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Cellular/Molecular

Phosphorylation of Threonine-19 of PSD-95 by GSK-3� is
Required for PSD-95 Mobilization and Long-Term
Depression

Christopher D. Nelson,1,2* Myung Jong Kim,1* Honor Hsin,1 Yelin Chen,1,2 and Morgan Sheng1,2

1Picower Institute for Learning and Memory, Howard Hughes Medical Institute, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139,
and 2Department of Neuroscience, Genentech, Inc., South San Francisco, California 94080

Activity of glycogen synthase kinase-3� (GSK-3�) is required for long-term depression (LTD) via molecular mechanisms that are
incompletely understood. Here, we report that PSD-95, a major scaffold protein of the postsynaptic density (PSD) that promotes synaptic
strength, is phosphorylated on threonine-19 (T19) by GSK-3�. In cultured rat hippocampal neurons, phosphorylation of T19 increases
rapidly with chemical LTD and is attenuated by pharmacologic or genetic suppression of GSK-3�. In organotypic rat hippocampal slices,
we find that a nonphosphorylatable PSD-95 mutant (T19A) tagged with photoactivatable green fluorescent protein (PAGFP) shows
enhanced stability in dendritic spines versus wild-type PSD-95, whereas the phosphomimetic mutant (PSD-95-T19D) is more readily
dispersed. Further, overexpression of PSD-95-T19A, but not WT-PSD-95, impairs AMPA receptor internalization and the induction of
LTD. These data indicate that phosphorylation on T19 by GSK-3� destabilizes PSD-95 within the PSD and is a critical step for AMPA
receptor mobilization and LTD.

Introduction
PSD-95 is an abundant scaffold protein in the postsynaptic density
(PSD) of excitatory synapses. Through its three PDZ domains, SH3
domain, and guanylate kinase-like domain, PSD-95 mediates inter-
actions with structural and signaling proteins, including NMDA
receptors and AMPA receptor/transmembrane AMPA recep-
tor regulatory protein (TARP) complexes (Scannevin and
Huganir, 2000; Funke et al., 2005; Peng et al., 2004; Sheng and
Hoogenraad, 2007; Sheng and Kim, 2011). PSD-95 promotes
synapse maturation and exerts a strong positive influence on syn-
aptic strength (El-Husseini et al., 2000; Schnell et al., 2002; Stein
et al., 2003; Ehrlich and Malinow, 2004; Elias et al., 2006; Futai et
al., 2007). Recently PSD-95’s essential role in synaptic structural
organization was confirmed by electron microscopy tomography
studies, where shRNA-mediated PSD-95 knockdown results in
fragmentation of the PSD architecture (Chen et al., 2011).

Synaptic accumulation of PSD-95 is crucial for its ability to
potentiate synaptic transmission. One factor enhancing synaptic

accumulation of PSD-95 is JNK1-mediated phosphorylation of
serine-295 (S295; Kim et al., 2007). Dephosphorylation of S295 of
PSD-95, mediated by PP1/PP2A phosphatases, is required for
AMPA receptor internalization and long-term depression
(LTD), and S295 dephosphorylation occurs rapidly following
LTD-like stimulation (Kim et al., 2007). It is not known whether
S295 phosphorylation enhances synaptic transport or postsyn-
aptic stability of PSD-95. Nevertheless, there is compelling
evidence that the postsynaptic abundance of PSD-95 deter-
mines synaptic strength by controlling AMPA receptor traf-
ficking (El-Husseini et al., 2000; Schnell et al., 2002; Stein et
al., 2003; Ehrlich and Malinow, 2004; Nakagawa et al., 2004;
Elias et al., 2006; Xu et al., 2008) and that post-translational
modification of PSD-95 is involved in AMPA receptor mobi-
lization and LTD induction.

The two mammalian isoforms of glycogen synthase kinase-3
(GSK-3� and GSK-3�) are ubiquitously expressed serine/threo-
nine kinases impacting a variety of biological processes (for re-
view, see Woodgett, 2001; Jope and Johnson, 2004). Both
isoforms exhibit high enzymatic activity that is inhibited upon
phosphorylation by Akt (on residue S9 of GSK-3� (Cross et al.,
1995). In neurons, GSK-3 has been linked to many functions,
including cell polarity and axon guidance (Hur and Zhou, 2010),
antagonism of CREB (Grimes and Jope, 2001), modulation of
monoamine signaling (Beaulieu et al., 2009), and phosphoryla-
tion of tau, which promotes the formation of neurofibrillary tan-
gles observed in Alzheimer’s Disease (Hanger et al., 1992;
Mandelkow et al., 1992). GSK-3 is also a major target of Li�, a
mainstay treatment for bipolar disorder, so any action of GSK-3�
might be relevant to understanding this mental illness. With re-
gard to synaptic plasticity, GSK-3� appears to be essential for
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LTD, and GSK-3� activity is suppressed during long-term poten-
tiation (LTP; Peineau et al., 2007). However, the molecular basis
of GSK-3�’s role in the balance of LTP and LTD is unknown.

Here we report that GSK-3� can phosphorylate PSD-95 on
threonine-19 (T19). T19 phosphorylation is induced by chemical
LTD and inhibited by chemical LTP, and it is required for

NMDA-mediated dispersal of PSD-95
clusters in cultured hippocampal neurons.
We present evidence that phosphorylation
of T19 destabilizes PSD-95 in spines, re-
duces membrane association of PSD-95,
and is essential for AMPA receptor inter-
nalization and induction of LTD.

Materials and Methods
Antibodies and chemicals. The following antibod-
ies were used in this study: rabbit GSK-3� (Cell
Signaling Technology), rabbit phospho-S9-
GSK-3� (Cell Signaling Technology), rabbit
pT19 PSD-95 (Abcam), rabbit GST (Santa Cruz
Biotechnology), rabbit HA (Y11, Santa Cruz Bio-
technology), mouse myc (9E10, Millipore), rab-
bit �-gal (ICN), mouse �-gal (Promega), mouse
PSD-95 (clone K28/43, NeuroMab), rabbit
GluA1-N (Millipore), mouse GluA2-N (Milli-
pore), mouse pS-396 tau (Cell Signaling Tech-
nology), mouse tubulin (Sigma-Aldrich), and
rabbit transferrin receptor (Sigma-Aldrich).
Alexa-conjugated secondary antibodies were
from Invitrogen. pS295 PSD-95 antibody was
previously described (Kim et al., 2007). Roscovi-
tine and SB216763 were from Tocris Bioscience.
All other chemicals were purchased from Sigma-
Aldrich unless otherwise stated.

Cell culture and transfection. Hippocampal
neurons were prepared from E18 –E19 rats as
described previously (Kim et al., 2007), and
were transfected with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s
instructions. COS-7 and HEK293 cells were
maintained in DMEM supplemented with
10% fetal calf serum and transiently trans-
fected with indicated plasmid constructs using
Lipofectamine 2000 (Invitrogen).

