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In contrast to the rapid regulation of AMPA receptors, previous
evidence has supported the idea that the synaptic density of
NMDA-type glutamate receptors is fairly static, modulated only
over a long time scale in a homeostatic manner. We report here
that selective activation of protein kinase C (PKC) with phorbol
esters induces a rapid dispersal of NMDA receptors from synaptic
to extrasynaptic plasma membrane in cultured rat hippocampal
neurons. PKC activation induced a simultaneous translocation of
calcium/calmodulin-dependent kinase II (CaMKII) to synapses but
no change in spine number, presynaptic terminal number, or the
distribution of AMPA receptors or the synaptic scaffolding protein

PSD-95. PKC-induced accumulation of CaMKII was dependent
on filamentous actin, whereas dispersal of NMDA receptors oc-
curred by a different mechanism independent of actin or CaMKII.
Consistent with the decrease in synaptic density of NMDA recep-
tors, phorbol ester pretreatment reduced excitotoxicity. These
results reveal a surprisingly dynamic nature to the molecular com-
position and functional properties of glutamatergic postsynaptic
specializations.
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Glutamatergic synapses are modifiable cell-to-cell junctions that
mediate excitatory synaptic transmission in the mammalian brain.
Underlying the glutamatergic postsynaptic membrane is a spe-
cialized, detergent-insoluble postsynaptic density (PSD). The
NMDA ionotropic glutamate receptor (NMDAR) and calcium/
calmodulin-dependent kinase II (CaMKII) are two major signal-
ing components of the PSD and have been intensely studied for
their roles in synaptic plasticity (Kennedy, 2000). Other major
components of the PSD are structural scaffolds, typified by the
PDZ domain protein PSD-95. PSD-95/SAP90 and related family
members link NMDA receptors with a network of other PSD
proteins, including nitric oxide synthase, the synaptic ras
GTPase-activating protein SynGAP, the cell-adhesion molecule
neuroligin, and GKAP scaffolding proteins (Sheng and Pak,
2000).

NMDA receptors are hetero-oligomers, consisting of the es-
sential NR1 subunit and combinations of NR2A–NR2D and
NR3 (Mori and Mishina, 1995). NMDA receptors function as
molecular coincidence detectors, requiring both glutamate bind-
ing and depolarization-mediated removal of Mg2� block to allow
channel opening. The level of NMDAR function at the synapse
critically regulates brain function. For example, mice expressing
5% of normal levels of NR1 exhibit increased motor activity and
deficits in social interactions (Mohn et al., 1999). At the cellular
level, the magnitude and kinetics of calcium entry through
NMDA receptors is thought to be a major determinant of long-

lasting potentiation or depression of synaptic efficacy in response
to a given stimulus (Abraham and Bear, 1996). These long-term
effects are mediated by calcium activation of CaMKII and pro-
tein kinase C (PKC) and other signaling pathways in the postsyn-
aptic domain.

CaMKII is a holoenzyme composed of �12 monomers, pri-
marily � and � subunits in neurons (Soderling et al., 2001).
Autophosphorylation of CaMKII� at Thr286 is required for
normal spatial memory and place-cell representation, presumably
through triggering of its calcium-independent kinase activity
(Giese et al., 1998). CaMKII phosphorylates several key postsyn-
aptic targets, including the NMDA receptor subunit NR2B, the
AMPA receptor (AMPAR) subunit GluR1, and SynGAP
(Kennedy, 2000; Soderling et al., 2001).

Rapid synaptic modification through regulation of the func-
tional properties of ion channels and signal-transducing enzymes
is a well established mode of plasticity. More recently, it has been
appreciated that another mode of expression of synaptic plasticity
is regulation of subcellular distribution of ion channels and ki-
nases. Many studies support the idea that activity rapidly regu-
lates the insertion and endocytosis of AMPA receptors at syn-
apses (Ehlers, 2000). Translocation of exogenous CaMKII to
synapses has also been visualized in response to glutamate stim-
ulation (Shen and Meyer, 1999). In contrast, the synaptic local-
ization of NMDA receptors is thought to be more static. Over a
time course of several days, activity modulates the synaptic levels
of NMDA receptors in a homeostatic direction (Rao and Craig,
1997). cAMP-dependent protein kinase mediates this long-term
modulation of NMDA receptor targeting to synapses (Crump et
al., 2001). In exploring the effects of other kinases, we found that
NMDA receptor trafficking can be dynamically regulated on a
time scale of minutes. Selective activation of PKC induces rapid
dispersal of NMDA receptors from postsynaptic sites to the
extrasynaptic plasma membrane. Furthermore, PKC activation
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induces a reciprocal translocation of CaMKII to postsynaptic
sites but has no effect on the distribution of PSD-95.

MATERIALS AND METHODS
Cell culture. Rat hippocampal cultures were prepared from 18-d-old rat
embryos by previously described methods (Goslin et al., 1998). Briefly,
hippocampi were dissected and dissociated using trypsin and trituration
through a Pasteur pipette. The neurons were plated on coverslips coated
with poly-L-lysine in MEM with 10% horse serum and allowed to attach
for 3–4 hr. After attachment, the neurons were transferred to a dish
containing a glial monolayer and maintained for up to 4 weeks in
serum-free MEM with N2 supplements. Standard cultures were plated at
the low density of 2400–4800 cells/cm 2. High-density cultures were
plated at 14,300 cells/cm 2. Neurons were chronically treated with 100 �M
APV or 10 �M MK-801 beginning on day 7, with renewal every 3–4 d
(except for the �APV experiments described in Figs. 1 and 8). All
analyses were performed at 18–28 d. Pharmacological agents were used

at the following concentrations: 100 nM 12-O-tetradecanoylphorbol-13-
acetate (TPA) (Sigma, St. Louis, MO), 100 nM 4�-TPA (Sigma), 10 �M

phorbol 12,13-diacetate (PDA) (Sigma), 100 nM phorbol didecanoate
(PDD) (Sigma), 100 nM 4�-PDD (Sigma), 10–200 nM bisindolylmaleim-
ide (LC Laboratories, Woburn, MA), 100 �M APV (Research Biochemi-
cals, Natick, MA), 10 �M MK801 (Research Biochemicals), 2.5 �M

NMDA (Alexis, San Diego, CA), 2 �M jasplakinolide (Molecular Probes,
Eugene, OR), 5 �M latrunculin A (Biomol Research Laboratories, Ply-
mouth Meeting, PA), 10 �M KN62 (Alexis), 3–30 �M KN93 (Calbio-
chem, La Jolla, CA), 10 �M lavendustin A (Calbiochem), 10 �M CNQX
(Sigma), 50 �M picrotoxin (Sigma), 200 �M AP-3 (Alexis), 5 �M nifed-
ipine, and 1 �M TTX (Sigma). With the exception of chronic APV/
MK801 and latrunculin A treatment, pharmacological agents were added
to the culture media for 45–120 min before the addition of TPA.

