantly increased in lysates expressing p35-DNk5 compared
with those expressing p35-Cdk5 (257.17 = 56.23% and 126.33 =
30.92% respectively; p = 0.022) (Fig. 2A). Previous studies have
implicated Fyn in the phosphorylation of Y1472 NR2B, suggest-
ing that Fyn may also regulate the phosphorylation of Y1472
NR2B in a Cdk5-dependent manner. To investigate this possibil-
ity, we analyzed the phosphorylation level of Y1472 NR2B in
lysates of HEK 293Tcells expressing a constitutively active mu-
tant of Fyn (Y531F), PSD-95, NMDARs subunits NR1 and NR2B,
and either p35-Cdk5 (active) or p35-DNKk5 (dominant negative
Cdk5, inactive). In contrast to Src, Fyn phosphorylation of Y1472
NR2B is not increased in lysates expressing p35-DNk5 compared
with those expressing p35-Cdk5 (121.65 * 44.78% and 170.67 =
53.42%, respectively) (Fig. 2 B), consistent with a role for Src (and
not Fyn) in the phosphorylation of Y1472 NR2B as Cdk5 is
inhibited.
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Figure2.  Srcphosphorylates NR2B on Y1472 in a (dk5-dependent manner. A, The level of phos-

phorylation of NR2B at residue Y1472 was monitored in transfected HEK 293T cells expressing NR1/
NR2B, PSD-95, Y527F Src (active), and either p35-cdk5 (active) or p35-DNKS5 (inactive). NR2B was
immunoprecipitated (IP) from the lysates of transfected cultures and probed with the phospho-Y1472
NR2B-specific antibody. Quantification shows a significant increase in Y1472 NR2B phosphorylation
when dominant negative, inactive Cdk5 (p35-DNK5) was expressed compared with active Cdk5 (p35-
dk5) (257.17 = 56.23% and 126.33 == 30.92%, respectively; p = 0.022; n = 6). B, The level of
phosphorylation of NR2B at residue Y1472 was monitored in transfected HEK 293T cells expressing a
constitutively active mutant of Fyn (Y531F), PSD-95, NMDARs subunits NRT and NR2B, and either
p35-CdkS5 (active) or p35-DNK5 (inactive). Quantification of the level of phospho-Y1472 of immuno-
precipitated NR2B reveals that Fyn phosphorylation of Y1472 NR2Bis not increased in lysates express-
ing p35-DNk5 compared with those expressing p35-Cdk5 (121.65 == 44.78%and 170.67 == 53.42%,
respectively; p = 0.194; n = 5). exp, Exposure.
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Figure 3.  PSD-95 regulates the phosphorylation of Y1472 NR2B by Src. A, The impact of
PSD-95 expression on the Src-dependent phosphorylation of Y1472 NR2B was analyzed in
transfected HEK 293T cells expressing NR1/NR2B, Y527F Src (active), p35-DNkS (inactive), with
or without PSD-95. Immunoprecipitated (IP) NR2B was immunoblotted with the phospho-
Y1472 NR2B-specific antibody. Quantification shows that the expression of PSD-95 increases
significantly the Src-dependent phosphorylation of Y1472 NR2B by nearly fourfold (226.246 ==
41.98% compared with 60.65 == 20.39% in lysates without PSD-95; p = 0.027;n = 5). B, The
phosphorylation of Y1472 NR2B by Src was analyzed in HEK 293T cells expressing Src (Y527F),
PSD-95, NR1, and either Flag-NR2B or Flag-NR2B $1480A, a mutation that dramatically de-
creases the binding of NR2B to the PDZ domains of PSD-95. Expression of the S1480A NR2B
mutant (SA) resulted in a decrease in phosphorylation of Y1472 (41.31 = 10.76% vs 97.99 +
35.60% of wild-type NR2B; p = 0.142; n = 4). Wt, Wild type.

