
Differential Roles of Ca21/Calmodulin-Dependent Protein Kinase II
and Mitogen-Activated Protein Kinase Activation in Hippocampal
Long-Term Potentiation

Jie Liu, Kohji Fukunaga, Hideyuki Yamamoto, Katsuhide Nishi, and Eishichi Miyamoto

Department of Pharmacology, Kumamoto University School of Medicine, Kumamoto 860–0811, Japan

The roles of Ca21/calmodulin-dependent protein kinase II (CaM
kinase II) and mitogen-activated protein kinase (MAPK) in long-
term potentiation (LTP) were investigated in the CA1 area of
hippocampal slices, using electrophysiological and biochemi-
cal approaches. A brief high-frequency stimulation, but not
low-frequency stimulation, delivered to Schaffer collateral/com-
missural afferents produced a stable LTP and activated both
CaM kinase II and 42 kDa MAPK. Different from the activity of
CaM kinase II, the increase in MAPK activity was transient. At a
concentration of 50 mM, but not of 30 mM, PD098059, a potent
inhibitor of MAPK kinase, markedly inhibited the induction of
LTP. Although the two concentrations had similar inhibitory
effects on MAPK activity, only 50 mM PD098059 suppressed the

activation of CaM kinase II. Application of calmidazolium, an
antagonist of calmodulin, blocked both CaM kinase II activation
and the LTP induction without affecting the increase in 42 kDa
MAPK activity. Application of neurotrophin brain-derived neu-
rotrophic factor (BDNF) promoted the induction of LTP, with
concomitant activation of CaM kinase II. Under the same con-
ditions, BDNF failed to activate MAPK in hippocampal slices.
These results indicate that, although the LTP induction is ac-
companied by increases in two kinase activities, only CaM
kinase II activation is required for this event.
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Long-term potentiation (LTP) is considered to be a model of
synaptic plasticity that may underlie memory and learning (Bliss
and Collingridge, 1993; Malenka and Nicoll, 1993). Although the
exact biochemical processes and molecular mechanisms remain
unclear, several lines of evidence have shown that certain protein
kinases are involved in LTP. A multifunctional Ca21/
calmodulin-dependent protein kinase II (CaM kinase II) in the
brain has been intensively researched and was found to play a
critical role in the induction of hippocampal LTP (Lisman and
Goldring, 1988; Malinow et al., 1989; Malenka et al., 1989; Silva
et al., 1992; Lledo et al., 1995; Miyamoto and Fukunaga, 1996;
Barria et al., 1997). In the previous studies, we demonstrated that
tetanic stimuli-induced LTP leads to a persistent increase in CaM
kinase II activity in hippocampal slices (Fukunaga et al., 1993)
accompanied with autophosphorylation of the kinase and phos-
phorylation of presynaptic and postsynaptic proteins (Fukunaga
et al., 1995). This view has been confirmed by Ouyang et al.
(1997), who visualized an increase in autophosphorylation of
CaM kinase II in hippocampal slices after tetanic stimulation.

Recent studies have focused on another attractive protein
kinase family, mitogen-activated protein kinase (MAPK). These
enzymes may regulate a wide array of cellular processes (Roberts,
1992; Xia et al., 1996). In response to extracellular stimuli, such
as growth factors, neurotrophins, and neurotransmitters, MAPK

is activated by phosphorylation on both threonine and tyrosine
residues (Bading and Greenberg, 1991; Seger and Krebs, 1995).
In addition, the neuronal activity-dependent activation of 42 kDa
MAPK has been reported by three groups of researchers, who
demonstrated that high KCl pulse (Baron et al., 1996), electro-
convulsive shock (Kang et al., 1994), or tetanic stimuli (English
and Sweatt, 1996) induce increases in MAPK activity in the
hippocampus. More recently, Atkins et al. (1998) reported that
MAPK activity increased in the hippocampus during fear condi-
tioning. Furthermore, studies using a pharmacological inhibitor
showed that the MAPK translocation and signal cascade are
required for LTP (English and Sweatt, 1997; Martin et al., 1997).
However, the inhibition of synaptic potentiation in Aplysia neu-
rons (Martin et al., 1997) and hippocampal slices (English and
Sweatt, 1997) was mainly obtained, using a compound PD098059,
an inhibitor for MAPK kinase (MEK) (Alessi et al., 1995), in
which CaM kinase II activity was not detected.