Immunocytochemistry. Immunolabeling was performed essentially as
described previously (Rao and Craig, 1997; Allison et al., 2000). Briefly,
for NR1, NR2A, NR2B, CaMKII�, and PSD-95, neurons were fixed in

Figure 1. PKC-induced synaptic remodeling: dispersal of NMDA receptors and synaptic translocation of CaMKII�. Hippocampal neurons were
cultured for 3 weeks at high density (�APV, a–d) or at low density in the presence of APV (e–h). Sister neurons were left untreated [controls (Con),
a, c, e, g] or treated for 45 min with TPA (b, d, f, h), fixed, and immunolabeled for NR1 ( green, a, b, e, f ) or CaMKII� ( green, c, d, g, h) and synapsin
(Syn; red). Areas of overlap between the presynaptic vesicle antigens and postsynaptic NR1 or CaMKII� appear yellow. a, e, In high-density or
APV-treated low-density control neurons, NR1 is found predominantly in synaptic clusters. b, f, TPA treatment resulted in dispersal of NR1 away from
synapses to a diffuse dendritic shaft distribution. c, g, In high-density or APV-treated low-density control neurons, CaMKII� is concentrated at some
synapses but is also present at high levels throughout dendrites and axons. d, h, TPA treatment resulted in enhanced clustering of CaMKII� at synapses
and reduced levels in dendrite shafts. PKC-induced NR1 dispersal and CaMKII� synaptic translocation occurred under conditions of spontaneous
activity (a–d) and under conditions of NMDA receptor blockade (e–h). Boxed regions in e–h are shown below at higher magnification. Scale bars, 10 �m.
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methanol for 10 min at �20°C, blocked with 10% BSA for 30 min, and
incubated overnight at room temperature with primary antibodies di-
luted in 3% BSA/PBS. For AMPA receptor and filamentous actin
(F-actin) labeling, neurons were fixed in warm 4% paraformaldehyde/4%
sucrose in PBS for 15 min at room temperature and permeabilized with
0.25% Triton X-100 for 5 min. The following mouse monoclonal anti-
bodies were used: NR1 (clone 54.1; PharMingen, San Diego, CA;
1:1500), CaMKII� (clone 6G9; Affinity Bioreagents, Golden, CO;
1:200), and PSD-95 (clone 6G6-1C9; Affinity Bioreagents; 1:2000; inter-
acts with other members of the PSD/SAP family). For double labeling of
NR1 and PSD-95 or NR2A, mouse NR1 (clone 54.1; PharMingen) and
1 �g/ml guinea pig anti-PSD-95 antiserum (gift from M. Sheng, Massa-
chusetts Institute of Technology, Cambridge, MA) or 1 �g/ml rabbit
anti-NR2A antiserum (gift from M. Sheng) were used. Other rabbit
antibodies used were anti-NR2B (Upstate Biotechnology, Lake Placid,
NY; 4.2 �g/ml), anti-GluR1 (gift from R. McIlhinney, Oxford Univer-
sity, Oxford, UK; 1:2000), and anti-MAP2 (gift from S. Halpain, Scripps
Research Institute, La Jolla, CA; 1:10,000). F-actin was labeled using
Texas Red-conjugated phalloidin (Molecular Probes; 1:200). Presynaptic
terminals were revealed with rabbit antibodies to synaptophysin (G95;
gift from P. DeCamilli, Yale University, New Haven, CT; 1:8000) or
synapsin (Chemicon, Temecula, CA; 1:5000) or with mouse anti-SV2
(Developmental Studies Hybridoma Bank, Iowa City, IA; 1:40). Appro-
priate secondary antibodies conjugated to Texas Red, FITC, or biotin
(Jackson ImmunoResearch, West Grove, PA, or Vector Laboratories,
Burlingame, CA; 2.5–7.5 �g/ml) were added and incubated for 45 min at
37°C, followed by extensive washes with PBS. In cases in which biotin-
conjugated secondary antibodies were used, either FITC or Texas Red/
streptavidin (Jackson ImmunoResearch; 1:2000) was used as a tertiary
reagent. Coverslips were mounted in elvanol (Tris-HCl, glycerol, poly-
vinyl alcohol with 2% 1,4-diazabicyclo[2,2,2]octane).

DiI labeling. The lipophilic dye DiI (Molecular Probes) was used to
label the plasma membrane outline of random subsets of neurons (Has-
bani et al., 2001). Neurons were fixed for 30 min in warm 4% parafor-
maldehyde/4% sucrose in PBS, washed in PBS, incubated in a freshly
made suspension of DiI (0.4 �g/ml in PBS) for 30 sec, and washed further
in PBS. Neurons were mounted and imaged immediately.

Microscopy and immunofluorescence quantification. Fluorescent and
phase-contrast images of neurons were obtained on a PhotoMetrics
(Roper Scientific, Tucson, AZ) Sensys cooled CCD camera mounted on
a Zeiss (Thornwood, NY) Axioskop microscope with a 63�, 1.4 numer-
ical aperture lens using Oncor or Metamorph (Universal Imaging, West
Chester, PA) software. Before quantification, CCD images were pro-
cessed by dark-field subtraction and correction for any nonuniformity in
illumination. To define synaptic NR1, CaMKII, or PSD-95 clusters,
thresholds for individual neurons and channels were chosen manually
and corresponded to two times the average intensity of fluorescence in
the dendritic shaft. Binary images of clusters of each postsynaptic marker
(NR1, CaMKII, or PSD-95) were compared with binary images of
synapsin or synaptophysin clusters. Any postsynaptic cluster that had at
least one pixel of overlap with a presynaptic cluster was defined as
synaptic. Data analysis was performed using Metamorph, Microsoft
(Seattle, WA) Excel, Statview, and Delta Graph (Chicago, IL). Values
indicate mean � SEM. Group comparisons were made by t test. Images
were processed and prepared for print using Adobe Photoshop (Adobe
Systems, San Jose, CA).

Chymotrypsin treatment and Western blot analysis. Neurons were sub-
jected to chymotrypsin protease treatment before harvesting and West-
ern blot analysis to determine surface NR1 expression (Hall and Soder-
ling, 1997). Briefly, 3 week, high-density (14,300 cells/cm 2) dishes of
cultured neurons were washed twice with warm HEPES-buffered saline
solution, incubated in 1 mg/ml chymotrypsin in saline solution for 10
min, and then washed three times in saline solution containing 2 mM
PMSF to inactivate chymotrypsin. Neurons were scraped into warm PBS,
pelleted, and resuspended in Laemmli buffer. Samples were pooled from
15 to 20 coverslips per condition, and small aliquots were analyzed by
SDS-PAGE to estimate total protein concentration. Equal amounts of
protein between conditions were run on SDS-PAGE, transferred to a
nitrocellulose membrane, blocked with 5% nonfat dried milk for 1 hr,
and incubated overnight at 4°C with anti-NR1 antibody (clone 54.1;
mouse anti-NR1; 1:4000). Blots were washed with TBS, incubated for 1
hr in HRP-conjugated secondary goat anti-mouse antiserum (Jackson
ImmunoResearch; 1:5000), and visualized using chemiluminescent
Super-Signal HRP substrate (Pierce, Rockford, IL) and exposure to x-ray
film. As a control for protein loading between conditions, the blots were

reprobed with rabbit anti-tau (Sigma; 1:10,000). The film signals were
digitally scanned and analyzed using Metamorph or NIH Image densi-
tometric analysis.