PSD-95 binds NR2B at synapses and also binds Src, therefore
it may influence the phosphorylation of Y1472 NR2B by Src. To
analyze whether PSD-95 plays a role in the phosphorylation of
Y1472 NR2B by Src, we expressed Src (Y527F), NR1, NR2B, and
p35-DNK5, either with or without PSD-95 in HEK 293Tcells.
Expression of PSD-95 resulted in a nearly fourfold significant
increase in phosphorylation of Y1472 NR2B (226.246 * 41.98%
versus 60.65 * 20.39% in lysates without PSD-95; p = 0.027)
(Fig. 3A). To further analyze whether the phosphorylation of
Y1472 NR2B by Src is dependent on the binding of NMDARs to
PSD-95, we expressed Src (Y527F), PSD-95, NR1, and either
Flag-NR2B or Flag-NR2B S1480A, a mutation that dramatically
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Figure 4.  (dk5 activity regulates the binding of PSD-95 to Src but not Fyn. A, The impact of
(Cdk5 activity on the binding of PSD-95 to Src was evaluated in transfected HEK 293T cells
expressing PSD-95, Y527F Src (active), and either p35-Cdk5 (active) or p35-DNK5 (inactive). Src
was immunoprecipitated (IP) from the lysates of transfected cultures and analyzed for coim-
munoprecipitation of PSD-95. Quantification shows asignificant increased interaction between
Srcand PSD-95 after expression of inactive Cdk5 (810.53 = 289.8% of active Cdk5, p = 0.002;
n = 5). B, The level of binding of PSD-95 with Src was monitored in neuronal cortical cultures
treated with roscovitine (5 m) or DMSO (as control) for 45 min. Srcimmunoprecipitated from
lysates of cultures treated with roscovitine (R) or DMSO (D) was analyzed for the amount of PSD-95
coimmunoprecipitated with Src. Quantification shows a significant increased interaction between Src
and PSD-95 i roscovitine-treated neurons (378.59 == 59.25% of DMSO control, p = 0.0083;n = 6).
€, The level of binding of PSD-95 with Fyn was monitored in neuronal cortical cultures treated with
roscovitine (5 pum) or DMSO (as control) for 45 min. Fyn immunoprecipitated from lysates of cultures
treated with roscovitine (R) or DMSO (D) was analyzed for the amount of PSD-95 coimmunoprecipi-
tated. Quantification shows that roscovitine treatment does not alter significantly the binding of Fyn
to PSD-95 (95.33 == 12.66% of DMSO control, p = 0.973;n = 4).

decreases the binding of NR2B to the PDZ domains of PSD-95
(Lim et al., 2002; Prybylowski et al., 2005), in HEK 293T cells.
Expression of the S1480A NR2B mutant resulted in a decrease in
phosphorylation of Y1472 NR2B (41.31 = 10.76% vs 97.99 =+
35.60% of wild-type NR2B) (Fig. 3B). Together, these experi-
ments indicate that Src phosphorylates Y1472 NR2B in a Cdk5-
and PSD-95-dependent manner, suggesting that PSD-95, by
binding to Src and NR2B, facilitates the phosphorylation of
Y1472 NR2B by Src.

Cdk5 inhibition increases the interaction of PSD-95 with Src
but not Fyn

The region of the N terminus of PSD-95 that binds Src (Kalia et
al., 2006) is also phosphorylated by Cdk5 (Morabito et al., 2004).
Therefore, we next examined whether Cdk5 activity regulated the
binding of Src to PSD-95 by analyzing this interaction in trans-
fected HEK 293T cells that expressed active Src, PSD-95, and
either p35-Cdk5 or p35-DNKk5. Although a weak interaction was
detected between Src and PSD-95 in cells expressing p35-CdkS5,
this interaction increased significantly with expression of p35-
DNK5 (810.53 = 289.80% of active Cdk5, p = 0.002) (Fig. 4A).
To confirm in neurons the role of Cdk5 in the regulation of the
interaction of Src with PSD-95, we treated cultured cortical neu-
rons for 45 min with 5 uM roscovitine, or DMSO as control.
Consistent with the observations in HEK 293T cells, there was
approximately a fourfold significant increase in Src binding to
PSD-95 after roscovitine treatment (378.59 = 59.25% of DMSO
control, p = 0.0083) (Fig. 4 B), indicating that, in neurons as well
as in transfected cells, the binding of Src with PSD-95 increased
when Cdk5 was inhibited. Whereas Src binds to the N terminus of
PSD-95, Fyn binds to the PDZ3 region of PSD-95 (Tezuka et al.,
1999), suggesting distinct regulatory mechanisms by which Src
and Fyn bind to PSD-95. To test whether in neurons the binding
of Fyn to PSD-95 is independent of Cdk5 activity, we treated
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Figure5.  Phosphorylation of PSD-95 by Cdk5 decreases the binding of Src to PSD-95. 4, The
impact of the phosphorylation of the N terminus of PSD-95 by Cdk5 on the binding of PSD-95 to
Src was evaluated in transfected HEK 293T cells expressing Y527F Src (active), p35-Cdk5 (ac-
tive), and either wild-type PSD-95 or the alanine mutant of PSD-95 (T19A, S25A, S35A; AAA
PSD-95). Src immunoprecipitated from lysates of transfected cultures was analyzed for the
amount of AAA PSD-95 coimmunoprecipitated with Src. Quantification shows that Src binds
significantly more to AAA PSD-95 compared with wild-type PSD-95 (786.33 == 156% of wild-
type, p = 0.001; n = 4). B, The impact of the phosphorylation of the N terminus of PSD-95 by
(Cdk5 on the binding of PSD-95 to Src was evaluated in transfected HEK 293T cells expressing
Y527F Src (active), p35-DNK5 (inactive), and either wild-type PSD-95 or the phosphorylation-
mimic of PSD-95 (119D, S25D, S35D; DDD PSD-95). Src immunoprecipitated from lysates of
transfected cultures was analyzed for the amount of DDD PSD-95 coimmunoprecipitated with
Src. Quantification shows that Src binds less to DDD PSD-95 compared with wild-type PSD-95
(38.28 == 19.01% of wild-type; p = 0.162;n = 3).

cultured cortical neurons for 45 min with 5 wM roscovitine, or
DMSO as control. These neurons did not show a significant
change in the binding of Fyn to PSD-95 (95.33 = 12.66% of
DMSO control; p = 0.973) (Fig. 4C). Thus, inhibition of Cdk5
results in a statistically significant increase in the binding of
PSD-95 to Src but not Fyn.