Because our previous work showed that not only CaM kinase II
but also 42 kDa MAPK was activated by stimulation of glutamate
receptors with NMDA or glutamate (Fukunaga et al., 1992;
Kurino et al., 1995; Fukunaga and Miyamoto, 1998) in cultured
hippocampal neurons, we asked if MAPK activity also contrib-
utes as CaM kinase II does to regulation of synaptic plasticity.
Here, we used in-gel kinase assay to simultaneously explore
changes in activities of CaM kinase II and MAPK in hippocam-
pal slices. We found that, although a brief high-frequency stimu-
lation (HFS) produced increases in both 42 kDa MAPK and
CaM kinase II activities, only CaM kinase II activation directly
correlates with hippocampal LTP induction.

MATERIALS AND METHODS
Materials. The chemicals and reagents we used were obtained from the
following sources: g-[ 32P]ATP, DuPont NEN, Boston, MA; PD098059,
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Research Biochemicals, Natick, MA; calmidazolium (R24571), Sigma,
St. Louis, MO; autocamtide-2-related inhibitory peptide, Bachem; and
human recombinant brain-derived neurotrophic factor (BDNF), Calbio-
chem, La Jolla, CA. BDNF was dissolved in phosphate buffer (100
mg/ml) and stored at 230°C. Before every experiment, the stock solution
was diluted with artificial CSF (ACSF) to the final concentration.
PD098059 and calmidazolium were first dissolved in dimethylsulfoxide
(DMSO) and then added to the ACSF perfusion. The final concentration
of the solvent in the medium was kept at ,0.01%. To ensure the
complete solubility of the drugs, ACSF solutions were maintained at
32°C. The vehicle alone had no apparent effect on synaptic responses.
Myelin basic protein (MBP) was purified from bovine brain (Deibler et
al., 1972).

Preparation of hippocampal slices and electrophysiology. After decapi-
tation, brains of male Sprague Dawley rats (;5–8 weeks old) were
rapidly removed, and the hippocampus was dissected out. Transverse
hippocampal slices (450 mm thickness), prepared using a McIlwain tissue
chopper, were incubated in continuously oxygenated ACSF, at room
temperature and for at least 2 hr. The composition of ACSF contained
(in mM): NaCl, 124; KCl, 3; CaCl2, 2.5; MgCl2, 1.5; NaH2PO4, 1.25;
NaHCO3, 26; D-glucose, 10 (gassed with 95% O2 6 5% CO2, pH 7.4).
After a 2 hr recovery period, a slice was then transferred to an interface
recording chamber and perfused at a flow rate of 2 ml/min with ACSF
warmed at 32°C. The field EPSP (fEPSP) was evoked by 0.033 Hz test
pulses through a bipolar stimulating electrode (twisted, 50 mm insulated
tungsten wire) placed on the Schaffer collateral /commissural pathway,
and recorded from the stratum radiatum of CA1 using a glass micropi-
pette electrode filled with 3M NaCl. The stimulus intensity was adjusted
to evoke a fEPSP of ;1.5 mV amplitude, and the responses were
monitored for at least 20 min to ensure a stable baseline. Then, this
stimulus strength was maintained at the same level before and during the
period of drug preincubation until each experiment was finished. LTP
was induced by strong HFS, which consists of two 100 Hz, 1 sec trains
delivered 20 sec apart. Low-frequency stimulation (LFS) which did not
induce synaptic potentiation consisted of 20 pulses at 20 Hz. Shorter
HFS (SHFS), a subthreshold stimulation for LTP induction, was applied
at 100 Hz, 13 pulses to produce short-term potentiation (STP). After
electrophysiological recording and stimulation, the slices were trans-
ferred to a glass slide at ice temperature, and the CA1 areas were
dissected out and stored at 280°C until assay.

Autophosphorylation of CaM kinase II. Autophosphorylation of puri-
fied CaM kinase II was carried out at 0°C for 20 min. The reaction
mixture contained 50 mM HEPES buffer, pH 7.5, 10 mM Mg 21, 0.2 mM
Ca 21, 1 mM calmodulin, and 50 mM ATP, and 3 mg of CaM kinase II in
a total volume of 100 ml. After incubation for 20 min, the reaction was
terminated by adding Laemmli’s sample solution.