DNA constructs. WT-PSD-95 cDNA in
pGW1 expression plasmid and WT-PSD-95-
EGFP construct are previously described (Kim
et al., 2007). pGW1-Myc-N-PDZ1 construct is
previously described (Hsueh and Sheng, 1999).
For electrophysiology experiments, PSD-95
constructs were subcloned into pCAG vector
(chicken �-actin promoter with CMV-
enhancer). PSD-95-EGFP was obtained in the
pCAG and PSD-95-PAGFP was in the p16 ex-
pression vector. Rat GSK-3� cDNA was cloned
from rat brain Match-Maker Yeast-two hybrid
library (Clonetech) with PCR amplification, and
subcloned into pGW1-HA vector. All PSD-95
and GSK-3� mutant constructs were generated
with QuikChange II and QuikChange Multisite
Site-Directed Mutagenesis Kits from Stratagene
and verified by DNA sequencing. For the con-
struction of GST-tagged fusion protein of PSD-
95, the following two oligonucleotides were
annealed and subcloned into BamH1/EcoR1 site
of pGEX-4T1 vector (Pharmacia):

5�-GATCCCGCTACCAAGATGAAGACAC
GCCCCCTCTGGAACACAGCCCGGCCCAC

CTCTGA-3�
5�-AATTTCAGAGGTGGGCCGGGCTGTGTTCCAGAGGGGGCG

TGTCTTCATCTTGGTAGCGG-3�.
For pSUPER-GSK-3�-RNAi construct, the following oligonucleotides

were annealed and inserted into the HindIII/BglII sites of pSUPER vector
(Brummelkamp et al., 2002):

Figure 1. Identification of GSK-3 as a PSD-95 T19 kinase. A, Cultured hippocampal neurons at DIV 25–28 were treated with
DMSO, SB216763 (10 �M), LiCl (10 �M), or roscovitine (5 or 10 �M) for �16 h, and then immunoblotted with pT19 antibody. After
stripping, the blot was reprobed with mouse total PSD-95 antibody and pS396 Tau antibody. Graph shows pT19 immunoblot
intensity (corrected for total PSD-95 intensity) normalized to vehicle control. Statistical analysis was performed by one-way
ANOVA, followed by Dunnett’s test using DMSO treatment as control (n � 3, **p � 0.01). B, Phosphorylation of PSD-95 on T19 by
GSK-3� in COS-7 cells. Wild-type PSD-95 was cotransfected with vector control (pGW1), HA-WT-GSK-3�, KD HA-KD-GSK-3�, or
HA-R96A-GSK-3�. Thirty hours later, transfected COS-7 cell lysates were immunoblotted with pT19 antibody or HA antibody. After
stripping, the blot was reprobed with mouse total PSD-95 antibody. C, In vitro phosphorylation of PSD-95 on T19 by recombinant
purified GSK-3�. Purified GST-fused N-terminal peptide of PSD-95 (aa 13–29 of rat PSD-95) was mixed with recombinant GSK-3�.
After the in vitro kinase reaction, protein samples were immunoblotted as indicated. Schematic diagram of GST-fused N-terminal
peptide of PSD-95 is shown at bottom.

Figure 2. Bidirectional regulation of phospho-T19 levels by chemical LTP and LTD treatments. A, Cultured hippocampal neurons
at DIV 24 –27 were stimulated with NMDA (75 �M, chem-LTD) for indicated times, and immunoblotted as indicated. After
stripping, the phospho-T19 blot was reprobed with mouse total PSD-95 antibody. Graphs show the time course of pT19 band
intensity relative to untreated control (normalized to total PSD-95) after NMDA stimulation. Statistical analysis was performed by
one-way ANOVA, followed by Dunnett’s test (n � at least 3 replicates per time point, ***p � 0.001, compared with untreated
control). B, Cultured hippocampal neurons at DIV 24 –28 were treated with 200 �M glycine in ACSF lacking MgCl2 (chem-LTP).
After 5 min, neurons were replaced in regular ACSF and then lysed at indicated times, and immunoblotted as indicated. Statistical
analysis was performed by one-way ANOVA, followed by Dunnett’s test (n � 3 replicates per time point, *p � 0.05, compared
with untreated control).
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GSK-3�-RNAi:
5�-GATCCCCGCTAGATCACTGTAACATA

TTCAAGAGATATGTTACAGTGATCTAGC
TTTTTA-3�

5�-AGCTTAAAAAGCTAGATCACTGTAAC
ATATCTCTTGAATATGTTACAGTGATCT
AGCGGG-3�.

The pSUPER Luciferase-RNAi construct
has been previously described (Zhang and
Macara, 2006) and targets the sequence
5�-CGTACGCGGAATACTTCGA-3�.

In vitro GSK-3� kinase assay. The PSD-95
N-terminal region (aa 13–29 of rat PSD-95)
was GST-tagged and expressed in Escherichia
coli BL21(DE3), and purified with GSH-
agarose (Invitrogen). Purified GST-PSD-95
substrates (�50 ng in 50 �l of kinase reaction
volume) were incubated with 10 ng of purified
GSK-3� (Millipore) in kinase buffer (25 mM

Tris-HCl, pH 7.5, 5 mM �-glycerophosphate,
2 mM dithiothreitol (DTT), 0.1 mM Na3VO4,
10 mM MgCl2, 200 �M ATP) for 20 min at 30°C.
After in vitro kinase reaction, protein samples
were separated in 4 –15% gradient SDS-PAGE
gels (Bio-Rad) and analyzed with immuno-
blotting. Phosphorylation of T19 of PSD-95
was detected with immunoblotting with
phospho-T19 PSD-95 antibody. After strip-
ping the blot, GST-tagged fusion protein of
PSD-95 were detected with GST antibody.
GSK-3� kinase was detected with anti-GSK-3�
antibody.

Chemical-LTD and chemical-LTP protocols.
All biochemical studies using hippocampal
neurons were done with hippocampal neurons
grown in 12-well plates at DIV 24 –30. After the
indicated drug treatments, hippocampal neu-
rons were washed with ice-cold PBS twice, and
lysed with 120 �l of DTT-containing Laemmli
sample buffer per well. Protein samples were
separated by SDS-PAGE and immunoblotted
with the indicated antibodies. Chemical LTD
was induced by bath application of 75 �M

NMDA as previously described (Lee et al.,
1998). For chemical LTP induction, cultured
hippocampal neurons were incubated in ACSF
(containing the following in mM: NaCl 168,
KCl 2.6, HEPES 10, D-glucose 10, CaCl2 2,
MgCl2 2, strychnine 0.001; pH 7.2) for 20 min
at room temperature. Neurons were then incu-
bated in ACSF without MgCl2 and with 200 �M

glycine for 5 min as described previously (Lu et
al., 2001; Man et al., 2003). After Gly/0
Mg 2�stimulation, neurons were incubated in
ACSF containing 2 mM MgCl2, and lysed with
Laemmli sample buffer at indicated time
points.

Immunostaining. For endogenous PSD-95
staining, hippocampal neurons were fixed in methanol at �20°C for 15
min. After washing with PBS, hippocampal neurons were incubated with
indicated antibodies in GDB buffer (30 mM phosphate buffer, pH 7.4,
containing 0.1% gelatin, 0.3% Triton X-100, and 0.45 M NaCl). Alexa-
488 and Alexa-568 secondary antibody (Invitrogen) were used for the
visualization. Surface GluA1 labeling and NMDA-induced surface
GluA2-internalization assay were performed as previously described
(Kim et al., 2007). Primary mouse anti-PSD-95 antibody (clone K28/43)
and Alexa-conjugated secondary antibodies were diluted in Tris-
buffered saline (10 mM Tris, pH 7.4, 150 mM NaCl) containing 3% nor-
mal goat serum and 0.1% BSA.