Next, we examined whether phosphorylation of the N termi-
nus of PSD-95 by Cdk5 regulates the binding of Src to PSD-95 by
expressing the Cdk5-phosphorylation mutants of PSD-95 in
HEK 293T cells: the alanine mutant [T19A, S25A, S35A (AAA
PSD-95)] (Morabito et al., 2004) and the phosphomimic mutant
[T19D, S25D, S35D (DDD PSD-95)]. Indeed, we observed sig-
nificantly increased binding of Src to AAA PSD-95 compared
with wild-type PSD-95 (786.33 = 156% of wild-type; p = 0.001)
in transfected HEK 293T cells expressing constitutively active Src
(Y527F), p35-Cdk5 and either AAA PSD-95 or wild-type PSD-95
(Fig. 5A). This result is consistent with the increased binding of
Src with PSD-95 under Cdk5 inhibition. Conversely, there was
less binding of Src with DDD PSD-95 than with wild-type
PSD-95 (38.28 = 19.01% of wild-type) in transfected HEK 293T
cells expressing active Src, p35-DNk5 and either DDD PSD-95 or
wild-type PSD-95 (Fig. 5B). Together these observations indi-
cated that Cdk5-dependent phosphorylation of the N terminus of
PSD-95 regulates the binding of Src with PSD-95.

Cdk5 inhibition increases the activity of Src and the
phosphorylation of Y1472 NR2B at synapses

At synapses, Fyn phosphorylation of NR2B has provided a mech-
anism for rapid modulation of NR2B-containing NMDARSs, al-
though NMDARs are also localized at extrasynaptic sites, where
they play a role in excitotoxicity (Hardingham and Bading, 2003).
Both Cdk5 and Src are also present at synapses, suggesting that
Src may contribute to the phosphorylation of synaptic NR2B. To
address whether Y1472 NR2B is phosphorylated at synapses in a
Cdk5-dependent manner, we analyzed the levels of phosphory-
lation of Y1472 NR2B in synaptosomal membrane fractions de-
rived from acute forebrain slices of adult mouse after treatment
with 15 uM roscovitine for 45 min, or DMSO as control. Lysis of
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Figure 6.  Cdk5 inhibition increases the activity of Src and the phosphorylation of residue
Y1472 NR2B at synapses. 4, The level of phosphorylation of NR2B at residue Y1472 was moni-
tored in synaptosomal membrane fractions derived from acute forebrain slices of adult mouse
treated with 15 um roscovitine (R) for 45 min, or DMSO (D) as a control. NR2B immunoprecipi-
tated from synaptosomal membrane fractions of forebrain slices was analyzed with the
phospho-Y1472 NR2B-specific antibody. Quantification shows that roscovitine treatment in-
creases the phosphorylation of Y1472 NR2B compared with control DMSO (387.55 = 181.71%
of control; p = 0.277; n = 3). B, The phosphorylation levels of Y416, a marker of active SFKs,
was analyzed in synaptosomal membrane fractions derived from acute forebrain slices of adult
mouse treated with 15 m roscovitine (R) for 45 min, or DMSO (D) as a control. Srcimmunopre-
cipitated from synaptosomal membrane fractions of forebrain slices treated with roscovitine or
DMSO was analyzed with the phospho-Y416 SFK specific antibody. Quantification and normal-
ization to the amount of Src immunoprecipitated reveals that roscovitine treatment signifi-
cantly increases approximately twofold the phosphorylation of Y416 Src compared with control
(225.48 == 54.80% of DMSO control; p = 0.033;n = 3)

the synaptosomal membrane fractions was followed by immuno-
precipitation of NR2B and immunoblotting with the phospho-
Y1472 NR2B-specific antibody. We observed an increase in the
phosphorylation of Y1472 NR2B after roscovitine treatment
(387.55 = 181.71% of DMSO control), consistent with the SFK-
Cdk5-dependent phosphorylation of synaptic NMDARs (Fig.
6A). The phosphorylation of NR2B by Src would require the
presence of active Src in the synaptosomal membrane fractions
and, because inhibition of Cdk5 resulted in increased phosphor-
ylation of NR2B, it is possible that Cdk5 affects Src activity, as
suggested by previous studies (Gao et al., 2004). Src activity is
regulated by tyrosine phosphorylation at Tyr 416 (Y416) in the
activation loop of the kinase domain (Hunter, 1987). To analyze
whether at synapses Src activity is regulated by Cdk5, we moni-
tored Cdk5-dependent changes in Src activity in synaptosomal
membrane fractions derived from acute forebrain slices of adult
mouse after treatment with 15 uM roscovitine for 45 min, or
DMSO as control. Immunoprecipitation of Src from these frac-
tions, immunoblotting with phospho-Y416 SFK antibody, and
normalization to the amount of Src immunoprecipitated, re-
vealed that phosphorylation of Y416 Src is significantly increased
by approximately twofold in the fractions derived from
roscovitine-treated forebrain slices (225.48 * 54.80% of DMSO
control; p = 0.033) (Fig. 6 B). Together, these results support the
model in which inhibition of Cdk5 results in increased activation
of Src and that, in turn, Src phosphorylates Y1472 NR2B at syn-
aptic membranes in a Cdk5-dependent manner.