Sample preparation. Hippocampal slice samples for kinase assay were
prepared as previously described (Kurino et al., 1995; Fukunaga and
Miyamoto, 1998). Briefly, the CA1 subregion from individual slices was
homogenized at 4°C by sonication in solubilizing buffer containing 0.1%
Triton X-100, 50 mM HEPES, 4 mM EGTA, 10 mM EDTA, 15 mM
Na4P2O7, 100 mM b-glycerophosphate, 25 mM NaF, 0.1 mM leupeptin, 50
mg/ml trypsin inhibitor, 75 mM pepstatin A, 100 nM calyclin A, 1 mM
sodium orthovanadate, and 1 mM dithiothreitol, pH 7.4. The insoluble
material was removed by centrifugation at 15,000 3 g for 5 min at 4°C,
and the aliquots (5 ml) were used to determine protein content. Then,
Laemmli’s sample buffer was added to supernatant fraction, and the
samples were boiled at 100°C for 5 min.

Protein kinase assay. MAPK and CaM kinase II activities were deter-
mined by using in-gel kinase assay method of Geahlen et al. (1986),
Kameshita and Fujisawa (1989), and Gotoh et al. (1990) with some
modifications. Briefly, as a substrate for phosphorylation with kinases,
MBP (0.5 mg/ml) was added to the separating SDS-PAGE before poly-
merization of acrylamide. Cell lysates (15–20 mg of protein/ lane) were
separated by 10% SDS-PAGE. After electrophoresis, SDS was removed
by washing the gel with 20% 2-propanol in 50 mM Tris-HCl buffer, pH
7.5. Then, the gel was treated with 6 M guanidine HCl to denature the
enzyme for 1 hr, followed by renaturation in 50 mM Tris-HCl buffer, pH
7.5, containing 0.04% Triton X-100, 5 mM mercaptoethanol, and 0.1 mM
sodium orthovanadate for 16 hr at 4°C. After renaturation, the gel was
preincubated at 22°C for 1 hr with 10 ml 40 mM HEPES buffer, pH 8.0,
containing 2 mM dithiothreitol, 10 mM MgCl2, and 0.1 mM sodium
orthovanadate. Phosphorylation of MBP was carried out by incubating
the gel at 22°C for 1 hr with 10 ml 40 mM HEPES buffer, pH 8.0,
containing 0.5 mM EGTA, 10 mM MgCl2, 0.1 mM sodium orthovanadate,

and 40 mM g-[ 32P] ATP (25 mCi). The gel was then rinsed with 5% (w/v)
trichloroacetic acid solution containing 1% sodium pyrophosphate to
remove noncovalently bound 32P. Thereafter, the gel was dried, and the
amount of 32P incorporation into MBP in the gel was quantified by a
Bio-Imaging analyzer (BA100; Fujifilm, Tokyo, Japan) to determine the
kinase activity.

Immunoprecipitation of CaM kinase II. Hippocampal slice cell lysates
were prepared as described under “Sample preparation”. After centrif-
ugation, the supernatant fraction was incubated with active-specific CaM
kinase II antibody (10 mg of IgG protein) and 40 ml of protein
A-Sepharose CL-4B suspension (50% v/v) at 4°C for 4 hr. After incuba-
tion, the immunocomplex immobilized on protein A was precipitated by
centrifugation at 12,000 3 g for 5 min. The immunocomplex was washed
four times with a buffer containing 0.1% Triton X-100, and in mM: 50
HEPES, 4 EGTA, 10 EDTA, 15 Na4P2O7, 100 b-glycerophosphate, and
25 NaF. Laemmli’s sample buffer was added to the supernatant fraction
and the immunocomplex, and then the samples were boiled at 100°C for
5 min before application to SDS-PAGE.

RESULTS
Identification of CaM kinase II and MAP kinase
activities in MBP-contained polyacrylamide gels
To determine the activities of CaM kinase II and MAPK in
hippocampal slices, we performed an in-gel kinase assay by using
MBP as a good exogenous substrate for MAPK (Gotoh et al.,
1990) as well as for CaM kinase II (Gupta et al., 1992). This
method has been shown to be sensitive and useful for detection of
a variety of protein kinases in complex mixtures (Geahlen et al.,
1986; Kameshita and Fujisawa, 1989). Five major bands were
detected in the hippocampal slices (Fig. 1A). Among them, the
band that matched CaM kinase II was identified by applying the
purified CaM kinase II onto the gel. As shown in Figure 1A, the
topmost band of hippocampal slice samples were seen to coincide
with the purified CaM kinase II (lane 9).

