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Activation of mitogen-activated protein kinase (MAPK) and
Ca2�/calmodulin-dependent protein kinase II (CaMKII) are re-
quired for numerous forms of neuronal plasticity, including
long-term potentiation (LTP). We induced LTP in rat hippocam-
pal area CA1 using theta-pulse stimulation (TPS) paired with
�-adrenergic receptor activation [isoproterenol (ISO)], a proto-
col that may be particularly relevant to normal patterns of
hippocampal activity during learning. This stimulation resulted
in a transient phosphorylation of p42 MAPK, and the resulting
LTP was MAPK dependent. In addition, CaMKII was regulated
in two, temporally distinct ways after TPS–ISO: a transient rise
in the fraction of phosphorylated CaMKII and a subsequent

persistent increase in CaMKII expression. The increases in
MAPK and CaMKII phosphorylation were strongly colocalized
in the dendrites and cell bodies of CA1 pyramidal cells, and
both the transient phosphorylation and delayed expression of
CaMKII were prevented by inhibiting p42/p44 MAPK. These
results establish a novel bimodal regulation of CaMKII by
MAPK, which may contribute to both post-translational modi-
fication and increased gene expression.
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Mitogen-activated protein kinases (MAPKs) are components of
a phosphorylation cascade that is activated in hippocampal neu-
rons by synaptic stimuli, including growth factors and glutamate,
and the importance of MAPKs in relatively long-term processes
such as the regulation of gene expression and cellular remodeling
is well established (Chang and Karin, 2001). Some of these effects
are thought to reflect MAPK-dependent activation of transcrip-
tion factors, along with an increasingly appreciated regulation of
translational efficiency (Grewal et al., 1999). Recently, evidence
has pointed to a role of MAPK in a relatively rapid and localized
phenomenon, long-term potentiation (LTP). LTP is a use-
dependent increase in synaptic efficiency that is widely studied as
a model for associative memory (Bliss and Collingridge, 1993;
Malenka and Nicoll, 1999). The expression of LTP can be divided
into two stages: early LTP (E-LTP), which lasts �2 hr and does
not require ongoing protein synthesis, and a later stage (L-LTP),
which is sensitive to blockers of transcription and translation.
MAPK is transiently activated by stimuli that induce LTP at the
CA3–CA1 synapse in hippocampus, and blockers of the MAPK
pathway interfere with LTP as well as behavioral memory (En-

glish and Sweatt, 1997; Atkins et al., 1998; Impey et al., 1998;
Winder et al., 1999; Davis et al., 2000). Surprisingly, MAPK
activity is necessary even for the expression of E-LTP, suggesting
a role of MAPK in post-translational processes underlying LTP
induction or maintenance. MAPK may participate in both stages
of LTP, first by modifying existing proteins that determine syn-
aptic behavior, and subsequently by regulating the expression of
proteins necessary for the maintenance of synaptic changes.

Within minutes after LTP-inducing stimulation, a fraction of
cellular MAPK translocates from the cytosol into the nucleus
(Davis et al., 2000), where it can alter gene expression by tran-
scriptional control (Xia et al., 1996; Impey et al., 1998). However,
the MAPK remaining in the dendrites is also extensively phos-
phorylated (Impey et al., 1998; Winder et al., 1999), and extranu-
clear substrates for MAPK have been identified that include
components of the postsynaptic signaling network (Muthalif et
al., 1996; Chen et al., 1998; Kim et al., 1998). The subcellular
distribution of p42-MAPK in hippocampal neurons, with similar
expression in dendrites and cell bodies, is consistent with com-
bined cytosolic and nuclear effects of MAPK (Flood et al., 1998).
Recently, the postsynaptic density has been shown to include p42
MAPK, the kinase that phosphorylates it, and a phosphatase that
inactivates it (Husi et al., 2000). Together, these findings are
consistent with the MAPK pathway interacting with LTP signal-
ing pathways through a local synaptic mechanism.

Here, we describe the MAPK-dependent regulation of a cen-
tral protein in neuronal plasticity, Ca2�/calmodulin-dependent
protein kinase II (CaMKII), after the induction of LTP by a
protocol that may be particularly relevant to normal patterns of
activity at the CA3–CA1 synapse during learning (Thomas et al.,
1996; Brown et al., 2000). Our major finding is that MAPK
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mediates two temporally distinct processes: an early and transient
phosphorylation of CaMKII, followed by a sustained increase in
CaMKII expression.

MATERIALS AND METHODS
Electrophysiology
Hippocampal slices (400 �m thick) were prepared from male Sprague
Dawley rats (125–200 gm) and maintained in an interface chamber. For
recording, the slices were transferred to a submersion chamber, where
they were superfused at 30-31°C with artificial CSF (ACSF) containing
(in mM): 118 NaCl, 3.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1.25 NaH2PO4, 24
NaHCO3, and 15 glucose, bubbled with 95% O2/5% CO2. Drugs were
either applied in the interface maintenance chamber (preincubation) or
introduced into the superfusate while recording. Monophasic, constant-
current stimuli (100 �sec) were delivered with a bipolar electrode (F.
Haer, Bowdoinham, ME), and the EPSP was monitored in CA1 either by
field recording in stratum radiatum (2 M NaCl, Re � 1–3 M�) or
intracellular recording in stratum pyramidale (3 M KCl, Re � 50–90
M�). The EPSP was monitored by stimuli delivered at 0.033 Hz, and the
signals were low-pass filtered at 3 kHz and digitized at 20 kHz. EPSP
amplitude and slope (measured as the maximum slope in any 1 msec
window during the rising phase of the EPSP) were calculated on-line
using an Axobasic routine (Axon Instruments, Foster City, CA). LTP
was induced in area CA1 by applying 1 �M isoproterenol (ISO) in the
bath for 10 min, followed by theta-pulse stimulation (TPS; 150 pulses at
10 Hz) of the Schaffer collaterals (stratum radiatum in area CA3). ISO
was washed out immediately after TPS. The stimulus intensity used for
TPS was adjusted to initially produce an EPSP of 1.0–1.5 mV for field
recording, and 20–25 mV from �80 mV for intracellular experiments.
Bath-applied drugs were dissolved in ACSF and added to the mainte-
nance chamber (for preincubation) or to the superfusate in the recording
chamber. PD98059 was applied in the maintenance chamber in ACSF
containing 0.1% DMSO, and controls for these experiments were prein-
cubated in the same vehicle. Inhibitor-1 was dissolved in 3 M KCl and
applied in the intracellular electrode for 40 min before TPS–ISO stim-
ulation. All slices used for subsequent immunoblotting or immunohisto-
chemistry were harvested at least 3 hr after slice preparation, when
background phospho-MAPK levels are low (Winder et al., 1999). Each
experiment included two control groups: unstimulated controls (harvest-
ed directly from the interface chamber) and sham-stimulated controls
(placed in the recording chamber and subjected to test stimuli only). In
some experiments, sham-stimulated controls were harvested at times
corresponding to 2, 15, and 60 min after TPS delivery in associated
stimulated slices. No significant differences were observed between these
groups, and they were pooled for the purposes of statistical analysis.