Imaging of transfected hippocampal slices. Organotypic slice cultures
were prepared from p7 rat hippocampus and cultured as described
previously (Nakagawa et al., 2004; Kim et al., 2007). Neurons were trans-
fected by biolistic gene gun at DIV 3–5 (total 100 �g DNA; 25% PSD-95-
EGFP construct, 25% DsRed as a transfection marker, 50% pCAG vector
for EGFP imaging studies; 50% PSD-95 test construct, 50% DsRed for
PAGFP imaging). PSD-95-EGFP images were acquired 24 h after trans-
fection. For photoactivation experiments, PAGFP was activated by 405
nm laser pulses 48 h post-transfection and time-lapse images taken every
5 min over the course of 1 h at room temperature. Imaging was per-
formed in oxygenated ACSF containing the following (in mM): 119 NaCl,

Figure 3. T19 and S295 mutants of PSD-95 accumulate in spines and do not affect spine size or density. A–I, Sample images of
dendrites of CA1 pyramidal neurons in rat cultured hippocampal slices transfected with DsRed and EGFP-tagged constructs of
PSD-95, either wild-type or phosphomutant, as indicated. Confocal image stacks were quantified for (J ) spine density, (K ) spine
length, and (L) spine volume. Amino acids at residue 19 and 295 are indicated in black (wild-type) or in color (amino acid
substitutions). M, The ratio of EGFP intensity in spines versus adjacent dendritic shaft was quantified as a measure of PSD-95
enrichment at synapses. Statistical analysis was performed by one-way ANOVA, followed by Dunnett’s test (n � 14, 9, 9, 5, 9, 6, 6,
5, and 8 neurons from left to right).
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2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 26 NaHCO3, 1 NaH2PO4, and 11 glucose.
All treatments were blinded to the observer for acquisition and quantifi-
cation of images, and the confocal microscope settings were kept the
same for all scans when fluorescence intensities were compared.

Image acquisition and quantification. Confocal images from dissoci-
ated hippocampal cultures were obtained using a Zeiss inverted LSM 510
confocal microscope and 63� (NA 1.4) objective, whereas images from
organotypic hippocampal slices were acquired on a Zeiss LSM 700 up-
right confocal microscope with a 40� (NA 1.4) objective. All treatments
were blinded to the observer for acquisition and quantification, and the
confocal microscope settings were kept the same for all scans when flu-
orescence intensities were compared. All measurements were performed
using ImageJ (NIH) software unless otherwise indicated.

Membrane fractionation assay. HEK293 cells were transfected with PSD-
95-EGFP, T19A-PSD-95-EGFP or T19D-PSD-95-EGFP. Two days post-
transfection, cells were harvested and prepared as previously described (Kim

et al., 2007). Whole-cell, S2 cytosolic and P2 crude membrane fractions were
collected and normalized for total protein. SDS-PAGE was used to resolve 5
�g of each fraction with immunoblots probed as indicated.

Coimmunoprecipitation assay. HEK293 cells grown in 35 mm culture
dishes were transfected with indicated DNAs using Lipofectamine 2000.
Two days post-transfection, the cells were washed with cold PBS and lysed
with cold RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 10 mM NaF, 1%
NP40, 0.5% deoxycholate, and 0.1% SDS) containing protease inhibitors
(PMSF, aprotinin, and leupeptin). After centrifugation at 4°C, cleared cell
lysates were incubated with 1 �g of rabbit GFP antibody (Invitrogen) for 2–4
h at 4°C, then mixed with 20 ml of Protein A/G Plus agarose beads (Thermo)
and washed four times with cold RIPA buffer. Immunoprecipitates were
separated with a 4–15% gradient SDS-PAGE gel, and analyzed by immuno-
blotting using mouse PSD-95 antibody or mouse Myc antibody.

3H palmitate radiolabeling. PSD-95 radiolabeling with 3H palmatic
acid was performed as described previously (Fukata et al., 2006). Briefly,

Figure 4. Phospho-null and phosphomimic mutations of T19 alter PSD-95 stability in dendritic spines. A–C, Sample images of dendritic spines from CA1 pyramidal neurons expressing DsRed and
(A) WT-PSD-95, (B) T19A-PSD-95, or (C) T19D-PSD-95 fused to photoactivatable GFP. Vertical dashed lines indicate initial activation laser and postexperimental reactivation with the 405 nm laser.
D, Graph shows time course of PAGFP fluorescence (mean � SEM) from individual spines of neurons expressing PSD-95-PAGFP constructs as indicated. Statistical significance for the T19A and T19D
mutants was determined by two-way ANOVA with a Bonferroni post hoc test with comparisons to wild-type PSD-95-PAGFP at each time point (*p � 0.05, **p � 0.01, ***p � 0.001). Wild-type
PSD-95-PAGFP, n � 18 spines; T19A-PSD-95-PAGFP, n � 13 spines; T19D-PSD-95-PAGFP, n � 14 spines. E, Time courses of PAGFP fluorescence for the PSD-95-T19/S295-PAGFP double
phosphomutants. Data for wild-type PSD-95-PAGFP is replotted from D for reference. F, PAGFP intensities at the 55 min time point for the T19, S295, and T19/S295 mutants of PSD-95, compared
with wild-type PSD-95 (gray bar). Statistical analysis was performed by one-way ANOVA, followed by a Bonferroni analysis comparing all treatments with wt-PSD-95-PAGFP (n � 18, 13, 14, 11, 12,
14, 11, 15, and 13 spines from left to right; *p � 0.05, **p � 0.01, ***p � 0.001).

Nelson, Kim et al. • PSD-95 Threonine-19 Phosphorylation J. Neurosci., July 17, 2013 • 33(29):12122–12135 • 12125



COS-7 cells in 35 mm dishes were transfected with wild-type or mutant
PSD-95 constructs using Lipofectamine 2000. One day later, the cells
were incubated in fresh DMEM with 10% fatty acid-free BSA for 30 min
before the addition of 3H palmitate (PerkinElmer) at a concentration of
500 �Ci/ml. After radiolabeling overnight, the cells were lysed in Laem-
mli sample buffer and separated by SDS-PAGE. The finished gels were
stained and fixed with SimplyBlue colloidal Coomassie solution (Invit-
rogen), then soaked in Amplify fluorography solution (GE Healthcare)
and dried. The dried gel was exposed to BioMax MS film (Carestream
Health/Kodak) at �80°C and developed after 2 d.

Electrophysiology. Electrophysiological recordings were performed
on organotypic hippocampal slice cultures, prepared as described
above. Neurons were transfected by biolistic gene gun at DIV 3–5
(total 100 �g DNA; 45% PSD-95 test construct; 45% empty pCAG
vector; 10% 16 pl-EGFP marker, driven by �-actin promoter) and
recorded 3 d after transfection. Recordings were performed in ACSF
containing the following (in mM): 119 NaCl, 2.5 KCl, 4 CaCl2, 4
MgCl2, 26 NaHCO3, 1 NaH2PO4, 11 glucose, 0.1 picrotoxin, and 0.002–
0.008 2-chloroadenosine, and bubbled continuously with 5% CO2/95%

O2. Patch recording pipettes (2– 4 M	) were filled with internal solution
containing the following (in mM): 115 cesium methanesulfonate, 20
CsCl, 10 HEPES, 2.5 MgCl2, 4 ATP disodium salt, 0.4 GTP trisodium salt,
10 sodium phosphocreatine, and 0.6 EGTA, at pH 7.25. Simultaneous
whole-cell recordings were obtained from a pair of transfected and
neighboring untransfected CA1 pyramidal neurons during stimulation
of Schaffer collateral pathways. For basal synaptic transmission experi-
ments, presynaptic fibers were stimulated at 0.2 Hz. AMPA receptor
EPSCs were recorded at �70 mV and NMDA receptor EPSCs at �40 mV
in the presence of 0.01 mM NBQX. Each data point represents an average
of 60 consecutive synaptic responses. For LTD experiments, presynaptic
fibers were stimulated at 0.033 Hz during baseline recordings, and
evoked AMPA EPSCs were measured at �70 mV. After at least 10 min of
stable baseline, LTD was induced by 1 Hz stimulation (200 pulses) at �40
mV. Synaptic responses were then obtained under baseline conditions
for another 30 min.

Statistical analysis. Statistical significance was determined with Graph-
pad Prism software for all datasets, using the statistical analyses indicated
in each figure legend. All values shown are the mean � SEM.