To gain further insight into the nature of the band of CaM
kinase II in in-gel kinase assay, we next performed an experiment

Figure 1. Identification of CaM kinase II and MAPK activities in
MBP-contained polyacrylamide gels. A, Autoradiographs of in-gel kinase
assay. Lanes 1, 2, 7, and 8, Immunocomplexes from hippocampal slices
incubated with (lanes 1 and 8) and without (lanes 2 and 7 ) anti-active
CaM kinase II antibody; lanes 3–6, supernatants of the hippocampal slices
after immunoprecipitation of CaM kinase II. Each sample was immuno-
precipitated in the presence (lanes 3 and 5) and absence (lanes 4 and 6 )
of anti-active CaM kinase II antibody before application to SDS-PAGE.
Lane 9, Autophosphorylation assay for purified CaM kinase II (1 mg) in
the presence of Ca 21/calmodulin. B, Two lower bands corresponded to
MAPK isoforms of 42 and 44 kDa and were markedly suppressed by 50
mM PD098059.
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on immunoprecipitation of CaM kinase II in LTP-established
and control slices. As seen in Figure 1A, samples of control and
LTP slices were immunoprecipitated with anti-active CaM kinase
II antibody or with the buffer lacking the antibody before sepa-
ration by SDS-PAGE. The band of CaM kinase II was strongly
detected in the antibody-untreated LTP (Fig. 1A, lane 6) but not
in the control supernatant sample (Fig. 1A, lane 4), whereas the
solubilized CaM kinase II was much less visualized in anti-active
CaM kinase II-treated LTP sample (Fig. 1A, lane 5), indicating
that the band was able to be absorbed by anti-active CaM kinase
II antibody. When the immunocomplexes were applied to SDS-
PAGE, followed by autoradiography, the antibody-treated LTP
(Fig. 1A, lane 8) and control (Fig. 1A, lane 1) samples appeared
to be detected in a band corresponding to CaM kinase II. Thus,
changes in intensity of the topmost band may reflect a change in
activity of CaM kinase II in slices, although the possibility is not
excluded that a little activity of other unidentified kinase was
present on background.

Two lower bands that corresponded to MAPK isoforms of 42
and 44 kDa had certainly been identified by Gotoh et al. (1990)
and Kurino et al. (1995). Both bands were markedly suppressed
by 50 mM PD098059, a specific inhibitor of MEK (Fig. 1B). In the
following experiments, we used this approach to assay activities
of autonomous CaM kinase II and MAPK in CA1 areas.

Transient activation of 42 kDa MAPK during
LTP induction
In a previous study, we showed that stimulation of glutamate
receptors by treatment with NMDA or glutamate produced a
transient increase in 42 kDa MAPK activity as well as the
Ca21-independent form of CaM kinase II (Fukunaga et al., 1992;
Kurino et al., 1995; Fukunaga and Miyamoto, 1998) in cultured
hippocampal neurons, whereas in the hippocampal slices, HFS
resulted in a long-lasting increase in activity of CaM kinase II
(Fukunaga et al., 1993). These observations suggest that the
activation of protein kinases can be regulated in an activity-
dependent manner. A Western blotting study showed that 2 min
after delivering HFS to Schaffer collateral pathway in hippocam-
pal slices, the 42 kDa MAPK activity increased, and this activa-
tion was not persistent during the entire period of LTP induction
(English and Sweatt, 1996, 1997). To confirm this result, we
therefore investigated changes in MAPK activity in dissected
CA1 areas of hippocampal slices, before and after HFS delivery.
Figure 2 shows the time course of MAPK activities, under dif-
ferent conditions. Immediately after HFS, substantial increases in
the activity of 42 kDa MAPK, but not 44 kDa MAPK were
evident in LTP-established slices. A peak increase of 38.6 6 3.7%
(n 5 8) in kinase activity was observed at 3 min after HFS,
followed by a rapid recovery at 10 min and then reverting to
nearly basal levels after 30 min. This result is similar to that
reported by other investigators (English and Sweatt, 1996). How-
ever, in slices subjected to LFS, no increase in MAPK activity
was observed (n 5 6).

Concentration-dependent inhibitory effects of
PD098059 on LTP
It has been well documented that the phosphorylation of MAPK
is regulated by MEK, the MAPK kinase, which occurs upstream
of MAPK. Thus, to test the physiological role of 42 kDa MAPK
in LTP, we used the specific inhibitor of MEK, PD098059, to
indirectly abolish the activation of MAPK. In the LTP experi-
ments, we first used a relatively higher concentration of 50 mM

PD098059 because ;90% blocking effect on MAPK has been
observed with use of this concentration (English and Sweatt,
1997). Before HFS delivery, PD098059 was applied to slices for
90 min in the preincubation period. During the drug application,