Western immunoblotting
TPS–ISO-treated slices were removed from the recording chamber at 2,
15, and 60 min after the end of stimulation and immediately frozen on
dry ice. The CA1 region was microdissected along the three cuts shown
in Figure 1 A, transferred to cold microcentrifuge tubes, and kept at
�20°C for not more than 2–3 d before assaying. Care was taken to ensure
that the slices remained frozen throughout the procedure. Sham-
stimulated slices were removed at the corresponding times and controls
were harvested directly from the interface maintenance chamber, and
the CA1 regions were isolated as above. All Western analyses were
performed blind to the tissue stimulation conditions. Fifty microliters of
ice-cold lysis buffer were added to each tube, and CA1 regions were
homogenized on ice using a motorized Potter-Elvehjem homogenizer
directly in the Eppendorf tube (15 strokes, 1 stroke per second). The lysis
buffer had the following composition (in mM, unless indicated other-
wise): 50 Tris-HCl, pH 7.5, 50 NaCl, 10 EGTA, 5 EDTA, 2 sodium
pyrophosphate, 4 para-nitrophenylphosphate, 1 sodium orthovanadate, 1
phenylmethylsulfonyl fluoride (PMSF), 25 sodium fluoride, 2 DTT, 1 �M
okadaic acid, 1 �M microcystin L-R, 20 �g/ml leupeptin, and 4 �g/ml
aprotinin. Immediately after homogenization an additional 2.5 �l of
PMSF was added to each tube, and protein determination was performed
using Bio-Rad Protein Assay reagent (Bio-Rad, Hercules, CA).

An appropriate volume of 6� loading buffer was added to the homog-
enates, and samples were boiled for 5 min. Samples (30 �g of proteins per
well) were loaded on a 10% SDS-PAGE gel and resolved by standard
electrophoresis. The gels were then transferred electrophoretically onto
nitrocellulose membrane (Hybond-C extra; Amersham, Arlington
Heights, IL) using a transfer tank kept at 4°C, with typical parameters

being 2 hr with a constant current of 400 mA. Membranes were blocked
for 1 hr at room temperature with blocking buffer (BB), 5% non fat dry
milk in PBS containing 0.05% Tween 20 (PBS-T), then probed overnight
at 4°C using primary antibodies for phospho-(Thr202/Tyr204)-p42
MAPK (rabbit polyclonal, 1:2000; New England Biolabs, Beverly, MA),
phospho-(Thr286)-CaMKII (mouse monoclonal, 1:1000; ABR, Golden,
CO or Upstate Biotechnology, Lake Placid, NY) or Bmk1/Erk5 (rabbit
polyclonal, 1:250; Upstate Biotechnology). All primary antibodies were
dissolved in BB. After washing in PBS-T (three washes, 15 min each), the
membranes were incubated with horseradish peroxidase-conjugated anti-
rabbit or anti-mouse IgG (1:5000; Boehringer Mannheim, Indianapolis,
IN), and proteins were visualized using chemiluminescence (Amersham
ECL Western Blotting Analysis System). Membranes were then stripped
by strong agitation with 0.2N NaOH (15 min, room temperature),
blocked in BB for 1 hr at room temperature, and probed overnight at 4°C
using antibodies for total p42/p44 MAPK (1:2000; NEB), total CaMKII
(1:1000; Chemicon, Temecula, CA), or actin (1:1000; Sigma, St. Louis,
MO). Densitometric analysis of the bands was performed by means of a
Molecular Dynamics Personal Densitometer SI (Sunnyvale, CA) using
ImageQuant Software. Digital resolution was set at 12 bits per pixel, with
a 50 �m pixel size. Phospho-p42 MAPK and phospho-CaMKII values
were normalized to total p42 MAPK and either actin or total CaMKII,
respectively, and total CaMKII was normalized to actin.

HeLa cell culture and treatment
HeLa cells were grown in 10% FBS/DMEM/penicillin–streptomycin
using standard methods. Cells were starved for 18 hr before induction
with epidermal growth factor (EGF) to reach 75% confluence in 60 mm
culture dishes. Bmk1/Erk5 was stimulated using 1 ng/ml EGF (Upstate
Biotechnology). Cells were harvested 15 min after induction. Control
cells did not receive EGF. Cells were resuspended in 200 �l of the lysis
buffer described above, scraped, shaken at 4°C for 20 min, centrifuged at
13,000 rpm for 10 min at 4°C, assayed for protein content, and processed
for electrophoresis and Western immunoblot as described above. Forty
microliters of protein were loaded per lane on 8% SDS-PAGE gels.
Bmk1/Erk5 activation was detected by gel mobility shift as described
previously (Kato et al., 1998).

Conventional immunohistochemistry
Day 1. At 2, 15, and 60 min after the end of stimulation, TPS–ISO-
treated, sham-stimulated, and control slices were immediately put in
ice-cold 4% paraformaldehyde/0.1% glutaraldehyde in PBS, pH 7.4, and
fixed overnight. The slices were then washed for 2–3 hr in PBS and
sectioned into 40 �M slices using a Vibratome (Lancer, Bridgeton, MO).
Free-floating sections were rinsed for 10 min in PBS–0.3% Triton X-100
(PBS-TX), incubated for 15 min in PBS-TX containing 0.75% H2O2,
rinsed three times with PBS-TX (10 min each), and blocked with 10%
normal goat serum in PBS-TX (PBS-TX-NGS) for 40 min. Sections were
then incubated overnight at 4°C with primary antibodies [rabbit poly-
clonal raised against either phospho-(Thr202/Tyr204)-MAPK (1:750) or
total MAPK (1:2000), both from NEB, dissolved in PBS-TX-NGS].