Cdk5 inhibition decreases the association of B2-adaptin with
NR2B and the activity-dependent internalization of
NR2B/NMDARs

The YEKL endocytic motif of NR2B binds the AP-2 adaptor com-
plex and thus links NR2B to clathrin (Lavezzari et al., 2003).
Phosphorylation of Y1472 NR2B within the YEKL motif blocks
the binding of AP-2 to NR2B and increases the surface expression
of NR2B-containing NMDARs (Prybylowski et al., 2005; Snyder
et al., 2005). Because inhibition of Cdk5 resulted in increased
Y1472 NR2B phosphorylation, we predicted that inhibition of
Cdk5 should result in decreased binding of AP-2 to NR2B, lead-
ing to decreased activity-dependent NMDARs endocytosis. To
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investigate whether Cdk5 positively regu-
lates the association of NR2B with AP-2 in
neurons, we pretreated cultured cortical
neurons with 5 uM roscovitine (or DMSO)
for 45 min followed by treatment (in the
continuous presence of roscovitine or
DMSO) with 100 um glycine for 5 min to
prime NMDARs for endocytosis (Nong et
al., 2003). As predicted, 32-adaptin, a com-
ponent of the AP-2 complex, was signifi-
cantly less associated with NR2B in neu-
rons treated with roscovitine (42.76 =+
13.81% of control; p = 0.01) (Fig. 7A).
These observations suggest that stimula-
tion of the extracellular glycine primes the
NMDAR for internalization by allowing
the interaction of NMDARs with (2-
adaptin/AP-2 and the endocytic machin-
ery, whereas the addition of NMDA allows
the NMDAR internalization to proceed.
Because inhibition of Cdk5 resulted in re-
duced binding of AP-2 to NR2B, it should
prevent the activity-dependent endocyto-
sis of NR2B-containing NMDARSs.