Triton X-100 extraction. Live neurons were detergent-extracted (Alli-
son et al., 2000) with 1% Triton X-100 and 4% 40,000 kDa polyethylene
glycol in BRB80 (80 mM PIPES, 1 mM MgCl2, 1 mM EDTA) for 5 min,
rinsed twice with BRB80, fixed in methanol, and stained for rabbit
anti-MAP2 and mouse anti-NR1 or mouse anti-CaMKII�.

Excitotoxicity. For the toxicity assay (Crump et al., 2001), neurons were
removed from APV and TPA pretreatments, placed in high-K � buffer (in
mM: 90 KCl, 31.5 NaCl, 2 CaCl2, 25 HEPES, 1 glycine, 30 glucose) for
3 min to induce the synaptic release of glutamate, and incubated for an
additional 60 min in normal medium. Neurons were then incubated in
0.4% Trypan blue for 5 min and counted using the exclusion of dye as an
indicator of cell viability. Approximately 150–200 neurons were scored
per coverslip, and at least eight coverslips per group were scored from at
least four independent cultures. Sister coverslips used for excitotoxicity
analysis were fixed and immunostained to confirm the differential local-
ization of NR1 with APV and TPA pretreatments.

NR1-green fluorescent protein expression and live imaging. The NR1-
green fluorescent protein (GFP) and NR2A expression plasmids have
been described previously (Crump et al., 2001). Neurons were transfected
either at plating or 7–10 d after plating with GW1-NR1C-GFP and
GW1-NR2A using Effectene reagent (Qiagen, Hilden, Germany) essen-
tially according to the manufacturer’s instructions. Low amounts of
expression plasmid were used (0.1–0.5 �g per 60 mm dish) resulting in
fairly dim but appropriately localized NR1-GFP. For colabeling of
CaMKII, neurons were grown to day 21–28, fixed, and stained with
mouse anti-CaMKII� and donkey Texas Red anti-mouse antibodies. For
live visualization of NR1-GFP, neurons were plated on poly-L-lysine-
coated coverslips attached via silicone to a hole in the bottom of a tissue
culture dish. Glia were grown on coverslips and suspended above the
neurons by paraffin wax dots. The neurons were transfected at plating
and grown in phenol red-free MEM with N2 supplements for 18–24 d.
Imaging was performed after addition of the anti-oxidants N-acetyl-
cysteine (60 �M) and trolox (20 �M) to the medium. Imaging was
performed on a Nikon (Tokyo, Japan) TE200 with a Prior XYZ stage,
Sutter excitation and emission filter wheels (Sutter Instruments, Novato,
CA), a transmitted light shutter, a Princeton Micromax 1300 YHS-cooled
CCD camera (Roper Scientific), and Metamorph software. NR1-GFP-
expressing cells were located, and images were acquired rapidly to
prevent changes in the pH of the medium. TPA was added, neurons were
returned to the 37°C CO2 incubator for 30 min, and the same cells were
relocated and imaged again. Quantification of fluorescent intensity was
performed in Metamorph. Spines did not exactly align between time
points because of spine motility, so the pixel area for measuring spine
fluorescence was manually centered over each spine for each image.

RESULTS
Synaptic remodeling by PKC: NMDA receptors
and CaMKII
Effects of kinase activation on synaptic composition were assessed
by immunocytochemistry in cultured neurons. Primary embry-
onic rat hippocampal neurons were grown under conditions in
which NMDA receptors cluster at synapses, either at high density
in the absence of pharmacological agents or at low density in the
presence of NMDA receptor antagonists (Rao and Craig, 1997;
Crump et al., 2001). To examine the role of PKC activity in the
synaptic localization of NMDA receptors, pyramidal cells were
treated with 100 nM TPA (a PKC agonist) for 45 min, fixed, and
double labeled with antibodies to the essential NMDAR subunit
NR1 and to synapsin or synaptophysin as markers for presynaptic
terminals. In high-density neurons cultured for 16–18 d, NR1 was
intensely clustered and highly apposed to presynaptic terminals
(Fig. 1a). After TPA treatment for 45 min, NR1 dispersed away
from the postsynaptic compartment and was no longer clustered
(Fig. 1b). In the TPA-treated neurons, NR1 immunoreactivity
appeared similar to that of uniformly distributed proteins in the
dendritic plasma membrane. TPA treatment had no effect on the
distribution of synaptic vesicle antigens as assessed by light mi-
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croscopy. Puncta corresponding to presynaptic terminals were
numerous in the control and TPA-treated cultures. Another phor-
bol ester that activates PKC, PDD, induced a similar dispersal of
NR1, whereas 4�-TPA and 4�-PDD, which do not activate PKC,
had no effect on NMDAR distribution (data not shown).

In contrast to the PKC-mediated dispersal of NMDA recep-
tors, TPA had the opposite effect on localization of another major
PSD protein, CaMKII�. In control neurons, CaMKII� immu-
noreactivity is concentrated in some spines but also present
throughout dendritic shafts (Fig. 1c). Activation of PKC with
TPA induced a dramatic translocation of CaMKII� from the
dendritic shaft to spine synapses (Fig. 1d). The translocation of
CaMKII� to synapses was specifically induced by active phorbol
esters and not the inactive analog (data not shown). Thus, acti-
vation of PKC induces opposing effects on two major synaptic
components, dispersal of NMDA receptors away from synapses
and translocation of CaMKII� to synapses.

To determine whether NMDA receptor activity was required
for the TPA-induced dispersal of NMDA receptors or synaptic
translocation of CaMKII�, TPA treatment was performed in the
presence of the NMDA receptor antagonist APV. For these
experiments and most of the subsequent experiments, we used 3
week low-density neurons chronically pretreated with APV,
which show strong synaptic clustering of NMDAR (Fig. 1e) and a
partially spiny localization of CaMKII� (Fig. 1g), similar to the
high-density untreated cultures. Activation of PKC with TPA
resulted in dispersal of NR1 and enhanced synaptic clustering of
CaMKII� even in the presence of NMDA receptor antagonist
(Fig. 1f,h). Thus, NMDAR activity was not required and had no
apparent effect on PKC-induced dispersal of NMDAR or clus-
tering of CaMKII�.

Quantitative immunofluorescence analysis was performed on
randomly chosen populations of neurons immunolabeled for NR1
or CaMKII� and synaptic vesicle antigens. Compared with con-
trol neurons, TPA treatment resulted in a significant decrease in
synaptic NR1 (50.1 � 1.8 synaptic NR1 clusters/100 �m dendrite
in controls vs 9.8 � 0.9 synaptic NR1 clusters/100 �m dendrite in
TPA-treated neurons; t test; p � 0.01; n � 85 neurons per group

from seven independent cultures) and a significant increase in
synaptic CaMKII� (7.2 � 0.6 synaptic CaMKII� clusters/100
�m dendrite in controls vs 26.4 � 1.1 synaptic CaMKII� clusters/
100 �m dendrite in TPA-treated neurons; t test; p � 0.01; n � 79
neurons per group from seven cultures). These effects of TPA
were blocked by coincubation with bisindolylmaleimide, a specific
inhibitor of PKC (43.8 � 3.8 synaptic NR1 clusters/100 �m
dendrite and 9.4 � 1.5 synaptic CaMKII� clusters/100 �m den-
drite in TPA/bisindolylmaleimide-treated neurons; p � 0.01
compared with TPA-treated neurons; p � 0.1 compared with
control neurons; n � 22 neurons per group from two cultures).
Thus, the effects of TPA on redistribution of NMDAR and
CaMKII are mediated by activation of PKC. PKC activation had
no effect on the density of presynaptic inputs, quantified as puncta
of synaptophysin or synapsin per dendrite length (82.2 � 2.2
terminals/100 �m dendrite in controls vs 82.4 � 2.3 terminals/100
�m dendrite in TPA-treated neurons; p � 0.1; n � 136 neurons
per group from eight cultures).