Figure 2. LTP induction is accompanied by a transient increase in 42
kDa MAPK but not 44 kDa MAPK activity. A, Electrophysiological
recordings illustrate the average changes in synaptic efficacy in CA1 area
of hippocampal slices (n 5 12) produced by HFS. Average fEPSP ampli-
tude for each time point was normalized to the average baseline response
before HFS. Inset, Representative traces before and 1 hr after HFS. B,
Normalized fEPSP amplitude from LFS-received slices. Inset, Represen-
tative traces before and 1 hr after LFS. C, Time course of 42 kDa MAPK
activation in the slices treated with HFS or LFS. Top panel shows an
autoradiograph of in-gel kinase assay for the time course of HFS-induced
MAPK activity. Results are expressed as percentages of the activity in
control slices at zero time. Data are mean 6 SE values. The changes in the
MAPK activity were statistically significant versus the control: **p , 0.01.

8294 J. Neurosci., October 1, 1999, 19(19):8292–8299 Liu et al. • Roles of CaMKII and MAPK Activation in LTP



we found no change in basal synaptic transmission of the slices
(data not shown). In contrast, the potentiation of fEPSP after
HFS delivery significantly decayed to nearly basal levels after 60
min in slices pretreated with 50 mM PD098059 (Fig. 3A; n 5 9),
whereas a stable LTP was maintained for .1 hr in control
slices (Fig. 3A; n 5 12). However, at a concentration of 30 mM,
the drug preincubation for the same period of 90 min did not
attenuate the induction of LTP (Fig. 3B; n 5 6). These results
suggest that the inhibitory effect of PD098059 on LTP was
concentration-dependent.

Inhibitory effects of PD098059 on CaM kinase II and
MAPK activation in response to LTP-inducing HFS
As described above, at concentrations of 30 and 50 mM, PD098059
appeared to have different effects on the LTP induction. To
determine if the lack of inhibitory effect seen with 30 mM is caused
by the weak blocking action of the drug on the activation of
MAPK, we next examined effects of PD098059 on protein kinase
activity in the hippocampal slices. Because a maximal increase in
MAPK activity was observed at 3 min after HFS (Fig. 2B), we
designed an experimental protocol of collecting slices at 3 min
after HFS to direct attention to this time point. In PD098059-
treated slices, the activities of both 44 and 42 kDa MAPK were
markedly inhibited by the drug (Fig. 3C). The extent of 42 kDa
MAPK inhibition, expressed as a percentage of the control, was
40 6 3.1% at 30 mM (n 5 6) and 48 6 4.3% at 50 mM (n 5 9).

Thus, at both concentrations, PD098059 similarly inhibited the
HFS-induced transient activation of 42 kDa MAPK. These ob-
servations indicate that the effect of 50 mM PD098059 on LTP
induction could not be simply explained by inhibitory effects of
the drug on MAPK.

We then analyzed the changes in CaM kinase II activity
detectable in the same gel. With the same protocol for MAPK
assay, CaM kinase II activity was also examined at a time point of
3 min after HFS. In Figure 3C, the topmost band, which corre-
sponds to CaM kinase II is so different in the presence of 30 or 50
mM PD098059. When the drug was applied at 50 mM, HFS did not
produce any significant increase in CaM kinase II activity in the
slices in which HFS failed to elicit the LTP. In contrast, in slices
pretreated with 30 mM PD098059, a brief HFS markedly activated
CaM kinase II as well as LTP. Statistical analysis showed that
HFS delivery produced an increase of 78.6 6 15.3 (n 5 8) in CaM
kinase II activity under condition of 30 mM drug treatment,
whereas no significant increase was detectable in 50 mM drug-
treated slices (n 5 9). Thus, in addition to MEK, its downstream
target, PD098059, also has inhibitory effects on CaM kinase II
activation of hippocampal slices.

A question arose here as to whether this effect occurs by
directly inhibiting activity of CaM kinase II. To answer this
question, we next tested the effect of PD098059 on the activity of
purified CaM kinase II in vitro. At concentrations of 10, 50, and