Figure 5. Overexpression of constitutively active S9A-GSK-3� reduces dendritic PSD-95 and surface GluA1. A, Cultured hippocampal neurons at DIV 16 were transfected with HA-WT-GSK-3�,
constitutively active HA-S9A-GSK-3�, or KD HA-KD-GSK-3�. Two days later, transfected neurons were double-stained for HA and PSD-95. B, Bar graph showing dendritic immunostaining intensity
of PSD-95, normalized to untransfected cells (t test, ***p � 0.001, compared with untransfected neurons; n � 15 neurons for each). C, Cultured hippocampal neurons at DIV 16 were transfected
with HA-WT-GSK-3�, constitutively active HA-S9A-GSK-3� or KD HA-KD-GSK-3�. Two days later, transfected neurons were double-stained for HA and surface GluA1. D, Bar graph showing dendritic
immunostaining intensity of surface GluA1, normalized to untransfected cells (t test, ***p � 0.001, compared with untransfected neurons; n � 17, 16, 17, and 16 neurons, left to right).
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Results
GSK-3 kinase activity mediates T19 phosphorylation
of PSD-95
Previous work indicated that several N-terminal residues of PSD-
95, including T19, are phosphorylated in cultured neurons
(Morabito et al., 2004), and a recent study found elevated phos-
phorylation of PSD-95 on T19, as well as increased GSK-3� sig-
naling, in TNiK knock-out mice (Coba et al., 2012). Given the
importance of the N-terminal region of PSD-95 for targeting to
dendritic spines and synaptic stability (Craven et al., 1999; El-

Husseini Ael et al., 2002), we sought to
identify the kinase that phosphorylates
T19 of PSD-95 as a first step toward un-
derstanding the physiological significance
of this post-translational modification.
Using a PSD-95 T19-phosphospecific an-
tibody, we found that cultured hippocam-
pal neurons treated for �16 h with the
GSK-3 inhibitors SB216763 (10 �M) or
LiCl (10 mM) showed reduced phospho-
T19 levels (�65% decrease) without alter-
ing total PSD-95 (Fig. 1A). In contrast,
roscovitine, an inhibitor of CDK5 that
phosphorylates the S25 residue of PSD-95
(Morabito et al., 2004), had no effect on
T19 phosphorylation. As expected, both
SB216763 and LiCl also suppressed phos-
phorylation of Tau on S396, illustrating
effective GSK-3 inhibition by these drugs
(Fig. 1A). These data imply that GSK-3
activity is required for maintaining T19
phosphorylation of PSD-95 in neurons.

In heterologous cells, overexpression of
wild-type GSK-3� or constitutively active
S9A-GSK-3�, but not the K85M/K86I
kinase-dead (KD) mutant, strongly pro-
moted T19 phosphorylation of cotrans-
fected PSD-95 (Fig. 1B). We also tested
R96A-GSK-3�, a point mutant of GSK-3�
which cannot phosphorylate substrates that
require an initial “priming” by other kinases
(Doble and Woodgett, 2003), and observed
R96A-GSK-3� is able to phosphorylate T19
as efficiently as wt-GSK-3� and S9A-
GSK-3� (Fig. 1B). We note that the �4
amino acid (Glu-23) is already negatively
charged, so PSD-95 may mimic a constitu-
tively primed GSK-3� substrate. Finally, we
show that a GST fusion protein of the N ter-
minus of PSD-95 was phosphorylated in
vitro by purified GSK-3�, as measured by
immunoblotting with phospho-T19 anti-
body (Fig. 1C). Thus GSK-3� is sufficient to
phosphorylate PSD-95 on T19. Together,
these data suggest that GSK-3� is a major
kinase mediating PSD-95-T19 phosphory-
lation in hippocampal neurons.

Next, we studied the regulation of the
phospho-T19 modification by synaptic
activity. Treatment of cultured hip-
pocampal neurons (DIV 24 –28) with
bath-applied NMDA (75 �M; “chemical
LTD”; Lee et al., 1998) increased phos-

phorylation of T19-PSD-95 by 
2-fold at 10 min, without affect-
ing total PSD-95 levels (Fig. 2A). Conversely, a “chemical LTP”
protocol (200 �M glycine/0 Mg 2�; Lu et al., 2001; Man et al.,
2003) led to a modest, but significant decrease in T19 phosphor-
ylation (�35% reduction by 45 min; Fig. 2B). Notably, this bidi-
rectional regulation of T19 phosphorylation by chem-LTP and
chem-LTD is opposite to that seen for S295 phosphorylation,
which is reduced by chem-LTD and enhanced by chem-LTP (Fig.
2A,B; Kim et al., 2007). Additionally, we confirmed that chem-
LTD also results in the activation of GSK-3� (Peineau et al.,

Figure 6. Overexpression of T19A-PSD-95 prevents S9A-GSK-3�-induced loss of PSD-95 and surface GluA1. Rat cultured hip-
pocampal neurons (DIV 16 � 3) were transfected as indicated, with empty vector or S9A-GSK-3�, and additionally cotransfected
with either (A) WT-PSD-95-EGFP or (B) T19A-PSD-95-EGFP. Representative images of intrinsic EGFP fluorescence, surface GluA1
immunostaining, and GSK-3� immunostaining are shown. Signal intensity in the dendrites of transfected neurons was quantified
for (C) PSD-95-EGFP (WT or T19A) and (D) surface GluA1. Statistical significance was determined by t test, comparing each
treatment with and without S9A-GSK-3� (n � 18, 21, 15, and 22 neurons from left to right; *p � 0.05, **p � 0.01).
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2007), as judged by a decrease in the level of inhibitory S9 phos-
phorylation on GSK-3� (Fig. 2A). Thus, the phosphorylation of
T19 in neurons is enhanced by NMDA stimulation that should
induce AMPA receptor internalization and synapse weakening,
coinciding with GSK-3� activation.

T19 phosphomutants exhibit altered stability in spines
What is the effect of T19 phosphorylation on PSD-95 in neurons?
We compared the subcellular localization of wild-type PSD-95
and its T19 phosphomutants (phospho-null T19A, and phospho-
mimetic T19D) biolistically transfected into cultured hippocam-
pal slices. The PSD-95 constructs were visualized via a C-terminal
EGFP tag, whereas the transfected neuron was “filled” with
cotransfected DsRed (Fig. 3A–C). We also tested mutants of
PSD-95-S295, where we have previously shown phosphorylation
by JNK1 promotes synaptic stability (Kim et al., 2007), as well
as T19/S295 double mutants (Fig. 3D–I ). We observed no
differences in average spine density, spine length, or spine
volume of neurons transfected with WT versus mutant PSD-95
(Fig. 3J–L). Further, no PSD-95 variants were significantly differ-
ent from wild-type in their degree of localization in dendritic
spines (as assayed by the ratio of EGFP intensity in spine heads
relative to EGFP intensity in the adjacent dendrite (Fig. 3M)).
These data indicate that, when overexpressed, the T19 and S295

mutants of PSD-95 have unaltered ability to concentrate in spine
heads.