PKC effects on PSD-95, AMPA receptors, and spines
The effect of PKC activation on the localization of other promi-
nent postsynaptic components was examined. Neurons were
treated with TPA, fixed, and stained with combinations of anti-
bodies to synapsin or synaptophysin, the NMDA receptor sub-
units NR1, NR2A, and NR2B, the AMPA receptor subunit
GluR1, and the PDZ domain postsynaptic scaffolding protein
PSD-95. As expected, the NR2A and NR2B subunits of the
NMDA receptor dispersed away from synapses in concert with
the NR1 subunit and appeared to be diffuse and membrane
associated (Fig. 2a,a�,b,b�; data not shown for NR2B). Although
it binds NR2A and NR2B and colocalizes with NMDAR at
synapses in control neurons, PSD-95 did not disperse after acti-
vation of PKC (Fig. 2c,c�,d,d�). In TPA-treated cells double la-
beled for NR1 and PSD-95, NMDAR was diffusely localized
along dendrites, whereas PSD-95 remained punctate and closely
apposed to presynaptic terminals. Quantification revealed no
change in the density of synaptic PSD-95 clusters after PKC
activation (67.1 � 4.9 synaptic PSD-95 clusters/100 �m dendrite

Figure 2. PKC-induced synaptic remodeling: effect on multiple NMDA receptor subunits and F-actin but not on AMPA receptor, PSD-95, or spine
density. a, a�, c, c�, In control (Con) neurons, NR1 coclusters with NR2A and PSD-95. b, b�, d, d�, After 30 min of TPA treatment, PSD-95 remained
clustered at synapses, whereas NR2A dispersed away from synapses along with NR1. e, e�, f, f�, There was no apparent change in the synaptic localization
of GluR1 between control and TPA-treated neurons. g, h, TPA treatment increased the concentration of F-actin in dendritic spines and reduced
filamentous actin in dendrite shafts, mirroring the rearrangement of CaMKII�. i, j, TPA treatment had no effect on the overall number of spines but
may alter their size and shape. Scale bar, 10 �m.
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in controls vs 63.5 � 3.3 synaptic PSD-95 clusters/100 �m den-
drite in TPA-treated neurons; p � 0.1; n 	 22 neurons per group
from two cultures). The AMPA receptor subunit GluR1 also
showed no obvious change in distribution after activation of PKC
(Fig. 2e,e�,f,f�). GluR1 was concentrated in some dendrite spines
and detected at lower levels in dendrite shafts in both control and
TPA-treated neurons. The lack of effect of PKC on GluR1 local-
ization is in agreement with the results of Chung et al. (2000),
who found no change in the density of synaptic GluR2 clusters
after TPA treatment. Thus, PKC activation results in a dramatic
selective dispersal of NMDA receptors and not AMPA receptors
or PSD-95.

To assess the effects of PKC activation on more general fea-
tures of spine structure and density, control and TPA-treated
neurons were fixed and stained with Texas Red phalloidin to
reveal filamentous actin or labeled with a suspension of DiI to
reveal dendritic membrane profiles. As reported previously (Al-
lison et al., 1998), F-actin appeared to be highly concentrated in
dendritic spines in control neurons (Fig. 2g). F-actin appeared to
accumulate further in spines after PKC stimulation (Fig. 2h),
however, and there appeared to be a slight rounding of spine
heads in TPA-treated cells (Fig. 2i,j). Despite the dynamic re-
modeling of postsynaptic components, the number of dendrite
spines was not affected by PKC activation. Spine density quanti-
fied from dendrites randomly labeled with DiI was not signifi-

cantly different between control and TPA-treated neurons
(49.8 � 3.8 protrusions/100 �m dendrite for controls vs 44.9 � 3.4
protrusions/100 �m dendrite for TPA-treated cells; p � 0.1; n �
19 neurons per group from four cultures).

Rapid time course and reversal of synaptic remodeling
by PKC
Given the striking molecular rearrangement of NR1 and
CaMKII in opposite directions within the postsynaptic compart-
ment, we asked whether movement of these two PSD core com-
ponents occurred on the same time course and thus might be
related (Fig. 3a,b). Even 5 min of TPA treatment resulted in a
partial dispersal of NR1 and clustering of CaMKII�. The redis-
tributions of both NR1 and CaMKII� were approximately half-
maximal within 10 min and maximal by 45 min of TPA treatment.
These results reveal unexpectedly rapid dynamics in the molecu-
lar organization of the hippocampal postsynaptic compartment.

Furthermore, these effects of PKC activation on synaptic re-
modeling were rapidly reversible. The effect of a 1 hr treatment
with PDA (a relatively water-soluble activator of PKC) in dis-
persing NMDA receptors and clustering CaMKII was similar to
that of treatment with TPA (Fig. 3c). After only 1 hr of washout
of the PDA, NR1 and CaMKII showed a significant reversal in
distribution; NR1 returned to the highly synaptic pattern and
CaMKII to the partially spiny pattern. An 8 hr reversal in the

Figure 3. Rapid time course and reversal of synaptic remodeling. a, b, Neurons were exposed to TPA for the indicated times, fixed, and immunolabeled
for NR1 (a) or CaMKII� (b) and synapsin (Syn). An initial observable effect on NR1 and CaMKII� localization was seen as early as 5 min after
addition of TPA. At 10 min, the effect of TPA on NR1 and CaMKII� translocation was approximately half-maximal, and at 45 min the effect was
complete. c, The effect of PDA on the distributions of NR1 and CaMKII� was similar to that of TPA. A 1 hr washout of PDA resulted in significant
reversal; NR1 again became more localized to synapses and CaMKII more diffuse. Reversal also occurred after an 8 hr washout in the presence of the
protein synthesis inhibitor cycloheximide. Scale bar, 10 �m.
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presence of the protein synthesis inhibitor cycloheximide also
showed reaccumulation of NR1 at synapses. Thus, the reappear-
ance of synaptic NR1 suggests that the translocation of previously
dispersed NMDA receptor contributed to the synaptic pool of
NMDA receptors.