To assess the effect of Cdk5 inhibition
on NMDAR internalization, we analyzed
the level of surface expression of NR2B af-
ter glycine/NMDA stimulation (Nong et
al., 2003) of cortical neurons treated with
roscovitine or DMSO. Previous studies
have shown that in neurons, the extracellu-
lar region of NMDARs is cleaved by the
extracellular protease chymotrypsin and
the decrease in the NR2B immunoblot sig-
nal is proportional to NR2B/NMDAR:s en-
docytosis (Hall and Soderling, 1997; Fong
et al., 2002). Therefore, cortical neuronal
cultures pretreated with 5 uM roscovitine
(or DMSO as control) for 45 min were
primed with 100 uM glycine for 5 min, fol-
lowed by stimulation with 100 um glycine,
50 uM NMDA for 5 min, in the constant
presence of 5 uM roscovitine or DMSO. Af-
ter treatment, live neurons were exposed to
chymotrypsin (0.05 mg/ml for 10 min) to
determine the surface expression of NR2B.
The intracellular protein actin is inaccessi-
ble to chymotrypsin and was used as a load-
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Figure7. Inhibition of Cdk5 in neurons decreases the binding of NR2B with the AP-2 complex and the endocytosis of NMDARs.
A, The level of binding of NR2B with the AP-2 complex was monitored in neuronal cortical cultures treated with roscovitine (5 rum)
or DMSO (as control) for 45 min and with roscovitine (or DMS0) and 100 m glycine for 5 min. NR2B immunoprecipitated from
lysates of cultures was analyzed for the amount of 32-adaptin coimmunoprecipitated with NR2B. In neuronal cortical cultures
there is a significant decrease in the binding of NR2B with 32-adaptin in cultures treated with roscovitine (42.76 == 13.81% of
control; p = 0.01;n = 5). B, The levels of surface expression of NR2B were evaluated in neuronal cortical cultures treated with
roscovitine (5 pum) or DMSO (as control) for 45 min, stimulated by 5 min in 100 wm glycine (with roscovitine or DMSO) followed
by additional 5 min in 100 wm glycine and 50 m NMDA (with roscovitine or DMSO). Live neuronal cultures were then treated
with 0.05 mg/ml chymotrypsin for 10 min at 37°C to cleave the extracellular domain of the NMDARs on the membrane surface
(D+, R+) or left untreated (D—, R—). The lysates derived from these neuronal cultures were analyzed for the expression of
uncleaved NR2B and actin (as loading control). Chymo, Chymotrypsin. Quantification indicates that, under control conditions,
after stimulation with glycine/NMDA (D+) 89.19 = 5.14% of NR2B immunoreactivity is maintained (compared with D—),
whereas in cultures treated with roscovitine (R) and stimulated with glycine/NMDA (R+) 47.05 = 6.96% of NR2B immunore-
activity is present ( p = 0.002; n = 3). (, The levels of surface expression of NR2B were evaluated in neuronal cortical cultures
treated with control medium (DMSO0) (D, a— c) or with control medium and glycine/NMDA (D+, d—f), or 5 pum roscovitine (R,
g—i), or 5 m roscovitine and glycine/NMDA (R+, j~I). Neurons were immunostained for NR1 to visualize surface NMDARs
before being permeabilized (a, d, g, j) and immunostained for NR2B after permeabilization to visualize all NR2B-containing
NMDARs (b, e, h, k). Overlays of NR1 and NR2B immunostaining (c, f, i, I). D, Quantification of staining conducted on coded
material using MetaMorph software. In naive control cultures (D, Ca—Cc), 81.50 == 7.30% of NR2B-containg NMDARs are present
atthe cell surface, whereas after treatment with glycine/NMDA, 46.85 == 4.61% of NR2B puncta were also positive for NRT(D+,
Cd—Cf). In roscovitine-treated cultures (R, Cg—Ci) 73.79 = 0.51% of NR2B-containg NMDARs are present at the cell surface.
After glycine/NMDA stimulation of these cultures (R+, Gi—Cl), 67.14 = 5.17% of NR2B-containg NMDARs are present at the cell
surface. A two-way ANOVA was performed to compare the average number of puncta in the four experimental conditions. The
overall effect was statistically significant (F3.21) = 23.13;p < 0.0001), as also were the overall effect of roscovitine versus DMSO
(86.65 = 1.85%and 75.32 = 1.92%, respectively; F, ;,) = 12.3;p << 0.001) and the main effect of glycine-NMDA stimulation
(with, 72.32 = 1.84%vs without, 87.65 = 1.91%; F, ;) = 33.1;p << 0.0001) and the interaction (roscovitine by glycine-NMDA
stimulation, F = 26.16, p << 0.0001). Post hoc pairwise comparisons were evaluated using the Tukey's HSD test. Statistically
significant ( p < 0.05) differences were found between the average number of puncta of the DMSO-glycine/NMDA (D+) and the
DMSO nonstimulated (D) groups and between the average number of puncta of the DMSO-glycine/NMDA (D+) and the rosco-
vitine-glycine/NMDA (R+) groups (D). Total puncta: D, 391; D+, 500; R, 350; R+, 366. Error bars indicate SEM.

ing control. Under control conditions (DMSO), after stimulation
with glycine/NMDA, 89.19 =+ 5.14% of NR2B immunoreactivity
was maintained. Because internalization preserves the NR2B
epitope, this result indicates decreased surface expression of
NR2B in control cultures. In contrast, in neurons treated with
roscovitine, only 47.05 = 6.96% of NR2B immunoreactivity re-
mained. Thus, inhibition of Cdk5 activity resulted in a statisti-
cally significant (p = 0.002) reduction in the internalization of
NR2B-containing NMDARs compared with the control (Fig.
7B).

We also analyzed by immunocytochemistry whether Cdk5
inhibition reduces the activity-dependent internalization of
NR2B-containing NMDARs (Fig. 7C,D). Cultured cortical neu-
rons were treated with roscovitine (or DMSO) and glycine/
NMDA as described above. After treatments, neurons were fixed