We next assessed the stability of PSD-95 at synapses using
time-lapse imaging of PSD-95 tagged with photoactivatable-
GFP (PAGFP; Patterson and Lippincott-Schwartz, 2002). Rat
cultured hippocampal slices were biolistically transfected with
PAGFP-tagged PSD-95 (WT, T19A, or T19D mutants), as well
as DsRed to visualize neuron morphology. PAGFP was photo-
activated specifically within the dendritic spine head (Fig. 4A–
C), and the decay of PAGFP fluorescence (which should reflect
exchange of fluorescent PSD-95-PAGFP in the PSD with non-
fluorescent PSD-95 from elsewhere) was measured over time.
The fluorescence of photoactivated wild-type PSD-95-PAGFP
declined to 51% �4.4% (SEM) of the initial activated intensity
over the 55 min experimental time course (Fig. 4 D, F ), con-
sistent with previous publications using this approach (Steiner
et al., 2008; Sturgill et al., 2009). By comparison, the phospho-
null PSD-95-T19A-PAGFP decayed more slowly, retaining
76 � 4.8% of the PAGFP fluorescence in spines at 55 min,
whereas the phosphomimetic T19D mutant decayed more
rapidly, to an intensity of 23 � 3.3% (Fig. 4 D, F ). At the end of
monitoring, the fluorescence of all PAGFP constructs could be
fully reactivated by a second set of 405 nm laser pulses, indi-
cating that the loss of PAGFP signal was from dynamic ex-

Figure 7. RNAi knockdown of GSK-3� reduces NMDA-induced loss of synaptic PSD-95. A, COS-7 cells were cotransfected with indicated expression vectors, and immunoblotted 60 h later for
HA-GSK-3�. B, Cultured hippocampal neurons at DIV 15 were cotransfected with luciferase- or GSK-3�-shRNA constructs plus �-gal marker (4:1 shRNA: marker). Three days later, neurons were
fixed and double-stained with mouse �-gal and rabbit GSK-3� antibody. Arrows point to soma of transfected neurons. C, Bar graph showing soma staining intensity of GSK-3�, normalized to
untransfected cells (n �12, 12, and 13 from left to right; t test, ***p �0.001 compared with untransfected neurons or neurons transfected with luciferase shRNA). D, Cultured hippocampal neurons
at DIV 15–16 were cotransfected with luciferase-shRNA, or GSK-3�-shRNA, plus marker �-gal. Three days later, transfected neurons were either untreated or treated with 75 �M NMDA for 10 min,
and then double-labeled for �-gal and PSD-95. E, Bar graph showing dendritic immunostaining intensity of PSD-95, normalized to untransfected cells. Statistical analysis was performed by one-way
ANOVA with a Bonferroni post hoc test for the indicated comparisons (n � 11 neurons for each condition; **p � 0.01, ***p � 0.001).
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change of PSD-95 molecules, not photobleaching of the
fluorophore. These data suggest that phosphorylation of T19
accelerates PSD-95 turnover and promotes instability of
PSD-95 in spine heads.

For additional comparison, we examined the dynamic stability of
PSD-95 mutants that are altered at the S295 site. The fluores-
cence of photoactivated phospho-null mutant S295A-PSD-95-
PAGFP decayed more rapidly than wild-type PSD-95 (31 � 4.3%
fluorescence remaining at 55 min), whereas the phosphomimic
mutant S295D-PSD-95 was more stable than wild-type (66 �
2.4% at 55 min; Fig. 4D,F). In essence, S295A behaved like T19D,
and S295D behaved like T19A, in this assay of PSD-95 stability at
postsynaptic sites (Fig. 4D,F). We then investigated whether a
functional interaction exists between T19 and S295 phosphory-
lation sites by testing T19/S295 double mutants of PSD-95. Inter-
estingly, the double mutant T19A/S295A-PSD-95 with the
stabilizing T19A and destabilizing S295A mutations showed a
more rapid loss of PAGFP fluorescence than wild-type (33 �
3.2% at 55 min; Fig. 4E,F). Conversely, the T19D/S295D double
mutant showed a high stability in spines (63 � 2.4% fluorescence
remaining at 55 min), which is significantly higher than wild-type
and much greater than the destabilizing T19D mutation alone
(Fig. 4E, F). We also found the T19A/S295D and T19D/S295A
double mutant combinations are not additive with regard to ef-
fect on PSD-95 synaptic stability (Fig. 4E,F). Together, these data
indicate that the phosphorylation status of S295 is “dominant”
over that of T19 with respect to the stability of PSD-95 in syn-
apses, and dephosphorylation of S295 is required for phosphor-
ylation of T19 to promote removal PSD-95 from synapses.

Constitutively active GSK-3� disperses PSD-95 clusters and
reduces surface AMPAR subunits
The imaging studies of T19A- and T19D-PSD-95-PAGFP mu-
tants suggest that phosphorylation of T19 promotes instability
and mobilization of PSD-95 at postsynaptic sites. To investigate
whether GSK-3�, which can phosphorylate T19, affects endoge-
nous PSD-95 distribution, we transfected either wild-type
GSK-3� or constitutively active (S9A) or KD (K85M/K86I) mu-
tants of GSK-3� in cultured hippocampal neurons and imaged
the cells 2 d later (DIV 16 � 2). Overexpression of constitutively
active GSK-3�-S9A caused a �35% drop in the total intensity of
PSD-95 staining in dendrites (Fig. 5A,B) as well as a decrease in
surface GluA1 staining by �50% compared with neighboring
untransfected neurons (Fig. 5C, D). KD-GSK-3� had no effect on
dendritic PSD-95 staining intensity or surface GluA1 (Fig. 5A–
D). We found that overexpressing wild-type GSK-3� did not
significantly affect PSD-95 or surface GluA1 staining (Fig. 5A,B),
likely due to GSK-3� activity being suppressed by S9 phosphor-
ylation under basal culture conditions (Fig. 2). These data are
consistent with GSK-3� phosphorylation reducing synaptic sta-
bility of PSD-95, leading to lower levels of PSD-95 in PSDs and
reduced surface AMPA receptors.

Are the effects of S9A-GSK-3� overexpression on PSD-95 and
GluA1 specifically due to phosphorylation of T19? To address
this question, we tested whether the effects of S9A-GSK-3� can be
blocked by overexpression of T19A-PSD-95 (Fig. 6A,B). In con-
trol neurons transfected with WT-PSD-95-EGFP, S9A-GSK-3�
overexpression caused a slight but significant decrease of EGFP
intensity in spines (�20%; Fig. 6C) and a �40% reduction in
surface GluA1 immunostaining (Fig. 6D). In neurons cotrans-
fected with mutant T19A-PSD-95-EGFP, overexpression of S9A-
GSK-3� had no significant effect on PSD-95 or surface GluA1
(Fig. 6C,D). This ability of the T19A mutant overexpression to

protect against GSK-3�-induced reduction of dendritic PSD-95
and surface GluA1 supports the hypothesis that the effects of
GSK-3� on PSD-95 are mainly through phosphorylation of the
T19 residue.

GSK-3� and T19 phosphorylation are required for NMDA-
induced PSD-95 and AMPAR loss from synapses
NMDA receptor activation triggers the dispersal of a subset of
PSD-95 from dendritic spines (Sturgill et al., 2009). Because
NMDA stimulates GSK-3� and T19 phosphorylation of PSD-95
(Fig. 2A), we asked whether endogenous GSK-3� is required for
NMDA-induced dispersal of synaptic PSD-95. We designed a
GSK-3� shRNA that suppressed protein expression of cotrans-
fected rat GSK-3� in COS cells (Fig. 7A). In cultured rat hip-
pocampal neurons, transfection of the GSK-3� shRNA (DIV 15
� 3) reduced levels of endogenous GSK-3� protein by �70%, as
measured by immunostaining with a GSK-3� antibody, whereas
transfection of luciferase shRNA had no effect on GSK-3� immu-
noreactivity (Fig. 7B,C).