Mechanisms of PKC-induced synaptic remodeling
Possible mediators of the PKC-induced redistribution of NMDA
receptors and CaMKII include actin reorganization, other ki-
nases, and synaptic activity; therefore, we tested these possibili-
ties pharmacologically. NMDA receptors and CaMKII hetero-
oligomers have close associations to the F-actin cytoskeleton
(Wyszynski et al., 1997; Shen et al., 1998), and we observed a
PKC-induced increase in synaptic F-actin (Fig. 2g,h). We used
jasplakinolide, a cell-permeable molecule that binds to and sta-
bilizes F-actin (Halpain et al., 1998), to prevent rearrangements
in the actin cytoskeleton. We tested whether CaMKII activity is
necessary for PKC-induced NMDAR dispersal or for its own
translocation by treatment of cultured hippocampal neurons with
the CaMKII inhibitor KN62 before and during the addition of
TPA. Another kinase that has been implicated in NMDA recep-
tor modulation and has associations with the NMDA receptor
complex is Src. Activation of PKC by phorbol esters results in the
tyrosine phosphorylation of NR2A/B (Grosshans and Browning,
2001), and Src mediated NMDA receptor modulation has been
shown to be downstream of PKC activation (Lu et al., 1999).
Therefore, we examined the participation of Src in postsynaptic
remodeling by treating hippocampal neurons with the tyrosine
kinase inhibitor lavendustin A before and during TPA treatment.
We found no significant difference between neurons treated with
TPA alone, jasplakinolide/TPA, KN62/TPA, or lavendustin
A/TPA with respect to the number of synaptic clusters of NR1 or
CaMKII� (Fig. 4). The role of CaMKII activity was tested
further using a separate inhibitor, KN93 (3–30 �M range), which
again did not block the PKC-induced redistribution (26.6 � 1.8
synaptic clusters of CaMKII per 100 �m dendrite in neurons
treated with TPA/KN93 at 30 �M; p � 0.1 compared with
TPA-treated neurons). Thus, PKC-induced NMDA receptor dis-
persal and CaMKII translocation occur independently of F-actin
dynamics, CaMKII activity, and tyrosine kinase activity.

In addition to direct postsynaptic effects, phorbol esters en-
hance presynaptic vesicle fusion (Malenka et al., 1986; Parfitt and
Madison, 1993). We thus determined whether the synaptic re-
modeling of NMDAR and CaMKII was attributable to postsyn-
aptic PKC activity rather than presynaptic vesicle release. Phar-
macological presynaptic and postsynaptic blockade was mediated
by a cocktail of inhibitors to voltage-gated sodium channels
(tetrodotoxin), voltage-gated L-type calcium channels (nifed-
ipine), inhibitory GABA receptors (picrotoxin), and glutamate
receptors of the AMPA, NMDA, and group I metabotropic
glutamate receptors subtypes (CNQX, APV, and AP-3). We
again found no significant effect of these agents on TPA-
induced dispersal of NMDAR or clustering of CaMKII (Fig.
4), suggesting a direct postsynaptic effect of PKC.

PKC modulation of postsynaptic density and
cytoskeletal associations
We used detergent extraction after TPA treatment to determine
the strength of associations of NR1 and CaMKII� to the cy-
toskeleton. Insolubility of postsynaptic density components in the
detergent Triton X-100 supports the tight associations of NR1,
NR2, CaMKII�/�, and PSD-95 among themselves and/or the

cytoskeleton (Kennedy, 2000). Detergent extraction has classi-
cally been used for isolation of postsynaptic densities from bio-
chemical synaptosome fractions (Kennedy, 2000) and can also be
used to assess molecular interactions at the PSD in cultured
hippocampal neurons (Allison et al., 1998). Treatment of living
neurons with Triton X-100 had little effect on the distribution of
NMDAR in control neurons; most of the NR1 was associated
with the postsynaptic site and remained associated with the PSD
after extraction (Fig. 5a,b) (Allison et al., 1998). After TPA
treatment, however, much of the NR1 had dispersed out of the
PSD region and was now extracted, whereas the small amount of
NR1 remaining within the PSD region was unextracted (Fig.
5c,d). Conversely, in control neurons, much of the cellular
CaMKII was extrasynaptic and was extracted by Triton X-100,
leaving only small amounts at the postsynaptic site (Fig. 5e,f)
(Allison et al., 2000). After TPA treatment, much of the cellular
CaMKII� had translocated to the PSD region and now became
resistant to Triton-100 extraction (Fig. 5g,h). Thus, PKC-induced
dispersal of NMDAR involves breakage of Triton-resistant asso-
ciations, whereas PKC-induced clustering of CaMKII involves
formation of new Triton-resistant associations with postsynaptic
density components.

To further understand the nature of these molecular associa-
tions, we determined the effect of depolymerization of F-actin on
the distributions of NR1 and CaMKII and their redistribution by
PKC (Fig. 6). As reported previously (Allison et al., 1998, 2000),
a 9 hr treatment with latrunculin A induced a loss of spine

Figure 4. Mechanisms of NMDAR and CaMKII synaptic remodeling by
PKC: independence from actin reorganization, CaMKII, tyrosine kinase,
and synaptic activity. TPA decreased the number of synaptic NR1 clusters
per dendritic length and increased the number of synaptic CaMKII�
clusters per dendrite length compared with control neurons (n � 79
neurons from 7 separate cultures; p � 0.01). Cotreatment with bisindolyl-
maleimide (Bis), a specific inhibitor of PKC, blocked these effects of TPA
(n � 22 neurons from 2 cultures; p � 0.01 compared with TPA; p � 0.1
compared with control). Cotreatment with jasplakinolide (Jasplak),
KN62, lavendustin A (Lav A), or blockade (a combination of TTX,
nifedipine, picrotoxin, CNQX, APV, and AP-3) did not significantly alter
the degree of NR1 dispersal or CaMKII� synaptic translocation induced
by TPA (n � 19 from at least 2 cultures; p � 0.09).
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F-actin, a complete dispersal of CaMKII, and a modest conver-
sion of NMDA receptors from spiny to nonsynaptic clusters.
Subsequent treatment with TPA resulted in no additional change
in CaMKII distribution, indicating that the PKC-induced ac-
cumulation of CaMKII involves an association with spine
F-actin. In contrast, loss of F-actin did not inhibit the ability of
PKC to disperse NMDA receptors. Thus, PKC-induced dis-
persal of NMDA receptors is independent of F-actin and
independent of the translocation of CaMKII. The nonsynaptic
clusters of NMDA receptor that are present in low numbers
under our control conditions and at higher numbers in immature
neurons or in latrunculin-treated neurons also largely dispersed
with PKC activation (data not shown).

Cell-surface association of NMDA receptors
To assess the level of surface expression of NR1 after TPA
treatment, we subjected live neurons to the extracellular protease
chymotrypsin before harvesting and Western blot analysis (Hall
and Soderling, 1997). In neuron culture extracts, immunoblotting
for NR1 reveals a strong band at �120 kDa (Fig. 7). When intact
neurons are subjected to the extracellular proteolytic activity of
chymotrypsin, the extracellular region of any NR1 protein on the

cell surface is cleaved and the immunoblot signal at �120 kDa is
decreased proportionally to the percentage of NR1 on the cell
surface. Tau, an intracellular cytoskeletal protein, is inaccessible
to chymotrypsin. Previous results using this method indicate that
NR1 is present in significant intracellular pools in immature or
low-density neurons with a nonsynaptic immunostaining pattern
(42% surface), but largely on the surface of neurons with a highly
synaptic immunostaining pattern (87% surface) (Crump et al.,
2001). Our finding here that 84% of the NR1 was cleaved and
thus surface associated in neurons with the highly synaptic
NMDA receptor pattern is in agreement with these previous
results. TPA treatment did not change the percentage of surface
NR1; 84% of total cellular NR1 was still accessible to extracel-
lular protease (average of three experiments each). The total
amount of NR1 also did not change with TPA treatment. Sister
neurons from the TPA-treated group were immunolabeled to
confirm the predominantly extrasynaptic localization of NR1.
Thus, although TPA induces a redistribution of NR1 away from
synapses, the redistributed NR1 is on the cell surface. These
experiments are supported by the immunolabeling pattern for
NR1 throughout the exposure to phorbol esters (Figs. 1f, 3a).