Day 2. After washing in PBS-TX (three times, 10 min each), slices were
incubated in biotinylated goat anti-rabbit secondary antibody (Vec-
tastain, Vector Laboratories, Burlingame, CA), diluted 1:200 in PBS-TX-
NGS for 2 hr at room temperature. After the sections were washed three
times (10 min each) in PBS-TX, they were incubated for 90 min in
avidin–biotin–peroxidase complex (Vectastain, Vector Laboratories; fi-
nal dilution 1:100). Sections were washed three times (10 min each) in
PBS-TX, placed in a solution of PBS containing 0.1% 3,3�-
diaminobenzidine (DAB), and incubated for 10 min at room tempera-
ture. Reaction was developed by adding 0.02% H2O2 for 2–3 min. After
extensive washings, tissue sections were mounted onto gelatin-coated
slides for light microscopic examination. In some experiments slices were
counterstained using standard cresyl violet (Nissl staining). Counting of
neurons of the CA1 pyramidal cell layer was performed in the region
between the beginning of CA2 and the subicular end of CA1 (see Fig. 1 A,
region between the two arrows). Counting of neurons in CA2–CA4 was
performed in the remainder of the pyramidal cell layer. All counts were
performed blind as to the stimulating conditions of the slices. Images of
DAB-stained slices were digitized, transformed into TIFF files, and
assembled into montages using Adobe Photoshop (Adobe Systems,
Mountain View, CA).
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Laser confocal microscopy immunohistochemistry
Day 1. Sections (40 �m thick) were cut as described above. Free-floating
sections were rinsed for 10 min in PBS-TX and blocked with 10% normal
goat serum–10% normal horse serum in PBS-TX for 40 min (blocking
solution). Sections were then incubated overnight at 4°C with the follow-
ing primary antibodies dissolved in blocking solution: rabbit polyclonal
antibody raised against phospho(Thr202/Tyr204)-MAPK (1:750, NEB)
and mouse monoclonal anti-phospho-(Thr286)-CaMKII antibody (1:
1000, Upstate Biotechnology).

Day 2. After washing in PBS-TX (three times, 10 min each), slices were
incubated for 2 hr at room temperature with fluorescein (FITC)-
conjugated goat anti-rabbit IgG (Vectastain, Vector Laboratories) di-
luted 1:200 in blocking solution. Sections were then washed (three times,
10 min each) and mounted onto gelatin-coated slides for microscopic
examination using Vectashield (Vector Laboratories) as mounting me-
dium. For double labeling, slices were incubated for an additional 2 hr at
room temperature with FITC-conjugated goat anti-rabbit IgG plus Texas
Red-conjugated horse anti-mouse IgG, both diluted 1:200 in blocking
solution (both from Vector Laboratories). After extensive washings,
sections were mounted as above.

FITC single-labeled and FITC/Texas Red double-labeled tissue sec-
tions were analyzed and imaged using a Zeiss LSM 410 inverted confocal
microscope with Zeiss Plan-Neofluar objectives (Zeiss, Oberkochen,
Germany). For visualization of FITC, an ArKr 488/568 laser was used
with a 515–540 nm bandpass emission, and for visualization of Texas
Red, the same laser was used with a 590 nm long-pass emission filter.
Forty micrometer slices were scanned at 20 �m depth, keeping all the

parameters (pinhole, contrast, and brightness) constant for slices from the
same experiment. Images demonstrate colocalization of phospho-MAPK
and phospho-CaMKII in neurons but represent only semiquantitative
immunofluorescence intensity. Images were saved as TIFF files. To obtain
the images shown in Figure 6A–C, two sets of two overlapping scans of
sections of area CA1 were recorded from each slice, one set of phospho-
MAPK images (digitally converted to green) and a second set of phospho-
CaMKII (digitally converted to red). Scans were then digitally combined to
obtain double-labeled FITC/Texas Red images. The images were then
assembled into montages using Adobe Photoshop (Adobe Systems).

Statistical analysis
Summary data are presented as group means � SEM. Immunoblot and
cell count data were expressed as the percentage relative to nonstimu-
lated controls run in the same experiment. In no experiment did the
sham-stimulated slices differ significantly from these controls. Group
means were analyzed by Student’s t test or by ANOVAs followed by
Newman–Keuls post hoc tests.

RESULTS
TPS–ISO induces MAPK-dependent LTP and increases
MAPK phosphorylation in area CA1
TPS–ISO induced a stable LTP that was inhibited in slices
preincubated with the MEK inhibitor PD98059 (Fig. 1). The
effect of PD98059 became statistically significant at 30 min after

Figure 1. MAPK participates in TPS–
ISO-induced LTP. A, Nissl-stained un-
stimulated hippocampal slice showing
the positioning of the stimulating (lef t)
and recording (right) electrodes and the
cuts used to excise the CA1 region.
The arrows indicate the boundaries of
the CA1 region, for the purpose of
counting cell bodies. B, MAPK activity
is required for LTP induced by TPS–
ISO. Isoproterenol (1 �M) was applied
to the bath for 10 min, followed by theta
pulse stimulation of the Schaffer collat-
erals (TPS; 150 pulses at 10 Hz). TPS–
ISO-induced LTP persisted for at least
60 min after the end of stimulation (E;
n � 5). In slices preincubated with
PD98059 (50 �M), the maintenance of
TPS–ISO LTP was blocked (F; n � 6).
Asterisk s indicate group differences
with p � 0.05 (Newman–Keuls multiple
comparison test). The superimposed
traces show representative field EPSPs
before TPS–ISO and 60 min after stim-
ulation. Additional experiments showed
a similar inhibition of LTP by pretreat-
ment with 30 �M PD98059 [LTP at 60
min: 142 � 27 in controls (n � 3) and
117 � 13 in treated slices (n � 3); p �
0.05], in contrast to the previous find-
ings with HFS-induced LTP (Liu et al.,
1999). Calibration: 0.5 mV, 5 msec. C,
TPS–ISO increases p42 MAPK phos-
phorylation in area CA1 of the hip-
pocampus. The bar graph summarizes
immunoblot data and shows the levels of
phospho-(Thr202/Tyr204)-p42 MAPK