In neurons (DIV 16 � 3) transfected with GSK-3� shRNA and
�-gal marker, there was no significant effect on mean intensity of
PSD-95 staining under basal conditions, compared with lu-
ciferase shRNA-transfected control neurons. Treatment with
NMDA (75 �m, 10 min) resulted in �35% reduction in mean
immunofluorescence staining intensity of dendritic PSD-95 in
control neurons transfected with Luciferase shRNA (Fig. 7D,E).
Notably, total PSD-95 protein levels were unaffected by NMDA
treatment, as assayed by Western blotting (Fig. 2A). However, in
neurons transfected with GSK-3� shRNA, the NMDA-induced
reduction of dendritic PSD-95 staining intensity was significantly

Figure 8. NMDA-induced declustering of PSD-95 is blocked by overexpression of T19A-PSD-
95. A, CA1 pyramidal neurons in rat cultured hippocampal slices were transfected with either
WT-PSD-95-EGFP (left) or T19A-PSD-95-EGFP (right). One day later, transfected slices were
treated with NMDA (75 �M, 3 min; stimulation stopped by addition of the NMDAR antagonist
APV; 100 �M). Images were acquired before and at the indicated time points after NMDA
application. B, Time course of WT-PSD-95-EGFP intensity (black) and T19A-PSD-95-EGFP inten-
sity (blue) in spines following NMDA stimulation. Statistical significance was determined by
two-way ANOVA with a Bonferroni post hoc test for each time point (n � 5 neurons each; *p �
0.05, **p � 0.01, ***p � 0.001).
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curtailed (Fig. 7E), indicating that
GSK-3� is required for the loss of
PSD-95 from synapses following NMDA
stimulation.

Given that the T19A mutation pre-
vents the loss of PSD-95 from spines when
cotransfected with S9A-GSK-3� (Fig. 6)
and that GSK-3� knockdown prevents
NMDA-induced PSD-95 dispersal (Fig.
7), we directly tested whether the T19A-
PSD-95 mutant is resistant to synaptic re-
lease following NMDA treatment. Rat
cultured hippocampal slices were trans-
fected with WT-PSD-95-EGFP (Fig. 8A,
left) or T19A-PSD-95-EGFP (Fig. 8A,
right) and treated with NMDA [75 �M, 3
min, stopping the stimulation with the
addition of APV (100 �M)]. By time-lapse
imaging of spines of CA1 pyramidal neu-
rons, we observed that the EGFP signal
intensity for WT-PSD-95-EGFP decayed
�40% over the 12 min following NMDA
stimulation, similar to previous reports
(Steiner et al., 2008; Sturgill et al., 2009),
whereas the T19A mutant signal diminished
by only �8% (Fig. 8B). These data
strengthen the evidence that T19 phosphor-
ylation is important for the declustering
of synaptic PSD-95 following NMDA
stimulation.

Bath NMDA treatment is well known
to stimulate AMPA receptor internaliza-
tion (Lee et al., 1998; Malenka and Bear,
2004; Brown et al., 2005) and we have
shown that this treatment stimulates
GSK-3� and phosphorylation of PSD-95
on T19 (Fig. 1). Because PSD-95 is impor-
tant for immobilizing AMPA receptors at
postsynaptic sites (Bats et al., 2007), we
hypothesized that T19 phosphorylation
and ensuing destabilization of PSD-95
is mechanistically involved in NMDA-
induced AMPA receptor internalization
and LTD. Overexpression of the non-
phosphorylatable mutant T19A-PSD-95
in cultured hippocampal neurons largely
eliminated the internalization of GluA2
induced by NMDA, as measured by an an-
tibody feeding internalization assay (Lee
et al., 2002; Fig. 9A,B). In contrast, over-
expression of wild-type PSD-95 did not
significantly inhibit NMDA-induced GluA2
internalization under these conditions. To-
gether, these data indicate that phosphory-
lation of PSD-95 T19 is important for NMDA-induced
internalization of AMPA receptors, which is explicable by T19 phos-
phorylation causing the destabilization of PSD-95 in the PSD.

T19 phosphorylation of PSD-95 reduces
membrane association
How does T19 phosphorylation lead to the destabilization of
PSD-95 and its mobilization from the PSD? Clustering of
PSD-95 at postsynaptic sites requires the N-terminal region,

which contains determinants that are critical for head-to-head
multimerization as well as palmitoylation of PSD-95 (Hsueh et
al., 1997; Craven et al., 1999; El-Husseini et al., 2000; Chris-
topherson et al., 2003). Given the effects of T19 phosphorylation
on synaptic stability of PSD-95, and the location of T19 in the
N-terminal region, we investigated whether T19 phosphoryla-
tion might affect palmitoylation or multimerization of PSD-95.

We first questioned whether T19 phosphorylation might af-
fect the ability of PSD-95 to associate with membranes by

Figure 9. Overexpression of PSD-95-T19A inhibits NMDA-induced GluA2 internalization. A, Cultured hippocampal neurons
were transfected with EGFP, WT-PSD-95-EGFP, or T19A-PSD-95-EGFP at DIV 16. Three days later (DIV 19), surface GluA2 was
live-labeled with GluA2-N antibody, washed, and then left untreated or treated with 75 �M NMDA for 10 min at 37°C. Internalized
GluA2 receptors and remaining surface GluA2 receptors were visualized with Alexa-568 (red), and Alexa-647 (blue) secondary
antibody, respectively (see Materials and Methods). Transfected neurons were identified with GFP-channel (green). Arrows point
to the cell bodies of transfected neurons. B, Bar graph shows mean � SEM. of integrated intensity of internalized GluA2 receptor.
Statistical analysis was performed by one-way ANOVA with a Bonferroni post hoc test for the indicated comparisons (n � 14, 43,
9, 20, 8, and 20 from left to right; *p � 0.05, **p � 0.01, ***p � 0.001).
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assaying membrane versus cytosolic fractions of HEK293 cells
transfected with wild-type PSD-95-EGFP, PSD-95-T19A-EGFP,
or PSD-95-T19D-EGFP. The ratio of PSD-95 in the P2 mem-
brane fraction versus the S2 supernatant fraction was used as a
measure of membrane association (Fig. 10A,B). T19A-PSD-95
exhibited significantly greater membrane association relative to
wild-type, whereas the T19D mutant showed significantly less
than wild-type (Fig. 10A,B). As internal controls for our frac-
tionation, we observed transferrin receptor was preferentially en-
riched in the P2 pellet, whereas tubulin was enriched in the
soluble S2 fraction. These findings suggest that phosphorylation

of T19 inhibits the association of PSD-95
with cell membranes, which might be a
mechanism contributing to the destabili-
zation and dispersal of PSD-95 from
synapses.

Palmitoylation of N-terminal residues
cysteine-3 and cysteine-5 is known to pro-
mote interaction of PSD-95 with mem-
branes and is required for PSD-95
accumulation in spines (Craven et al., 1999;
El-Husseini et al., 2002). To test whether
T19 phosphorylation affects the palmitoyl-
ation of PSD-95, COS-7 cells were trans-
fected with wild-type, T19A-, T19D-, or the
double C3, 5S-mutants of PSD-95 and incu-
bated with 3H-palmitate overnight. After
SDS-PAGE and 3H fluorography, we
observed no significant difference in the
incorporation of radioactive palmitate
into wild-type, T19A-, and T19D-PSD-
95, whereas the C3, 5S mutant showed a
greatly reduced signal (not discernable
above background; Fig. 10C,D).

Next, we examined PSD-95 multim-
erization. Consistent with previous studies
(Hsueh et al., 1997; Christopherson et al.,
2003), when coexpressed in HEK293 cells,
full-length EGFP-tagged wild-type PSD-95
readily coimmunoprecipitated together
with a Myc-tagged fragment containing the
N-terminal region and the first two PDZ
domains of PSD-95 (Myc-N-PDZ1/2; Fig.
10E,F). However, there was no difference
in the amount of Myc-PDZ1/2 coimmuno-
precipitated with T19A- or T19D-PSD-95
mutants (Fig. 10E,F). Similar results were
obtained when precipitating the Myc-
tagged fragment and blotting for coim-
munoprecipitated EGFP-tagged PSD-95
constructs (data not shown). Taking these
experiments together, T19 phosphorylation
seems to negatively correlate with mem-
brane association, but the mechanism un-
derlying this effect is unclear and cannot be
easily attributed to either the palmitoylation
or multimerization state of PSD-95.