Figure 5. PKC-induced change in cytoskeletal association of NMDAR and CaMKII. Neurons were fixed immediately after a 45 min treatment with
TPA (�TPA) and/or after subsequent extraction of living neurons with Triton X-100 (�EXT ). Neurons were immunolabeled for NR1 or CaMKII�
( green) and the dendritic microtubule-associated protein MAP2 (red). a, b, In control neurons, NR1 was primarily punctate and spiny and was not
extracted by detergent. c, d, In TPA-treated neurons, most of the diffusely localized NR1 was extracted by detergent, leaving only small amounts in
dendritic spines. e, f, In control neurons, most of the diffusely localized CaMKII� was extracted by detergent, leaving only small amounts in dendritic
spines. g, h, In TPA-treated neurons, CaMKII� was largely punctate and spiny and was not extracted by detergent. MAP2 localization and cytoskeletal
association were not affected by TPA treatment. Boxed regions in a–h are shown below at higher magnification. Scale bar, 10 �m.

Fong et al. • Synaptic Remodeling by PKC J. Neurosci., March 15, 2002, 22(6):2153–2164 2159



NR1 appeared to be associated with plasma membrane; at no
time were nonsynaptic clusters characteristic of endosomes ob-
served. Direct cell-surface labeling of live or nonpermeabilized
neurons with commercially available antibodies against NR1 was
not possible, perhaps because of limited accessibility of the native
NMDA receptor complex in neurons.

Neuroprotective effect of PKC-induced
synaptic remodeling
Excessive calcium entry through NMDA receptors is a major
trigger of neuronal cell death (Rothman and Olney, 1995). In
low-density hippocampal cultures under conditions of spontane-
ous activity, NMDA receptors are primarily extrasynaptic and
neurons exhibit limited toxicity in response to a high-potassium
insult (Crump et al., 2001). Chronic blockade of NMDA recep-
tors results in a large increase in synaptic targeting of NMDA
receptors (the baseline condition for the experiments described
above) and a concomitant increase in excitotoxicity after antag-
onist washout (Crump et al., 2001). In agreement with these
previous studies, in response to a short pulse of high potassium to
induce synaptic release of glutamate, APV-pretreated neurons
exhibited greater toxicity (43.7 � 2.8% cell viability) than neu-
rons cultured without APV (62.2 � 4.0% viability; t test; p � 0.01;
n 	 8 coverslips) (Fig. 8a). This enhanced toxicity was dependent
on NMDA receptor function, as indicated by sensitivity to APV

Figure 6. Dependence of CaMKII translocation but not NMDAR trans-
location on filamentous actin. Neurons were treated for 9 hr with latrun-
culin A (�LAT ) to depolymerize actin, treated for 45 min with TPA as
indicated (�TPA), fixed, and immunolabeled for CaMKII� or NR1
( green) and synapsin (Syn; red). a, b, In latrunculin-treated neurons,
CaMKII was diffusely localized, and activation of PKC was unable to
induce synaptic accumulation. c, d, In latrunculin-treated neurons, NR1
was clustered at synaptic and nonsynaptic sites. PKC activation induced a
loss of synaptic and nonsynaptic clusters and a redistribution to a dis-
persed plasma membrane-associated pattern even in the absence of de-
tectable F-actin. Boxed regions in a–d are shown below at higher magni-
fication. Scale bar, 10 �m.

Figure 7. Cell-surface association of clustered and dispersed NMDAR.
Intact hippocampal neurons were treated with TPA (30 min) and then
with extracellular protease chymotrypsin (10 min) as indicated before
cultures were harvested for Western blot analysis. Immunoblotting for
NR1 revealed a strong band at �120 kDa, as expected. After chymotryp-
sin treatment, the extracellular region of cell-surface NR1 is cleaved and
the native �120 kDa signal is decreased. Tau, an intracellular cytoskeletal
protein, is inaccessible to chymotrypsin and was used as a control for
protein loading between conditions. The percentage of cleaved and thus
surface-accessible NR1 was 84% for both control and TPA-treated neu-
rons (average of 3 experiments each).

Figure 8. Neuroprotective effect of PKC-induced synaptic remodeling.
Neurons were cultured at low density in the presence (gray bars) or
absence (black bars) of APV and were treated with TPA for 45 min or
untreated, as indicated. Neurons were then assayed for excitotoxicity
by washout of the APV and TPA, exposure to high-K � buffer, and
determination of viability by Trypan blue exclusion. a, Neurons cultured
chronically with APV exhibited greater toxicity than neurons cultured
without APV (t test; p � 0.01), correlating with a higher level of synaptic
NMDAR, as reported previously (Crump et al., 2001). This enhanced
toxicity of the chronic APV group was mediated by NMDAR, as indi-
cated by sensitivity to APV during the toxicity assay. b, TPA treatment of
the APV group partially protected the neurons from excitotoxicity ( p �
0.01) by an amount corresponding to the NMDAR-mediated component.
TPA was not protective in the no-APV group with the much lower levels
of synaptic NMDAR, suggesting that the protective effect of TPA was
attributable to the dispersion of synaptic NMDAR in the chronic APV
group.
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during the toxicity assay (Fig. 8a, compare columns 3 and 4: the
decrease in viability from �90% in untreated neurons to �60%
after treatment with high K� was NMDAR-independent, but the
additional decrease in viability of APV-pretreated cells to �40%
was NMDAR-dependent). We subsequently asked whether dis-
persing NMDAR from postsynaptic sites by TPA treatment
would be neuroprotective. In APV-pretreated neurons with
highly synaptic NMDAR clusters, treatment with TPA and con-
comitant dispersal of NMDAR (as in Fig. 1) significantly reduced
excitotoxicity (63.2 � 2.6% cell viability; t test; p � 0.01 compared
with APV group; n 	 8) (Fig. 8, column 2 in b vs column 3 in a).
In contrast, TPA treatment had no effect on excitotoxicity in
low-density neurons cultured without APV and lacking synaptic
NMDA receptors clusters (Fig. 8, column 1 in b vs column 2 in a).
These results suggest that the TPA-induced neuroprotection is
attributable to the dispersal of NMDAR in APV-pretreated
neurons rather than other effects of TPA that would presumably
also occur in neurons cultured without APV.