normalized to total MAPK in each CA1 region and expressed as percentage of paired, untreated control slices. 2, 15, and 60 indicate minutes after
stimulation. Significant differences from sham-stimulated slices are indicated by the asterisks ( p � 0.05). PD98059 (PD) was applied at 50 �M in the
maintenance chamber, and aminophosphonovaleric acid (APV ) was applied in the recording chamber at 100 �M for 10 min before stimulation). ISO
indicates slices exposed to 1 �M isoproterenol alone for 10 min. The inset shows the time course of MAPK phosphorylation after TPS–ISO stimulation.
An immunoblot, from a single experiment, of phospho-p42 MAPK (top panel ) and total-p42 MAPK (bottom panel ) is shown below. D, TPS–ISO does
not phosphorylate Erk5. The immunoblot, probed for Erk5 immunoreactivity, was run with homogenates from hippocampal area CA1 (4 lanes on the
lef t) and HeLa cells (4 lanes on the right). Within each type of tissue, the two lanes on the lef t are from untreated controls, whereas the two lanes on the
right are from stimulated tissue (TPS–ISO, 15 min after stimulation for CA1 and 15 min of 1 ng/ml EGF for HeLa cells). Erk5 from EGF-stimulated
HeLa cells shows a clear mobility shift, indicative of increased phosphorylation, but no shift occurred in stimulated hippocampus.
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stimulation, and even as early as 10 min a trend toward inhibition
of potentiation was apparent. This time course of LTP inhibition
by PD98059 is similar to that reported in slices stimulated with
trains of high-frequency stimulation (HFS) (English and Sweatt,
1996, 1997). Additional experiments showed a similar inhibition
of LTP by pretreatment with 30 �M PD98059 (LTP at 60 min:
142 � 27% in controls, n � 3, and 117 � 13%, n � 3 in slices
treated with PD98059; p � 0.05), in contrast to previous findings
with HFS-induced LTP (Liu et al., 1999).

Immunoblots for phospho-MAPK and total MAPK were per-
formed on area CA1 excised from hippocampal slices harvested at
2, 15, and 60 min after the end of TPS–ISO stimulation. Densi-
tometric analysis of immunoblots of area CA1 showed that TPS–
ISO caused an early and transient increase in p42 MAPK phos-
phorylation (Fig. 1C). Phospho-p42 MAPK levels were
significantly increased at 2 and 15 min after the end of stimulation
[�174.2 � 46.1% (n � 8) and �152.2 � 31.9% (n � 13) above
controls, respectively]. At 60 min, a time point when LTP was
intact, phospho-p42 MAPK had declined toward control levels
(�61.6 � 12.4%; n � 4). The TPS–ISO-induced increase in
phospho-p42 MAPK was well below the point of saturation,
because a larger increase was seen in slices exposed to 10 �M

phorbol-12,13-dibutyrate in separate experiments (�326.8 �
71.9%; n � 9). As reported previously (Kanterewicz et al., 2000),
the amount of total p44 MAPK in rat hippocampus appeared to
be considerably less than p42 MAPK; in our immunoblots, total
p44 MAPK generally could be detected only by overexposing the
p42 MAPK signal. Under these conditions, p44 MAPK phos-
phorylation was not increased after TPS–ISO (data not shown),
in agreement with previous results from HFS-stimulated slices
(English and Sweatt, 1996, 1997). Preincubating the slices with
PD98059 (50 �M) for 2 hr before stimulation completely inhibited
the effect of TPS–ISO stimulation on p42 MAPK phosphoryla-
tion, at both 2 min and 15 min after stimulation [�50.3 � 8.9%
(n � 7) and �55.3 � 1.8 (n � 3), respectively]. MAPK phos-
phorylation was also blocked by the NMDA antagonist APV
(�3 � 11.1%; n � 3; at 15 min after stimulation). Stimulation of
slices with 1 �M isoproterenol alone, which did not produce any
reliable effect on the EPSP (Fig. 1B), had a nonsignificant ten-
dency to increase p42 MAPK phosphorylation at 2 min (�85.7 �
45.4%; n � 3) after stimulation, but not at 15 min (�32.3 �
24.2%; n � 8).

PD98059 can also inhibit Erk5 phosphorylation by MEK5
(Kamakura et al., 1999). To evaluate whether the inhibition of
this pathway might contribute to the effect of PD98059 on TPS–
ISO-induced LTP, we assayed homogenates of CA1 regions and
HeLa cells for the mobility shift that is characteristic of activated
Erk5 (Kato et al., 1998). There was strong labeling for the enzyme
in unstimulated as well as stimulated HeLa cells, but only a weak
band in the CA1 region immunoblots (which needed to be over-
exposed to be visible in the blots) (Fig. 1D). A clear mobility shift
was evident in Erk5 from HeLa cells exposed to EGF, but not in
Erk5 from slices stimulated with TPS–ISO. These data indicate
that the Erk5 pathway is not involved in TPS–ISO-induced LTP.

The distribution of MAPK phosphorylation
after TPS–ISO
The locus of MAPK activation after TPS–ISO is of interest,
because there are both cytoplasmic and nuclear targets for
MAPK that could contribute to the expression of LTP. MAPK
translocates to the nucleus upon phosphorylation (Impey et al.,
1998) but also activates cytoplasmic substrates such as phospho-