Phosphorylation of T19 is required for
induction of LTD
Based on our finding that phosphoryla-
tion of T19 promotes PSD-95 mobiliza-
tion and AMPA receptor internalization,

we examined the effects of wild-type PSD-95 and T19A and T19D
mutants on excitatory synaptic transmission in CA1 pyramidal
neurons (Fig. 11). Cultured hippocampal slices at DIV 3–5 were
biolistically transfected with PSD-95, T19A-PSD-95, or T19D-
PSD-95, plus EGFP to mark the transfected cells. Simultaneous
paired recordings of EPSCs were obtained 3 d post-transfection
from neighboring untransfected and transfected CA1 pyramidal
neurons. Wild-type PSD-95 strongly enhanced AMPA-EPSCs
(�4-fold) as previously reported (Schnell et al., 2002; Stein et al.,
2003; Ehrlich and Malinow, 2004; Nakagawa et al., 2004; Elias et
al., 2006; Futai et al., 2007; Kim et al., 2007; Xu et al., 2008), and

Figure 10. T19D phosphomimetic mutation reduces PSD-95 membrane association. A, Subcellular fractionation of HEK293
cells transfected as indicated. Whole-cell lysate, P2 membrane fraction, and S2 soluble fraction were collected as described
previously (Kim et al., 2007), normalized for total protein and immunoblotted for PSD-95, tubulin, and transferrin receptor, as
shown. B, Ratio of PSD-95 intensity (measured by densitometry) in P2/S2 fractions. Statistical analysis was performed by one-way
ANOVA with a Bonferroni post hoc test for comparisons shown (n � 7 independent replicates; *p � 0.05, **p � 0.01, ***p �
0.001). C, COS-7 cells were transfected with EGFP-tagged PSD-95 constructs as indicated and metabolically labeled with 3H
palmitate. Representative 3H fluorograph (top) and PSD-95 immunoblot (bottom) are shown with arrows indicating the position
of PSD-95-EGFP. D, Average 3H fluorograph band densitometry for wild-type and mutant PSD-95-EGFP. Statistical significance
was determined by one-way ANOVA with a Dunnett’s post hoc test, comparing all mutants versus wild-type PSD-95-EGFP (n � 3
independent replicates; ***p � 0.001). E, HEK293 cells cotransfected with full-length PSD-95-EGFP and Myc-tagged PSD-95
truncation (N-Myc-PDZ1/2), with wild-type or T19 mutant residues as indicated. Representative immunoblots of HEK cell lysates
(top), EGFP immunoprecipitates (middle), and coimmunoprecipitated Myc-tagged proteins (bottom) are shown. Filled arrows
indicate the position of full-length PSD-95-EGFP constructs, whereas open arrows mark the N-Myc-PDZ1/2 fragments. F, Average
densitometry measurements of coimmunoprecipitated N-Myc-PDZ1/2 protein, normalized to the amount of PSD-95-EGFP pulled
down for each reaction. Statistical analysis was done by one-way ANOVA, with Dunnett’s test comparing T19 mutants with
wild-type (n � 5 independent experiments).
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overexpression of the phospho-null PSD-95-T19A and phospho-
mimetic PSD-95-T19D caused similarly large increases in
AMPA-EPSC (Fig. 11A–C). All PSD-95 constructs also signifi-
cantly enhanced NMDA-EPSCs though, consistent with ear-
lier reports (Futai et al., 2007), the magnitude of this
potentiation is much smaller than that observed for AMPA-
EPSCs (Fig. 11A–C).

Because GSK3-� activity is primarily implicated in synaptic
depression (Peineau et al., 2007), we examined LTD induced at
Schaffer collateral-CA1 synapses by a pairing protocol. The
normalized magnitude of LTD in neurons transfected with
wild-type PSD-95 or PSD-95-T19D was similar to neighbor-
ing untransfected cells (�50%; Fig. 11D). However, LTD
induction was inhibited in cells overexpressing the mutant PSD-95-
T19A, with the magnitude of depression only reaching �20%
of untransfected cells (Fig. 11D). These results suggest that

T19 phosphorylation of PSD-95 is necessary for the normal
induction of LTD.

Discussion
Our findings offer a molecular basis for the involvement of
GSK-3� in LTD: GSK-3� phosphorylates PSD-95 on T19, desta-
bilizing PSD-95 in the PSD, which facilitates AMPA receptor
mobilization and internalization from the synapse. This model is
supported by several lines of evidence: First, T19 phosphoryla-
tion is induced by NMDA within minutes, in keeping with the
time-frame of LTD. Second, the protein kinase we identify as
responsible for T19 phosphorylation is GSK-3�, an enzyme that
is activated during LTD and required for LTD induction (Pei-
neau et al., 2007). Third, T19 phosphorylation reduces the asso-
ciation of PSD-95 with membranes and enhances turnover of
PSD-95 in spines. Fourth, active GSK-3� causes a loss of PSD-95

Figure 11. Overexpression of PSD-95-T19A in CA1 pyramidal neurons blocks induction of LTD. A, Sample traces of evoked AMPA and NMDA receptor EPSCs recorded from transfected
CA1 pyramidal neurons (identified by cotransfected GFP) versus untransfected controls. B, AMPA receptor (left) and NMDA receptor (right) EPSCs from transfected neurons versus
neighboring untransfected controls. Average EPSC �SEM for each treatment is indicated in red. PSD-95-T19A, n � 24 (AMPA), 22 (NMDA) pairs; wt-PSD-95, n � 33, 33 pairs;
PSD-95-T19D, n � 23, 22 pairs. C, Summary of PSD-95-T19 mutant overexpression on AMPA-R-EPSCs (top) and NMDA-R-EPSCs (bottom), as indicated by the ratio of EPSC amplitudes
between transfected and neighboring untransfected cells. Statistical significance was determined by paired t test (*p � 0.05). D, CA1 neurons were transfected with wild-type or mutant
PSD-95 as indicated and recorded together with untransfected neighboring cells in double whole-cell patch-clamp mode. LTD was induced by a pairing protocol (see Materials and
Methods). Statistical significance was determined by two-tailed t test on mean normalized EPSC (averaged over the last 10 min of postinduction recordings) for LTD experiments (n �
10, 8, and 9 pairs from left to right; **p � 0.01).
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from synapses and depletes surface AMPA receptors, both of
which are blocked by overexpression of the nonphosphorylatable
T19A-PSD-95 mutant. Finally, overexpression of T19A-PSD-95,
but not wild-type PSD-95 or phosphomimetic T19D mutant,
inhibits the induction of LTD.

N-terminal post-translational modifications of PSD-95 and
synaptic stability
A number of post-translational modifications have been reported
for the N-terminal region of PSD-95, which can affect the mem-
brane targeting or synaptic stability of the protein (Craven et al.,
1999; El-Husseini Ael et al., 2002; Morabito et al., 2004; Ho et al.,
2011). We find the T19A-PSD-95 mutant is more strongly associ-
ated with plasma membranes than wild-type PSD-95, which in turn
was more membrane-associated than T19D-PSD-95 (Fig. 7A,B).
However, neither PSD-95 multimerization nor palmitoylation were
noticeably affected in the T19 mutant constructs. Conceivably, elec-

trostatic interference introduced by T19
phosphorylation may lower the affinity
of PSD-95 for the plasma membrane.

In an elegant molecular replacement
study, Xu et al. (2008) showed that PSD-95
mutants with small deletions or substitu-
tions in the N-terminal region potentiated
synaptic transmission but blocked LTD, a
result similar to our findings with the PSD-
95-T19A mutant. Thus, it is possible that
some of the N-terminal mutations of Xu et
al. (2008) could also be affecting T19 phos-
phorylation. Another study showed that
overexpression of a PSD-95 mutant lacking
the N-terminal PEST [proline (P), glutamic
acid (E), serine (S), and threonine (T)-rich]
motif impaired NMDA-induced AMPA re-
ceptor internalization (Colledge et al.,
2003). This result was interpreted as the
PEST sequence being important for ubiq-
uitination and degradation of PSD-95 (but
see Bingol and Schuman, 2004). Because
T19 lies within the deleted PEST motif, the
aforementioned results are also concordant
with our conclusion that T19 phosphoryla-
tion is required for mobilization of PSD-95
from synapses, and consequently, AMPA
receptor internalization. We did not see a
reduction in total PSD-95 protein following
NMDA/chemical LTD (Fig. 2A), arguing
against the idea that degradation of PSD-95
is important for AMPA receptor endocyto-
sis and LTD.