without permeabilization, and immunostained with an antibody
to NRI that recognizes an extracellular epitope. The degree of
permeabilization in the absence of Triton X-100 was monitored
by staining for intracellular synaptic proteins such as PSD-95,
which remained basically undetactable (data not shown). The
NR1 immunostaining was followed by permeabilization of neu-
rons and immunostaining with an antibody to NR2B to visualize
both surface and intracellular NR2B-containing NMDARs. In
naive control cultures (DMSO, not stimulated), 81.50 = 7.30%
of NR2B puncta were also stained with NR1 antibody, whereas
after treatment of control cultures with glycine/NMDA, only
46.85 * 4.61%) of NR2B puncta were also positive for NR1. This
decrease is consistent with the observation that glycine/NMDA
treatment reduces the surface expression of NMDAR:s. In con-
trast, in cultures treated with roscovitine, 73.79 * 0.51% NR2B
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puncta were positive for NR1 and, after stimulation with glycine/
NMDA, the number of NR2B puncta positive for NR1 was com-
parable with that of unstimulated cultures (67.14 * 5.17%), but
statistically different from that of stimulated control cultures
(46.85 * 4.61%). A two-way ANOVA was performed to statisti-
cally compare the average number of puncta in the four experi-
mental conditions: DMSO (with and without glycine-NMDA
stimulation) and roscovitine (with and without glycine-NMDA
stimulation). The overall effect was statistically significant (F s ,,,
= 23.13; p < 0.0001), as also were the overall effect of roscovitine
versus DMSO (86.65 * 1.85% and 75.32 * 1.92%, respectively;
F.15) = 12.3, p < 0.001) and the main effect of glycine-NMDA
stimulation (with, 72.32 * 1.84% vs without, 87.65 * 1.91%;
F.15) = 33.1, p < 0.0001) and the interaction (roscovitine by
glycine-NMDA stimulation, F = 26.16, p < 0.0001). Post hoc
pairwise comparisons were evaluated using the Tukey’s HSD test.
Statistically significant (p < 0.05) differences were found be-
tween the average number of puncta of the DMSO-glycine/
NMDA (D+) and the DMSO nonstimulated (D) groups and
between the average number of puncta of the DMSO-glycine/
NMDA (D+) and the roscovitine-glycine/NMDA (R+) groups
(Fig. 7D). Therefore, whereas in control cultures the surface ex-
pression of NR2B-containing NMDARs is decreased significantly
by glycine/NMDA stimulation, in roscovitine-treated cultures
there was not a statistically significant change in surface expres-
sion of NMDARSs. Together these studies indicate that Cdk5 reg-
ulates the activity-dependent surface expression of NR2B-
containing NMDARs.

Discussion

The surface expression of NMDARs is dynamic and their traffick-
ing, insertion, and internalization is tightly regulated. Both the
constitutive and activity-dependent internalization of NMDARs
depend on clathrin-dependent endocytosis. Our study demon-
strates that inhibition of Cdk5, a kinase implicated in synaptic
plasticity, inhibits the endocytosis and increases the surface ex-
pression of NMDARs by regulating the phosphorylation of NR2B
on residue Y1472, which decreases the association of NR2B with
2-adaptin, a component of the clathrin adaptor protein com-
plex AP-2. Based on our data, we propose a model in which
inhibition of Cdk5 results in phosphorylation of Y1472 NR2B by
Src, which is facilitated by the increased binding of Src to PSD-95.
In turn, this phosphorylation reduces the binding of phospho-
Y1472 NR2B to AP-2 and thus reduces the activity-dependent
internalization of NMDARSs.

Activity of NMDARs is positively regulated by SFKs-
dependent tyrosine phosphorylation (Wang and Salter, 1994;
Kohr and Seeburg, 1996; Yu et al., 1997). NR2B is a substrate of
SFKs (Salter and Kalia, 2004) and the phosphorylation of NR2B
at Y1472 positively correlates with NMDA currents (Alvestad et
al., 2003) and with surface expression of NMDARs (Prybylowski
et al., 2005; Snyder et al., 2005). We found that phosphorylation
of Y1472 NR2B is increased when CdkS5 activity is pharmacolog-
ically inhibited by roscovitine treatment or is absent, such as in
brain lysates of Cdk5—/— embryos. The observed Cdk5-
dependent increase in Y1472 NR2B phosphorylation is likely
caused by the activity of SFKs, as suggested by the decrease in
Y1472 NR2B phosphorylation observed when neurons were
treated with the SFKs inhibitor SU6656. Although Fyn has been
identified as the predominant kinase responsible for the phos-
phorylation of Y1472 NR2B in HEK 293T transfected cells (Na-
kazawa et al., 2001), in Fyn mutant mice the Y1472 NR2B phos-
phorylation is reduced, but not abolished (Nakazawa et al., 2001),
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suggesting that SFKs other than Fyn can phosphorylate Y1472
NR2B. Consistent with this possibility, we showed that, in trans-
fected HEK 293T cells, the level of phosphorylation of Y1472
NR2B by Src increased substantially when Cdk5 is inactivated,
whereas this increase is not observed in HEK 293T cells trans-
fected with constitutively active Fyn. This observation indicates
that Src, rather than Fyn, phosphorylates Y1472 NR2B in a Cdk5-
dependent manner and suggests that Src may be responsible for
the residual phosphorylation of Y1472 NR2B in Fyn—/— mice.