lipase A2 (Hazan et al., 1997), ribosomal protein S6 kinase, and
Elk-1 (Sgambato et al., 1998; Davis et al., 2000). Using immuno-
histochemical methods, we investigated the anatomical and cel-
lular localization of phospho-MAPK in the hippocampal slice
after TPS–ISO stimulation. TPS–ISO dramatically increased
phospho-MAPK immunoreactivity in the pyramidal cell bodies
of area CA1 (Fig. 2A–C). This effect was quantified by counting
the labeled cell bodies in the CA1 pyramidal cell layer of 40-�m-
thick slices (between arrows shown in Fig. 1A) and in the remain-
der of stratum pyramidale (areas CA2–CA4). Few pyramidal
neurons were positive for phospho-MAPK immunoreactivity in
the CA1 region of sham-stimulated slices or unstimulated con-
trols [13.3 � 3.0 cells (n � 6), and 8.5 � 2.1 cells (n � 11),
respectively]. TPS–ISO pairing dramatically increased phospho-
MAPK immunoreactivity in CA1 neurons at 2 and 15 min after
stimulation [86.8 � 11.9 cells (n � 7) and 61.3 � 8.7 cells (n � 7),
respectively; both p values � 0.05 vs shams]. The increase in
MAPK phosphorylation was transient, with the number of posi-
tive cell bodies returning to control levels within 60 min (19.0 �
3.0 cells; n � 3). The effect of isoproterenol alone on the number
of phospho-MAPK-positive cells was relatively weak and brief,
differing from controls only at 2 min after stimulation [30 � 3
cells (n � 3)], whereas TPS alone did not significantly increase the
number of positive cells at any time point. Outside of the CA1
region, TPS–ISO stimulation did not increase phospho-MAPK
immunoreactivity in pyramidal neurons at any of the time points
tested (Fig. 2D), indicating that the effect of the LTP-inducing
stimulation was restricted to the postsynaptic cells of the Schaffer
collateral–CA1 synapse.

TPS–ISO consistently increased MAPK phosphorylation in
the dendrites of stratum radiatum, and rarely in stratum oriens.
After TPS–ISO, labeling was evident in fine dendritic branches
(Fig. 2E) and prominent throughout the apical dendritic tree in
positive neurons, extending from stratum pyramidale to stratum
lacunosum-moleculare (Fig. 2F,G). The increase in phospho-
MAPK immunoreactivity was transient throughout the dendrites,
returning to baseline within 60 min (data not shown).

MAPK is required for CaMKII phosphorylation in area
CA1 during TPS–ISO-induced LTP
Trains of HFS produce a persistent phosphorylation of CaMKII
in area CA1 (Fukunaga et al., 1995; Ouyang et al., 1997). We
found that TPS–ISO also increased the fraction of CaMKII in
the phosphorylated form (Fig. 3). However, this effect was tran-
sient, peaking at 	15 min after stimulation (�99.3 � 19.6%; n �
13) and returning to control levels within 60 min (�6.6 � 9.1%;
n � 10), when LTP was still intact. Preincubating the slices before
stimulation with PD98059, a MEK inhibitor without direct effects
on CaMKII activity (English and Sweatt, 1997; Liu et al., 1999),
completely blocked the increase in CaMKII phosphorylation by
TPS–ISO [at 15 min, �25.0 � 19.5% (n � 4), not statistically
different from sham-stimulated controls, which measured
�14.2 � 17.8% (n � 11)]. The effect of TPS–ISO at 15 min was
also blocked by incubating the slices with the NMDA antagonist
APV (100 �M for 10 min, �26.5 � 16.5%; n � 3). Stimulation
with 1 �M isoproterenol alone did not significantly increase
CaMKII phosphorylation at any time point.

Phospho-CaMKII is dephosphorylated by protein phospha-
tase-1 (PP1) (Strack et al., 1997), and the physiological inhibition
of PP1 can be an important factor in the induction of LTP
(Blitzer et al., 1995; Coussens and Teyler, 1996; Thomas et al.,
1996; Blitzer et al., 1998). In the case of TPS–ISO, �-adrenergic
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stimulation by isoproterenol reduces PP1 activity by activating
phosphatase inhibitor-1 (I-1) to enable the induction of LTP
(Brown et al., 2000). This effect is mediated by activation of the
cAMP pathway, resulting in the phosphorylation of I-1 by PKA.
The role of MAPK in TPS–ISO-induced LTP could involve the
inhibition of PP1 activity, as suggested by a network analysis of
signaling pathways (Bhalla and Iyengar, 1999). We examined this
hypothesis using an LTP induction method consisting of TPS
coupled with the specific inhibition of postsynaptic PP1 by thio-
phosphorylated I-1 (Brown et al., 2000) and testing the ability of
PD98059 to block LTP induced by TPS in these cells. If MAPK
were to act by facilitating the cAMP-dependent inhibition of PP1,
then LTP induced in this manner should be insensitive to
PD98059. Our results did not support this hypothesis. PD98059
remained completely effective in blocking LTP, indicating that
the MAPK pathway must contribute to LTP by acting indepen-
dently of PP1 (Fig. 4A).

Burst firing is evoked during TPS in the cells injected with
thiophosphorylated I-1, occurring primarily in the second half of
the train and typically consisting of two or three spikes per
stimulus (Fig. 4B) (Brown et al., 2000). Work in mouse hip-
pocampal slices has shown that TPS must evoke burst spiking for
the induction of LTP and that the inhibition of MAPK reduces

bursting (Thomas et al., 1998; Winder et al., 1999). However, we
found that PD98059 did not alter the pattern of spiking during
TPS, indicating that MAPK did not contribute to LTP by shaping
the synaptic response during induction (Fig. 4B). Thus, the role
of MAPK in LTP appears not to be limited to the regulation of
spike generation.

Colocalization of MAPK phosphorylation and CaMKII
phosphorylation after TPS–ISO
If activation of the MAPK pathway is required for CaMKII
phosphorylation after TPS–ISO, one would expect to find a
colocalized increase in phospho-MAPK and phospho-CaMKII
in stimulated neurons. Phospho-MAPK and phospho-CaMKII
were visualized in area CA1 using double-label laser confocal
microscopy. In slices harvested 15 min after TPS–ISO, phospho-
MAPK labeling was increased above sham-stimulated controls in
the dendrites of stratum radiatum, in the cell bodies of stratum
pyramidale, and in the nuclei (Fig. 5). Phospho-CaMKII immu-
noreactivity also increased both in the cell bodies and in the
dendrites of CA1 pyramidal neurons but was excluded from the
nuclei. In addition, phospho-MAPK and phospho-CaMKII co-
localized in the apical dendrites and the perinuclear somata of
CA1 pyramidal neurons in TPS–ISO-stimulated slices. In those