Live visualization of NMDAR dispersion by PKC
To visualize the effect of PKC activity on NMDAR distribution
without constraints imposed by antibody-based methods, we used
a GFP-tagged NR1 subunit. Coexpression of NR1-GFP and
NR2A at low expression levels in APV-treated cultured hip-
pocampal neurons results in synaptic clustering of the NR1-GFP
(Fig. 9a,a�) (Crump et al., 2001). In all experiments, the distribu-
tion of transfected NR1-GFP was similar to that of endogenous
NR1 visualized by immunolabeling. Immunolabeling of NR1-
GFP-expressing neurons for CaMKII shows clearly in a single
neuron the differential distributions implied by the separate an-
tibody labeling experiments: NR1-GFP was highly clustered on
dendritic spines, whereas CaMKII showed some concentration in
these spines but was also present diffusely throughout the neuron
(Fig. 9b,b�). TPA treatment resulted in a reversal of the distribu-
tion patterns: NR1-GFP became diffusely distributed throughout
the dendrite, with minor concentrations remaining at dendritic
spines, whereas CaMKII became highly concentrated in den-
dritic spines and showed reduced levels in shafts (Fig. 9c,c�).

NR1-GFP expression allowed us to visualize the effects of PKC
activation on NMDAR distribution in single neurons over time.
A 30 min treatment with TPA induced a dramatic dispersal of
spiny NR1-GFP clusters visualized in the same neuron before
and after TPA treatment (Fig. 9d,e), as expected on the basis of
the population analyses. There appeared to be both a decrease in
fluorescence in the dendritic spines and an increase in fluores-
cence in the dendrite shafts. The average NR1-GFP fluorescence
intensity ratio in the same set of dendrite spines relative to the
dendrite shaft decreased from 3.2 � 0.1 before TPA addition to
1.5 � 0.1 after TPA addition (paired t test; p � 0.01; n 	 45 spines
from three neurons) (Fig. 9f). Thus, PKC induces dispersal of
existing NMDA receptors away from synaptic sites to the extra-
synaptic membrane. The spine/shaft intensity values indicate a
more than twofold decrease in the ratio of synaptic to extrasyn-
aptic tagged NMDA receptor after PKC activation.

DISCUSSION
We show here that CaMKII and NMDA receptors exhibit rapid
and reciprocal redistribution to and from synapses in response to
selective activation of one kinase, PKC. NMDA receptors dis-
persed and CaMKII clustered with approximately half-maximal
effects at 10 min of treatment with phorbol esters, and both effects
were rapidly reversible. PKC also induced a slight enhancement

of filamentous actin at synapses but no change in the density of
presynaptic terminals, dendritic spines, or postsynaptic clusters of
the scaffolding molecule PSD-95 and no change in AMPA recep-
tor localization. PKC-induced clustering of CaMKII was depen-
dent on the presence of F-actin, whereas dispersal of NMDA
receptors was independent of F-actin. Live cell visualization of
PKC-induced redistribution of NR1-GFP revealed a decrease in
NR1-GFP synaptic to extrasynaptic ratio in individual dendrites
over time. NMDA receptors showed no net internalization but
redistributed to the extrasynaptic plasma membrane after PKC
activation. Consistent with the decrease in synaptic NMDA re-
ceptor density, pretreatment with phorbol esters protected neu-
rons against NMDA-mediated excitotoxicity. These results reveal
a surprisingly dynamic nature to the molecular composition of
glutamatergic synapses, not just with respect to AMPA receptor
as shown in many previous studies but also with respect to
NMDA receptor and endogenous CaMKII.

Mechanisms of postsynaptic remodeling by PKC
The postsynaptic density is a highly interconnected network of
proteins in which each component binds with high affinity to
several other components. NMDA receptor subunits and
CaMKII�/� all have multiple interacting partners in the PSD.
NR1 binds Ca2�/CaM, the actin-binding proteins �-actinin and
spectrin, and the A-kinase anchoring protein (AKAP) yotiao
(Wyszynski et al., 1997; Lin et al., 1998; Wechsler and Teichberg,
1998; Westphal et al., 1999). NR2A and NR2B bind spectrin and
the PDZ domain proteins PSD-95/SAP90, SAP102, PSD-93/
chapsyn-110, S-SCAM, and mLin7 (Wechsler and Teichberg,
1998; Hirao et al., 2000; Setou et al., 2000; Sheng and Pak, 2000).
CaMKII�, through interaction with CaMKII�, binds actin
(Shen et al., 1998) and directly binds Ca2�/CaM, �-actinin,
densin-180, and SynGAP� (Strack et al., 2000b; Li et al., 2001;
Walikonis et al., 2001). Furthermore, CaMKII� binds NR2A/B
with high affinity (Gardoni et al., 2000; Strack et al., 2000a). Thus,
it is likely that a change in the affinity of multiple interactions is
involved in the synaptic remodeling induced by PKC.

The mechanisms for localizing NMDA receptors to synapses
are not well understood. Evidence from genetically targeted mice
lacking the C termini of NR2A or NR2B indicates a partial role
for the NR2A/B C termini in synaptic localization of NMDA
receptors (Mori et al., 1998; Steigerwald et al., 2000). NR1,
NR2A, and NR2B are all substrates of PKC in vitro, and all show
increased phosphorylation after treatment of neurons with phor-
bol esters (Tingley et al., 1993; Hall and Soderling, 1997; Leonard
and Hell, 1997). We attempted to determine whether PKC dis-
rupts the interactions of recombinant NR2A and PSD-95 in
heterologous systems, but we could find no consistent evidence
for such a direct mechanism (data not shown). Thus, although we
have ruled out any requirement for an intermediary tyrosine
kinase (Fig. 4, TPA/Lav A column), there may be other interme-
diary signaling proteins specific to neurons that mediate PKC-
induced disruption of NR2 binding to PSD-95. Alternatively, it
may be that the interaction between NR2A and PSD-95 is not a
major force for anchoring synaptic NMDA receptors, and that
their dissociation occurs as a consequence of direct disruption of
other associations of NR2 or NR1 with PSD components.

The NR1 subunit of the NMDA receptor has multiple possible
interactions with PSD proteins, some of which could be regulated
by PKC. In the NR1 subunit, the alternatively spliced C1 exon
contains the major sites of PKC phosphorylation (Tingley et al.,
1997). Homomeric NR1A containing the C1 exon is trapped in
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the endoplasmic reticulum (ER), and PKC phosphorylation ad-
jacent to the ER retention signal promotes cell-surface delivery
of fusion proteins containing the NR1 C1 exon (Scott et al.,
2001). In our experiments, the native NMDA receptors were
already efficiently localized to the cell surface, and PKC did not
change the amount or percentage of NR1 on the cell surface.
PKC reduces binding of NR1 to �-actinin (Lu et al., 2000) and to
spectrin (Wechsler and Teichberg, 1998), but our experiments

with latrunculin (Fig. 6) rule out a major role for actin-dependent
proteins. Another interaction that is potentially important in
NMDAR dispersal is the binding of NR1 via the C1 exon to the
AKAP yotiao (Lin et al., 1998). Thus, PKC phosphorylation of
NR1-C1 might release NR1 from binding to yotiao. Furthermore,
because yotiao also binds PKA (Westphal et al., 1999) and PKA
activity is necessary to maintain synaptic clusters of NMDAR
(Crump et al., 2001), disruption of this interaction could lead to