PSD-95 promotes Fyn-mediated phosphorylation of
NMDARs (Tezuka et al., 1999), suggesting that PSD-95 could
also facilitate the phosphorylation of NR2B by Src. In fact, our
study shows that expression of PSD-95 in HEK 293T cells in-
creases more than threefold the phosphorylation of Y1472 NR2B
by Src, and that the expression of NR2B S1480A, a mutation that
dramatically decreases the binding of NR2B to PSD-95, results in
a decrease in phosphorylation of Y1472 NR2B. These results are
consistent with a scaffolding role for PSD-95 in the Src-mediated
phosphorylation of NR2B by PSD-95. Whereas Fyn binds the
PDZ3 domain of PSD-95, Src binds the SH3-domain and the N
terminus of PSD-95 (Kalia and Salter, 2003; Kalia et al., 2006),
although the N terminus of PSD-95 is sufficient for binding with
Src (Kalia et al., 2006) and is phosphorylated by Cdk5 (Morabito
etal., 2004). Our study demonstrates that Cdk5 activity regulates
the interaction of Src with PSD-95 both in transfected HEK 293T
cells and in cortical neurons, whereas, in neurons, Fyn binds
PSD-95 independently of Cdk5 activity. We also show that Src
binds more to the alanine mutant of Cdk5 phosphorylation sites
(T19A, S25A, S35A) in the N terminus of PSD-95 than to the
phosphomimic mutant (T19D, S25D, S35D) of PSD-95, thus
providing evidence that the phosphorylation of the N terminus of
PSD-95 by Cdk5 regulates the Cdk5-dependent binding of Src to
PSD-95. It has been shown previously that the binding of PSD-95
to the SH2 domain of Fyn promotes tyrosine phosphorylation of
the NMDAR subunit NR2A (Tezuka et al., 1999), although, re-
cently, Kalia et al. (2006) have proposed that the binding of
PSD-95 to the SH2 domain of Src inhibits Src activity. In support
of this conclusion, they show that in HEK 293 cells, tyrosine
phosphorylation of NR2B is enhanced when a deletion mutant
(aal4-54) of the N terminus of PSD-95 (lacking the Cdk5 phos-
phorylation sites) is expressed together with Src (Kalia et al.,
2006). Src could still bind the SH3 domain of the deletion mutant
of PSD-95 (Kalia et al., 2003) and promote the phosphorylation
of NR2B observed in this study. Although our study does not
address this point directly, we show that expression of wild-type
PSD-95 increases the phosphorylation of Y1472 NR2B by Srcin a
Cdk5-dependent manner, consistent with PSD-95 acting as a
Cdk5-dependent scaffold for Src.

The Cdk5 kinase activity is significantly and rapidly reduced
by depolarization (Schuman and Murase, 2003) and NMDA
stimulation (Wei et al., 2005), independently of p35 degradation
(Wei et al., 2005), consistent with the fast kinetics of Cdk5 inac-
tivation being relevant to the regulation of surface expression of
NR2B-containing NMDARs. Based on our data, inhibition of
Cdk5 promotes the tethering of Src to the C terminus of NR2B,
thus promoting the subsequent phosphorylation of NR2B by Src.
Interestingly, our study suggests that Src activity at synapses is
upregulated by inhibition of Cdk5, further implicating Cdk5 in
the signaling pathways modulating NMDAR activity such as the
Src-dependent upregulation of NMDAR activity downstream of
protein kinase C (Lu et al., 1999; Huang et al., 2001), EphB re-
ceptors (Takasu et al., 2002), integrin receptors (Lin et al., 2003),
and reelin receptors (Chen et al., 2005).
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NMDARs undergo activity-dependent endocytosis (Roche et
al., 2001; Snyder et al., 2001, 2005; Nong et al., 2003; Scott et al.,
2004; Prybylowski et al., 2005). NR2A and NR2B contain differ-
ent sorting motifs within their C terminus that regulate traffick-
ing to distinct intracellular pathways after endocytosis (Lavezzari
etal., 2004). In this study we have focused on the NR2B subunit,
although it is possible that Cdk5 may also regulate the surface
expression of NR2A, which is a direct substrate of Cdk5, likely
through different mechanisms (Li et al., 2001). Phosphorylation
of Y1472 NR2B downregulates the binding of NMDARs to the
clathrin adaptor protein complex AP-2, and therefore, the inter-
action with the endocytosis machinery (Lavezzari et al., 2003). In
neurons primed with glycine, the AP-2 subunit 82-adaptin asso-
ciates with NR2B (Fong et al., 2002). Our study identifies a de-
crease in the association of ($2-adaptin with NR2B in neurons
treated with roscovitine, consistent with the increase in phos-
phorylated Y1472 NR2B observed in these cultures. Further-
more, we show that when the endocytosis of NMDARs is stimu-
lated by treatment with glycine/NMDA, roscovitine-treated
neurons retain more NMDARs at the cell surface than control
cultures. Therefore, this study identifies Cdk5 as a key compo-
nent in the regulation of the activity-dependent internalization of
NR2B-containing NMDARs. Although Cdk5 has been directly
implicated in the mechanisms of clathrin-dependent endocytosis
(Tan et al., 2003; Tomizawa et al., 2003; Lee et al., 2004, 2005),
our data indicate a novel mechanism by which Cdk5 impacts the
surface expression of NMDARs in an activity-dependent manner
by regulating the level of phosphorylation of Y1472 NR2B.