Figure 2. The hippocampal distribution of phosphorylated MAPK after TPS–ISO. A–C, Phospho-MAPK was visualized using DAB staining. The top
images show entire hippocampal slices, with the boxed region (area CA1) digitally expanded in the bottom images. A shows a sham-treated slice, B shows
a slice treated with 1 �M isoproterenol alone and harvested 15 min after treatment, and C shows a TPS–ISO slice 15 min after treatment. Note the
prominent staining in stratum pyramidale (s.p.) and stratum radiatum (s.r.) of CA1, which was consistently seen in TPS–ISO-treated slices. In this slice,
stratum oriens (s.o.) also showed strong staining, which was observed only in a minority of slices treated with TPS–ISO. Scale bars: top traces, 1 mm;
bottom traces, 500 �M. D, Summary of the quantitative analysis performed on DAB-positive pyramidal cell bodies in areas CA1 (lef t panel ) and
CA2–CA4 (right panel ). DAB-positive cell bodies were counted for CA1 (roughly corresponding to the bottom panels of A–C) (Fig. 1A) and for the
remainder of the pyramidal layer (CA2–CA4). In area CA1, only TPS–ISO-treated slices, harvested at either 2 or 15 min after stimulation, showed an
increase in DAB-positive cells (*p � 0.01; #p � 0.05). No significant effects were observed in CA2–CA4. E, A laser confocal immunofluorescent image
of phospho-MAPK immunoreactivity in area CA1 of a TPS–ISO-treated slice harvested 15 min after treatment. Labeling was observed throughout the
dendrites of stratum radiatum, in the perinuclear region, and in the nucleus. Scale bar, 25 �m. F, G, DAB-labeled images within area CA1 of
sham-stimulated (F) and TPS–ISO (G) slices, harvested 15 min after stimulation. The entire apical dendritic tree of CA1 pyramidal neurons is shown.
s.o., Stratum oriens; s.p., stratum pyramidale; s.r., stratum radiatum; s.l.m., stratum lacunosum-moleculare. Scale bar, 100 �m.
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neurons in which phospho-MAPK and phospho-CaMKII were
colocalized, only phospho-MAPK translocated into the nucleus,
an effect that was observed as early as 2 min after stimulation
(Fig. 5D).

TPS–ISO produces a MAPK-dependent increase in
total CaMKII
High-frequency stimulation has been associated with an increase
in total CaMKII in the dendrites and cell bodies of CA1 neurons
(Ouyang et al., 1997, 1999). We observed that TPS–ISO signifi-
cantly increased total CaMKII in area CA1 above sham-
stimulated controls 60 min after stimulation (�46.6 � 15.6%; n �
10) (Fig. 6A), with a tendency toward elevated CaMKII at the 15
min time point (�19.7 � 8.5%; n � 10). Because MAPK can
regulate protein expression through both transcriptional and
translational mechanisms (Seger and Krebs, 1995; Pain, 1996), we
tested the ability of PD98059 to prevent the increase in CaMKII
expression induced by TPS–ISO. In slices that had been prein-
cubated with PD98059, TPS–ISO did not increase the level of
total CaMKII at 15 min (�2.8 � 8.6%; n � 6) or 60 min (�0.5 �
5.1%; n � 5) after stimulation. These results suggest that the
transient rise in MAPK activity that follows TPS–ISO stimula-
tion contributes to the later increase in CaMKII expression,

perhaps reflecting the MAPK-regulated transcription or transla-
tion of CaMKII.

The increase in total CaMKII is translation and
transcription dependent
To determine whether the increase in total CaMKII was medi-
ated by protein synthesis, we tested the effects of inhibitors of

Figure 3. The MAPK pathway is required for TPS–ISO-induced phos-
phorylation of CaMKII in area CA1. The bar graph summarizes immu-
noblot data and shows phospho-CaMKII levels normalized to total
CaMKII and expressed as percentage of paired, untreated control slices.
Only TPS–ISO slices harvested 15 min after stimulation showed a signif-
icant increase in CaMKII phosphorylation (*p � 0.05). This effect was
completely blocked by treatment with 50 �M PD98059. The inset shows
the time course of phospho-CaMKII after TPS–ISO stimulation. The
representative Western immunoblot, which was taken from a single ex-
periment, includes the treatments summarized in the graph. The top panel
shows phosphorylated CaMKII, and the bottom panel shows total
CaMKII.

Figure 4. The MAPK requirement for LTP does not involve PP1 inhi-
bition or spike modulation. A, PD98059 blocks LTP induced by TPS in
CA1 neurons injected with 10 �M thiophosphorylated inhibitor-1 (I-1-P).
In control slices (n � 5) pretreated with 0.1% DMSO, a stable LTP was
obtained after TPS (150 pulses at 10 Hz), but LTP was absent in slices
pretreated with 50 �M PD98059 (n � 5). The traces show superimposed
sample intracellular EPSPs obtained during the baseline period and 40
min after TPS (arrowhead). Calibration: 5 mV, 10 msec. B, PD98059 does
not affect the pattern of spiking during TPS in cells recorded with
thiophosphorylated I-1. The intracellular potential was sampled every
30th pulse during TPS. Sample trace series and the summary data are
shown. The groups did not differ significantly at any sample time. Data are
from the same cells as in A. Calibration: 20 mV, 10 msec.
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transcription and translation. As shown in Figure 6C, both
actinomycin-D and anisomycin blocked LTP measured 60 min
after TPS–ISO, as shown previously (Frey et al., 1993; Huang and
Kandel, 1994). The increase in total CaMKII at 60 min was
significantly reduced by actinomycin-D, and anisomycin reduced
the level of CaMKII below that of control slices. These results
indicate that the rise in CaMKII levels reflects de novo protein
synthesis, rather than decreased CaMKII degradation.