GSK-3-mediated destabilization of
PSD-95 and other synaptic proteins
during LTD
PSD-95 is a major scaffold protein of the
PSD that promotes maturation and
strength of excitatory synapses. According
to our model, GSK-3� phosphorylation
of PSD-95 T19 leads to weakened syn-
apses. Our data show that T19 phosphor-
ylation of PSD-95 is required for
promoting AMPA receptor internaliza-
tion and LTD. We hypothesize that mobi-

lization of PSD-95 from the PSD, triggered by T19
phosphorylation, is a critical step that allows AMPA receptor/
TARP complexes to “escape” more easily from the PSD (Bats et
al., 2007). The untethered AMPA receptors could then diffuse
more freely from the synapse to endocytic zones lateral to the
PSD (Blanpied et al., 2002). In addition to activity-dependent
modification and loosening of PSD-95, the level of AMPA recep-
tors at synapses is also modulated by the phosphorylation status
of the cytoplasmic tails of GluA and associated subunits, which
affects their interaction with PSD-95 and other postsynaptic scaf-
folds (Lee et al., 2003; Malenka and Bear, 2004; Bats et al., 2007;
Elias and Nicoll, 2007; Shepherd and Huganir, 2007; Newpher
and Ehlers, 2008).

With overexpression of the T19A- or T19D-mutants of
PSD-95 in cultured hippocampal slices, there were no differences
in spine density, spine volume, or concentration of PSD-95 in
spine heads compared with WT-PSD-95 (Fig. 3). There was also

Figure 12. Model for PSD-95 Phosphorylation Events During LTD. A, Under basal conditions in neurons, JNK1 promotes PSD-95
S295 phosphorylation stabilizing the molecule at the synapse, while GSK-3� activity is suppressed by Akt phosphorylation of S9.
B, Weak or intermittent stimulation induces LTD, activating PP1 and PP2a phosphatases, which dephosphorylate PSD-95 S295 and
GSK-3�. C, The newly activated GSK-3� phosphorylates PSD-95 on T19. D, PSD-95 molecules that have been dephosphorylated on
the S295 residue and phosphorylated on T19 become destabilized and leave the PSD. E, After the LTD stimulus wanes, JNK1 can
rephosphorylate the remaining PSD-95 molecules, stabilizing the spine at a new steady-state, depressed from the starting level of
transmission.
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no significant difference between WT-, T19A-, or T19D-PSD-95
with regard to potentiation of synaptic transmission (Fig. 11A–
C). We interpret these data to mean that the T19 phosphomu-
tants traffic into spines and accumulate in the PSD to similar
levels as wild-type PSD-95. However, unlike spine PSD-95-EGFP
fluorescence and EPSC potentiation, which reflect steady-state
levels of PSD-95 in postsynaptic sites, our PAGFP experiments
measure the dynamic turnover of PSD-95 molecules in the spine
head and they reveal that T19D is less stable than wild-type PSD-
95, whereas T19A is more stable.

Why do the differences in postsynaptic stability of T19A ver-
sus WT versus T19D not manifest as differences in postsynaptic
abundance of these PSD-95 variants? We can reconcile this ap-
parent discrepancy by making the following assumption: spines
have a limited capacity for PSD-95 at postsynaptic sites, and in
neurons overexpressing PSD-95, this limited capacity is saturated
no matter which variant is overexpressed. Thus the same ceiling
level is reached in terms of spine accumulation and EPSC poten-
tiation for WT, T19A, and T19D. However, WT-, T19A- and
T19D-PSD-95 in the PSD do exchange at different rates with the
nonsynaptic pool (as indicated by the PAGFP experiments).
When one PSD-95 molecule leaves the PSD, it is quickly replaced
by another PSD-95 molecule from the overexpressed nonsynap-
tic pool, thereby maintaining the saturated steady-state level of
PSD-95 in the spine. This can explain why WT-, T19A-, and
T19D-PSD-95 have different stabilities, but still show similar
abundance in spines when overexpressed. However, we note that
under non-steady-state conditions, such as S9A-GSK-3� overex-
pression (Figs. 5, 6) or NMDA stimulation (Figs. 7, 8), we do
observe a net decrease in the amount of PSD-95 in spine heads
and these effects depend on T19 phosphorylation.

The ability of GSK-3� to destabilize synaptic scaffolds may
extend to inhibitory as well as excitatory synapses. It was recently
reported that GSK-3� can phosphorylate gephyrin, the major
scaffolding protein of GABAergic synapses, thereby inhibiting
clustering of gephyrin and reducing inhibitory synaptic transmis-
sion (Tyagarajan et al., 2011). This raises the possibility that
GSK-3� can regulate the function of distinct synapse types
through phosphorylation of different scaffolding proteins.

PSD-95: a postsynaptic target of GSK-3� during
LTD induction
We previously reported that phosphorylation of PSD-95 on S295
by JNK1 promotes the synaptic accumulation of PSD-95 (Kim et
al., 2007). NMDA treatment induces rapid dephosphorylation of
S295 mediated by PP1/PP2A phosphatase(s), and the phospho-
mimetic mutant PSD-95-S295D blocks AMPA receptor internal-
ization and LTD (Kim et al., 2007). GSK-3� is activated by
dephosphorylation of S9 by PP1/PP2A (Welsh and Proud, 1993;
Zhang et al., 2003; Lin et al., 2007). It is widely believed that PP1
activity, and perhaps PP1 recruitment to stimulated synapses, are
required for LTD (Mulkey et al., 1994; Morishita et al., 2001), though
the exact molecular mechanisms of phosphatase action in LTD has
been unclear. Our data show that PSD-95 could be an important
convergent target of phosphatase signaling in LTD. By direct de-
phosphorylation of S295 and by indirect enhancement of T19 phos-
phorylation via GSK-3�, the concerted actions of PP1/PP2A can
destabilize PSD-95 and promote its release from the PSD.

Moreover, our data with T19/S295 double mutants indicate
that, with respect to dynamic stability of PSD-95 in synapses,
phosphorylation of the S295 site is functionally “dominant” over
phosphorylation of T19 (Fig. 4E,F). Most notably, T19D/S295D
double mutant is relatively stable in synapses, implying that de-

phosphorylation of S295 is required before T19 phosphorylation
can induce PSD-95 mobilization. On the basis of these results, we
propose a model for PSD-95 dephosphorylation/phosphoryla-
tion in LTD (Fig. 12). Under basal conditions, JNK1 (which ex-
hibits high basal activity in neurons) maintains phosphorylation
of the S295 residue and promotes synaptic stability and retention
of PSD-95 in the PSD. During LTD-inducing stimulation, PP1/
PP2A phosphatases are engaged, leading to dephosphorylation of
S295 as well as phosphorylation of T19 via activation of GSK-3�.
This promotes removal from synapses of PSD-95 molecules that
are both dephosphorylated on S295 and phosphorylated on T19.
After the LTD stimulus wanes, the constitutively active JNK1 can
rephosphorylate S295 and restore PSD-95 stability and accumu-
lation at a reduced steady-state level. Requiring multiple con-
certed post-translational modifications for PSD-95 removal
would allow synaptic activity to fine-tune the PSD (and thereby
synaptic glutamate receptors) in a highly coordinated manner.
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