Figure 9. PKC-induced transposition of NMDAR and CaMKII distributions and visualization of NMDAR dispersal in live neurons. a–c, Neurons
were transfected at 1 week with NR1-GFP and NR2A, cultured for another 2 weeks, treated with TPA as indicated, fixed, and immunolabeled for
synaptophysin (Syn; a, a�) or CaMKII� (b, b�, c, c�). a, a�, Recombinant NR1-GFP clustered on dendritic spines opposite synaptic terminals. b, b�,
NR1-GFP was highly concentrated in dendritic spines in control (Con) neurons, and CaMKII� was detected in the same spines but also at high levels
throughout the dendrite shaft. c, c�, In TPA-treated neurons, the distribution patterns of NR1-GFP and CaMKII� were reversed relative to controls.
CaMKII� now clustered strongly on dendritic spines, and NR1-GFP was present at high levels in both spines and shafts. d–f, Neurons were transfected
with NR1-GFP and NR2A at plating and imaged at 3 weeks before and 30 min after addition of TPA. As expected on the basis of the population
analyses, NR1-GFP dispersed after TPA treatment. f, Analysis of the spine/shaft fluorescence intensity ratio in individual dendritic spines revealed a
consistent decrease after TPA treatment (control mean � SEM, 3.2 � 0.1; TPA mean � SEM, 1.5 � 0.1; paired t test; p � 0.01; n 	 45 spines from
3 neurons). Scale bars, 10 �m.
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dispersal both through direct release of NR1 and through de-
creased local activity of PKA. In our experiments expressing
NR1-GFP, the NR1C-GFP isoform lacking the C1 exon dis-
persed; however, obtaining synaptic clustering of any NR1-GFP
isoform required a low expression level, such that the expressed
subunits could be associating with endogenous NR1 containing
the C1 exon; therefore, we were unable to directly test the role of
the NR1 C1 exon in PKC dispersion.

Transient translocation of recombinant CaMKII-GFP to the
PSD has been observed in response to stimulation of NMDA
receptors in hippocampal neurons (Shen and Meyer, 1999; Shen
et al., 2000). The initial translocation requires CaM binding to
CaMKII, and association for several minutes requires CaMKII
autophosphorylation on Thr286. The PKC-induced translocation
of CaMKII to synapses reported here differs from these previous
findings in several respects. First, the PKC-induced translocation
appears to be more robust and longer-lasting. These previous
studies did not report any effect on localization of endogenous
CaMKII, and it is possible that the high levels of overexpression
might have induced some nonphysiological associations. Second,
PKC-induced translocation was not inhibited by KN62, a com-
pound that inhibits CaMKII kinase activity and autophosphory-
lation competitively with CaM (Tokumitsu et al., 1990). Third,
CaMKII� can bind directly to NR2A and/or NR2B (Strack et
al., 2000b; Gardoni et al., 2001), and it has been reported recently
that CaMKII binding to NR2B is necessary for the glutamate-
induced synaptic translocation of CaMKII-GFP (Bayer et al.,
2001). The simultaneous dispersal of NR2B away from synapses
in our experiments, however, would preclude such a mechanism
for PKC-induced synaptic translocation of CaMKII. Thus, dif-
ferent molecular associations appear to underlie the synaptic
accumulation of CaMKII in these two paradigms.

Physiological significance of postsynaptic remodeling
by PKC
There are conflicting reports of the specific effects of PKC on the
NMDAR-mediated component of synaptic transmission in hip-
pocampal neurons. As predicted by our results, Markram and
Segal (1992) found that phorbol esters had no effect on the fast
AMPAR-mediated component of synaptic transmission but sup-
pressed the NMDAR-mediated component of synaptic transmis-
sion in CA1 neurons in hippocampal slice. Other groups, however
(Lozovaya and Klee, 1995), have reported that phorbol esters
enhance EPSCs, including the NMDAR-mediated component, in
CA1 neurons in slice. Part of this confusion may be attributable
to the enhancement of presynaptic vesicle fusion by PKC
(Malenka et al., 1986; Parfitt and Madison, 1993). In addition,
PKC can increase whole-cell responses to NMDA in neurons.
This increased agonist response has been ascribed variously to
reduction of voltage-dependent Mg2� block (Chen and Huang,
1992), increased probability of channel opening through a mech-
anism requiring activity of the tyrosine kinase src (Lu et al.,
1999), and an increase in the number of functional channels on
the neuronal surface (Lan et al., 2001). The PKC-induced dis-
persal of NMDA receptors reported here would be predicted to
have no effect on the whole-cell response to NMDA or perhaps to
mediate a slight increase caused by enhanced accessibility of the
channels to agonist. The major effect of the PKC dispersal would
be to decrease the NMDAR-mediated response to synaptic trans-
mission, as supported by the enhanced excitotoxicity in response
to high-K� stimulation (Fig. 8).

PKC-mediated dispersal of synaptic NMDA receptors could be

a mechanism underlying long-term depression (LTD) of the
NMDA component of synaptic transmission. Excitatory synaptic
activity activates PKC via calcium entry through NMDA recep-
tors and via group I metabotropic glutamate receptor-mediated
activation of phospholipase C. Low-frequency stimulation in-
duces LTD of both AMPA- and NMDA-mediated components
of synaptic transmission in hippocampal CA1 neurons (Selig et
al., 1995). LTD of the AMPA-mediated component is accompa-
nied by net endocytosis of AMPA receptors from synapses in
hippocampal cultures (Carroll et al., 1999). Internalization is also
promoted by phorbol esters (Chung et al., 2000). Our results
suggest that LTD of the NMDA component might occur by
PKC-mediated dispersal of NMDA receptors from the synaptic
to extrasynaptic plasma membrane.

Considering the dramatic effects on localization of both NMDA
receptors and CaMKII, which are major signal-transducing pro-
teins of the PSD, PKC-mediated synaptic remodeling is likely to
be a form of metaplasticity. Metaplasticity refers to the effects of
previous activity in regulating the subsequent ability of a synapse
to undergo potentiation or depression in response to a given
stimulus (Abraham and Bear, 1996). Consistent with the effects
of PKC on NMDAR distribution reported here, Stanton (1995)
found that previous activation of PKC with phorbol esters
enhanced LTD in response to low-frequency stimulation and
inhibited induction of long-term potentiation in response to high-
frequency stimulation in CA1 neurons. The PKC-induced in-
crease in levels of CaMKII at the synapse, however, might
function in an opposing manner to enhance potentiation.
CaMKII increases AMPAR-mediated responses through direct
phosphorylation of AMPA receptors (Barria et al., 1997) and
through promotion of AMPA receptor insertion (Hayashi et al.,
2000). Indeed, other more complex forms of metaplasticity acti-
vated by group I metabotropic receptors and requiring PKC
activity have been described previously (Bortolotto and Col-
lingridge, 2000). The precise form of metaplasticity may depend
on the route of PKC activation and on cross-talk with other
signaling pathways to regulate the kinetics and spatial redistribu-
tion of both NMDA receptors and CaMKII. Current evidence
indicates that synaptic targeting of NMDA receptors is inhibited
by PKC (this work) but promoted by PKA (Crump et al., 2001),
whereas synaptic targeting of CaMKII is promoted both by PKC
(this work) and by autophosphorylation (Shen et al., 2000). De-
fining the precise regulatory pathways for dynamic trafficking of
kinases and neurotransmitter receptors, including AMPA and
NMDA, will be a necessary part of understanding mechanisms of
synaptic plasticity.
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