DISCUSSION
Ca2�- and cAMP-dependent pathways may contribute
to p42 MAPK phosphorylation by TPS–ISO
Several signaling mechanisms converge to activate the MAPK
pathway in CNS neurons, and this integrative property may be
important for the effectiveness of TPS–ISO stimulation in phos-
phorylating MAPK. Specifically, TPS–ISO is expected to mobi-
lize two different pathways that lead to MAPK phosphorylation,
one initiated by Ca2� and the other by cAMP (Grewal et al.,

1999). Even individual EPSPs produce NMDA receptor-
dependent Ca2� transients in dendritic spines of CA1 neurons
(Emptage et al., 1999), and patterns of stimulation used to induce
LTP result in a more extensive elevation of Ca2� (Perkel et al.,
1993; Yeckel et al., 1999). The Ca2� influx resulting from strong
HFS of the Schaffer collaterals is sufficient by itself to activate
MAPK (English and Sweatt, 1996; Impey et al., 1998). We found
that the MAPK phosphorylation induced by TPS–ISO was
blocked by the NMDA receptor antagonist APV, so the Ca2�

pathway is required for MAPK activation with this form of
stimulation as well. However, the Ca2� signal itself was insuffi-
cient to activate the MAPK pathway, because TPS without ISO
did not increase phospho-MAPK.

Similarly, isoproterenol alone only modestly increased MAPK
phosphorylation in our experiments. In mouse hippocampus,
�-adrenergic stimulation increases MAPK phosphorylation, an
effect that desensitizes after 10 min of isoproterenol exposure
(Winder et al., 1999). It is likely that such desensitization oc-
curred in our experiments during the 10 min application of
isoproterenol, resulting in little MAPK phosphorylation mea-
sured even at our earliest post-stimulation time point in slices
exposed only to isoproterenol. Despite the activation of MAPK
by isoproterenol, Winder at al. (1999) found that this treatment
did not produce any lasting increase in the EPSP, indicating that
MAPK plays a regulatory role in LTP. However, the duration of
MAPK activation can be an important determinant of the cellular
consequences of this pathway (Marshall, 1995). By recruiting both
the Ca2� and cAMP routes of MAPK pathway activation, and
substantially prolonging the duration of MAPK phosphorylation,
TPS–ISO pairing may engage downstream mechanisms that dif-
fer from those of �-adrenergic stimulation alone. A similar syn-
ergistic effect has been reported in PC12 cells, in which the
activation of a receptor tyrosine kinase or the generation of
cAMP separately stimulates MAPK only transiently, but together
they produce a sustained increase in activity (Yao et al., 1995). In
this context, it is interesting that the LTP protocols shown to
phosphorylate MAPK or to increase MAPK-mediated gene ex-
pression are also likely to generate postsynaptic cAMP, either by
Ca 2�-dependent activation of adenylyl cyclases or by the stimu-
lation of cyclase-coupled receptors (Blitzer et al., 1995; English
and Sweatt, 1996; Impey et al., 1998). Concurrent increases in
Ca2� and cAMP thus may be particularly effective in generating
a prolonged phospho-MAPK signal, in addition to the previously
demonstrated cooperative role of these pathways in the MAPK-
dependent activation of CREB (Impey et al., 1998).

The role of CaMKII activation in neuronal plasticity
The importance of CaMKII in regulating synaptic plasticity and
dendritic architecture has been established in various prepara-
tions. Such diverse phenomena as dendritic exocytosis and stabi-
lization, induction of LTP, growth cone turning, and the regula-
tion of synaptic density require active CaMKII (Zheng et al.,
1994; Giese et al., 1998; Maletic-Savatic et al., 1998; Wu and
Cline, 1998; Rongo and Kaplan, 1999). The role of CaMKII in
the neuron has focused primarily on its catalytic activity, which
can behave as a biochemical switch by becoming autonomous
after a transient rise in Ca2� (Hanson et al., 1994). The induction
of LTP has been identified as a process that requires CaMKII
activation (Otmakhov et al., 1997; Giese et al., 1998), possibly
through the phosphorylation or synaptic insertion of AMPA
receptors (Hayashi et al., 2000; Lee et al., 2000).

CaMKII is a prominent constituent of the postsynaptic density

Figure 5. Phospho-MAPK and phospho-CaMKII are colocalized in
CA1 pyramidal neurons after TPS–ISO. Laser confocal images were
obtained from slices that were double labeled using antibodies specific for
phospho-MAPK and phospho-CaMKII. Phospho-MAPK labeling is in-
dicated by green (A), phospho-CaMKII labeling is indicated by red (B),
and combined labeling is indicated by yellow-orange (C, D). The panels on
the lef t are from sham-stimulated controls, and those on the right are from
slices harvested 15 min (A–C) or 2 min (D) after TPS–ISO. A–C, At 15
min after stimulation, TPS–ISO increased both phospho-MAPK and
phospho-CaMKII in dendrites of stratum radiatum (s.r.) and in cell
bodies of stratum pyramidale (s.p.). The digitally combined signals (C)
show that phospho-MAPK and phospho-CaMKII were colocalized in
dendrites and in the perinuclear region, but only phospho-MAPK trans-
located to the nucleus. Scale bar, 50 �m. D, As early as 2 min after
TPS–ISO, phospho-MAPK had already translocated to the nucleus. Scale
bar, 20 �m.
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(PSD), a highly interactive complex of proteins that includes
many components of the synaptic signaling network (Husi et al.,
2000; Walikonis et al., 2000). CaMKII binds to several scaffold-
ing or cytoskeletal proteins and to NMDA receptors. Some of
these associations, as well as the translocation of CaMKII to
postsynaptic sites, require that CaMKII be activated (Strack and
Colbran, 1998; Gardoni et al., 1999; Shen et al., 2000). In addi-
tion, CaMKII phosphorylates substrates in the PSD that are
clearly central to some forms of synaptic function, including
AMPA- and NMDA-type glutamate receptors (McGlade-
McCulloh et al., 1993; Omkumar et al., 1996; Gardoni et al.,
2001). Other CaMKII substrates are likely to contribute to neu-
ronal plasticity; for example, the catalytic domain of CaMKII
promotes the synaptic insertion of AMPA receptors indepen-
dently of its ability to phosphorylate these receptors (Hayashi et
al., 2000).

The biochemical mechanism by which the MAPK pathway
contributes to CaMKII phosphorylation is not yet understood.
We tested the possibility that MAPK inhibits postsynaptic PP1,
which can act as a gate to regulate the phosphorylation of
CaMKII after LTP-inducing stimulation (Blitzer et al., 1998;
Bhalla and Iyengar, 1999; Brown et al., 2000). However, direct
inhibition of postsynaptic PP1 did not overcome the requirement
for MAPK activity, indicating that MAPK acts independently of
PP1 to regulate CaMKII phosphorylation. CaMKII itself is not
a substrate for MAPK, but the presence of both enzymes in the
PSD suggests that interactions may occur.