The dynamic regulation of the surface expression of NMDARs
is implicated in synapse maturation (Friedman et al., 2000;
Washbourne et al., 2002; Bresler et al., 2004) and synaptic plas-
ticity (Carroll and Zukin, 2002; Wenthold et al., 2003; Perez-
Otano and Ehlers, 2005). Tyrosine phosphorylation of NR2B is
enhanced in LTP (Rosenblum et al., 1996; Rostas et al., 1996) and
Y1472F NR2B mutant mice show impaired fear-related learning
and reduced LTP in the amygdala, as well as NMDAR-mediated
CaMKII signaling (Nakazawa et al., 2006). Importantly, Cdk5 has
been implicated in LTP and LTD (Cheung et al., 2006) and con-
ditional knock-out of Cdk5 in the adult mouse brain improved
performance in spatial learning tasks and enhanced hippocampal
LTP, NMDAR-mediated EPSCs, and surface expression of
NR2B/NMDARs (Hawasli et al., 2007). These studies are consis-
tent with our observations on the increase of Y1472 NR2B phos-
phorylation in roscovitine-treated neurons. Therefore, our study
provides an additional molecular mechanism for the 1.9 * 0.2-
fold increase in surface NR2B observed in brain slices of condi-
tional knock-out of Cdk5 (Hawasli et al., 2007). Although this
increase is not apparent in our dissociated cultures, a possible
explanation is the relatively short time of inhibition by roscovi-
tine compared with the longer absence of Cdk5 activity in the
conditional knock-out to allow for such NR2B accumulation.
Thus, our study provides a mechanism for the reduction of the
threshold for LTP induction (Wei et al., 2005) and the impair-
ment of LTD induction (Ohshima et al., 2005) observed in mice
lacking active p35-Cdk5 (p35—/—) as well as for the enhanced
synaptic plasticity and surface expression of NR2B/NMDARs ob-
served in the conditional knock-out of Cdk5. Together these ob-
servations suggest that a molecular mechanism by which Cdk5
impacts NMDAR-dependent signaling and learning and memory
is the Src-dependent phosphorylation of Y1472 NR2B.

Cdk5 regulates striatal dopamine signaling and changes asso-
ciated with cocaine exposure (Bibb, 2003; Chergui et al., 2004;
Taylor et al., 2007). Interestingly, increased tyrosine phosphory-
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lation and surface expression of NR2B-containing NMDARs
have been associated with striatal dopamine D1 receptor activa-
tion (Dunah and Standaert, 2001; Hallett et al., 2006), and
cocaine-induced behavioral sensitization in the nucleus accum-
bens (Zhang et al., 2007). Furthermore, Hallett et al. (2006) re-
vealed that D1 receptor activation can potentiate striatal NMDA
subunit function by directly promoting the surface insertion of
the receptor complexes and that tyrosine phosphatase inhibition
leads to the clustering of tyrosine-phosphorylated NR2B subunit
along dendritic shafts. A possibility suggested by our study is that
Cdk5 regulates NR2B trafficking as well as the DI receptor-
dependent regulation of NMDARs in striatum by regulating the
phosphorylation of Y1472 NR2B, thus further implicating the
deregulation of Cdk5 activity in the etiology of Parkinson’s dis-
ease and drug addiction.

The Cdk5 activator p35 is cleaved by calpain and the calpain-
derived cleavage product p25 is implicated in neurotoxicity and
neurodegeneration (Cruz and Tsai, 2004). There is increasing
evidence of a physiological role for the formation of p25, possibly
in synaptic plasticity (Fischer et al., 2005) and recent studies have
shown that the bulk of p25 is formed primarily via NMDAR-
mediated Ca>" influx (Kerokoski et al., 2004). Thus, Cdk5 regu-
lation of the surface expression of NR2B-containing NMDARs
may provide a feedback regulatory loop, by regulating the
amount of p25 produced in spines and thus affecting synaptic
plasticity and neurodegenerative disorders associated with Cdk5
activity. Moreover, analysis of an inducible p25 transgenic mouse
has shown that high level of p25 expression for 6 weeks results in
impairment of LTP (Fischer et al., 2005). Based on our study, we
speculate that prolonged elevated levels of p25-Cdk5 activity re-
sult in a loss of phosphorylated Y1472 NR2B and, consequently,
in decreased surface expression of NMDARs, which in turn re-
sults in impaired NMDAR-dependent LTP.

Finally, addition of AB to neurons results in the impairment of
induction of LTP in CA1 that can be prevented by Cdk5 inhibi-
tors (Wang et al., 2004), and in the endocytosis of NMDARs
(Snyder et al., 2005). Our study indicates that Cdk5 inhibition
regulates the surface expression of NMDARs by increasing the
levels of phosphorylation of Y1472 NR2B, suggesting a mecha-
nism by which Cdk5 activity impacts the AB-dependent effect on
NMDARs and the synaptic dysfunction observed in Alzheimer’s
(Selkoe, 2002; Lau and Zukin, 2007). Given the increasing impli-
cation of Cdk5 as a key regulator of synaptic function, our study
contributes to the understanding of the biological role of Cdk5 at
the synapse and the characterization of the signaling pathways
involved in the regulation of NMDAR surface expression and
function.
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