MAPK-dependent expression of CaMKII and
LTP maintenance
In addition to CaMKII phosphorylation, LTP-inducing stimula-
tion also causes an increase in the total amount of CaMKII in
pyramidal cell somata and dendrites. This effect was observed as
soon as 5 min after high-frequency stimulation and persisted for
at least 30 min (Ouyang et al., 1999). Our data show that CaMKII
expression continues to rise for 60 min after stimulation with
TPS–ISO. An important question is whether increased CaMKII
synthesis contributes to LTP maintenance, presumably through a
noncatalytic effect of CaMKII. General inhibitors of gene tran-
scription and translation block the late phase of LTP (Nguyen et
al., 1994; Frey and Morris, 1997, 1998), and the long time course
of elevated CaMKII expression is consistent with the hypothesis
that de novo CaMKII synthesis contributes to late LTP. CaMKII
mRNA is localized to dendritic spines (Roberts et al., 1998), can
be transported to the dendrites from the soma (Miyashiro et al.,
1994; Mayford et al., 1996), and increases in the dendrites after
the induction of LTP (Thomas et al., 1994). These findings, along
with the observation that polyribosomes and other components of
the translational machinery are present in dendrites, suggest that
the local regulation of translation may be important in CaMKII-
dependent synaptic plasticity (Tiedge and Brosius, 1996; Roberts
et al., 1998; Wu et al., 1998). MAPK could influence the trans-
lation of CaMKII by regulating ribosomal initiation factors
(Pain, 1996; Waskiewicz et al., 1997; Frödin and Gammeltoft,
1999). Although these initiation factors have been established as

Figure 6. TPS–ISO produces a delayed increase in total CaMKII that
requires MAPK activation and protein synthesis. A, A MEK inhibitor
prevents the increase in CaMKII expression after TPS–ISO. Western
immunoblots were prepared from CA1 regions, using antibody probes for
total CaMKII and for actin. The bar graph shows summary data, with
total CaMKII level normalized to actin from the same CA1 sample and
expressed as percentage change from unstimulated controls. Total
CaMKII was significantly increased only at 60 min after TPS–ISO (*p �
0.05). At right is a representative immunoblot, which was run with CA1
homogenates from slices harvested at 60 min. PD � 50 �M PD98059. B,
LTP measured at 60 min after TPS–ISO is inhibited by actinomycin-D or
anisomycin. Both drugs were applied in the bath starting 30 min before
TPS–ISO. The graph summarizes EPSP slopes at 60 min after stimula-
tion, expressed as percentage of baseline. TPS–ISO-induced LTP mea-
sured 31.1 � 6.7% above baseline (n � 5) and was blocked by 40 �M
actinomycin-D (Act-D) or 20 �M anisomycin (Aniso) [�9.7 � 11.7% (n �
3) and �1.1 � 7.3% (n � 3), respectively; both p values � 0.05 vs
TPS–ISO]. C, The increase in total CaMKII by TPS–ISO is blocked by
actinomycin-D and anisomycin. Slices were harvested 60 min after TPS–
ISO or at the equivalent time for sham-stimulated controls. The graph
indicates total CaMKII levels normalized to actin for each band and
expressed as percentage change from the sham-stimulated slices. TPS–ISO
produced an increase in total CaMKII (�33.9 � 16.6%; n � 5), which was
prevented by 40 �M actinomycin-D and 20 �M anisomycin [�9.7 � 6%

4

(n � 3) and �24.2 � 5.7% (n � 3), respectively; both p values � 0.05 vs
TPS–ISO]. Anisomycin reduced total CaMKII below sham-stimulated
controls ( p � 0.05). Sample immunoblots are shown for CA1 homoge-
nates from slices treated with actinomycin-D (top blot) and anisomycin
(bottom blot).
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important control points for the regulation of translation by
MAPK, their participation in CaMKII synthesis remains to be
determined.

Extra-dendritic mechanisms may also contribute to LTP, be-
cause LTP maintenance is blocked by transcription inhibitors and
appears to require the delivery of a molecule from beyond the
immediate dendritic region (Nguyen et al., 1994; Frey and Morris,
1997). MAPK is known to phosphorylate transcription factors,
including CREB and Elk-1 (Impey et al., 1998; Davis et al., 2000),
and LTP-inducing stimulation has been shown to increase the
abundance of CaMKII mRNA (Mackler et al., 1992; Thomas et
al., 1994; Roberts et al., 1996). Thus, MAPK-mediated transcrip-
tion may contribute to the increase in CaMKII expression after
TPS–ISO stimulation. Because MAPK translocation to the nu-
cleus and MAPK-dependent phosphorylation of CREB require
activation of the cAMP pathway (Impey et al., 1998; Roberson et
al., 1999), LTP-inducing stimuli that generate cAMP, such as
TPS–ISO and widely spaced trains of HFS (Frey et al., 1993;
Blitzer et al., 1995), are likely to be particularly effective in
regulating transcription through MAPK.

Newly synthesized CaMKII, even in the absence of activation,
may contribute to synaptic function. It is estimated that CaMKII
comprises 20–40% of the protein in PSDs isolated from rat
forebrain (Hanson and Schulman, 1992). A sizeable fraction of
this CaMKII appears to be catalytically inactive, suggesting the
possibility of a structural function. CaMKII within isolated PSDs
has low activity that is responsive to Ca2�/calmodulin (Rich et
al., 1989), and the PSD protein densin-180 shows affinity for
inactive CaMKII (Strack et al., 2000; Walikonis et al., 2001). The
increase in CaMKII expression after LTP-inducing stimulation
may result in a structural modification of the synapse that con-
tributes to the stabilization of LTP.

By virtue of its ability to regulate translation and transcription
and to modify components of the postsynaptic signaling network,
MAPK is likely to participate in diverse forms of neuronal
plasticity. The present study establishes a novel paradigm for such
a role of MAPK: an early covalent modification of a signaling
protein, followed by increased expression of the same protein. As
the interactions between the components of the dendritic com-
partment become better understood, other examples of MAPK
regulating signaling pathways at multiple levels may be identified.
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