Figure 3. PD098059 caused concentration-dependent inhibitions of both LTP induction and CaM kinase II activation in CA1 areas. A, Compared with
the control slices (open triangles; n 5 12), preincubation of slices with 50 mM PD098059 markedly prevented HFS-sensitive induction of hippocampal LTP
( filled triangles; n 5 9). Average amplitude of fEPSP for each point was normalized to the average responses of baseline before HFS. B, At a lower
concentration of 30 mM, PD098059 did not affect the induction of LTP (n 5 6). C, Analysis of CaM kinase II and MAPK activities in the slices treated
with different concentrations of PD098059. Left panel shows a representative autoradiograph of in-gel kinase assay for kinase activities. Right diagram
illustrates statistical data. In HFS-receiving slices, kinase activity was assayed at 3 min after HFS. At 50 mM (n 5 9), PD098059 suppressed both 42 and
44 kDa MAPK activity and prevented HFS-induced CaM kinase II activation. At 30 mM (n 5 6) of the drug, only MAPK, not CaM kinase II was
inhibited. Data are expressed as mean 6 SE values. **p , 0.01.
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100 mM, PD098059 did not affect the activity of this kinase (data
not shown), suggesting that PD098059 has no direct inhibitory
effect on CaM kinase II.

Effects of calmidazolium on the activation of CaM
kinase II and 42 kDa MAPK in LTP
CaM kinase II is a Ca21/calmodulin-stimulated target enzyme.
Because both Ca21 influx and calmodulin activation are prereq-
uisite for switching the kinase autophosphorylation, their inhib-
itors are capable of blocking activation of the kinase. Calmida-
zolium, a potent calmodulin antagonist that does not influence
Ca21 flux and PKC activity (Reymann et al., 1988), has been
shown to block calmodulin-mediated LTP (Reymann et al., 1988;
Fukunaga et al., 1995). Here, we repeated the experiments of
calmidazolium on LTP and analyzed changes in activities of
CaM kinase II and MAPK in the CA1 area of hippocampal slices.
In accordance with our previous report, incubation of hippocam-
pal slices with 50 mM calmidazolium for 1 hr strongly blocked
post-tetanic potentiation and LTP induction (Fig. 4C), whereas
basal synaptic transmission and HFS-mediated depolarization
were not affected (Fig. 4A,B). The assay for protein kinase
activity was then performed in HFS-received slices under
calmidazolium-treated and untreated conditions, respectively.
Slice samples for protein kinase assay were collected at 3 min
after HFS. Compared with the LTP-established slices, in which

both CaM kinase II and MAPK activities increased, bath-
application of 50 mM calmidazolium suppressed the activation of
CaM kinase II that responded to HFS. However, delivery of the
same HFS still produced a transient increase in MAPK activity
from the control level to a higher activity of 132 6 5.9 (n 5 5),
even in calmidazolium-treated slices (Fig. 4B). These results
suggest that HFS-induced activation of MAPK per se may not
lead to LTP induction.

Strengthening the LTP induction and CaM kinase II
activation by exogenous BDNF
It has been proposed that neurotrophic factors can regulate
neuronal activity and synaptic efficacy via the activation of TrK
family of tyrosine kinase receptors (Kang and Schuman, 1995;
Levine et al., 1995; Figurov et al., 1996; Akaneya et al., 1997).
One of these factors, BDNF, is synthesized predominantly in
neurons, and is highly expressed in the hippocampus of the adult
species brain. The binding of BDNF to the TrKB receptor
triggers the kinase cascade and thereby activates MAPK in cul-
ture neurons (Finkbeiner et al., 1997; Fukunaga and Miyamoto,
1998). We then used BDNF as a modulator for MAPK to further
explore the role of MAPK in LTP in hippocampal slices. As
shown in Figure 5A, application of 50 ng/ml BDNF alone did not
affect basal synaptic strength under our experimental conditions.
This result is similar to that reported by Figurov et al. (1996) and

Figure 4. Calmidazolium blocked the induction of LTP without affecting basal synaptic transmission, HFS-mediated depolarization, and HFS-induced
42 kDa MAPK activation. A, Normalized fEPSP amplitudes recorded before and during continuous calmidazolium application (n 5 6). No change in
basal synaptic transmission of the slices was found. B, Partial display of representative HFS-mediated depolarization responses in control and
calmidazolium-treated slices. Calmidazolium had no effect on HFS-mediated depolarization. C, Normalized fEPSP amplitudes recorded before and
after HFS. Pretreatment of slices with 50 mM calmidazolium for 1 hr strongly blocked the formation of LTP ( filled triangles; n 5 5). D, Kinase assay for
activities of CaM kinase II and 42 kDa MAPK at 3 min after HFS. Both activities of CaM kinase II and 42 kDa MAPK increased in LTP-inducing slices
(n 5 8), whereas application of calmidazolium (50 mM) blocked HFS-induced increase in the activity of CaM kinase II but not of 42 kDa MAPK (n 5
5). **p , 0.01. Calibration: 1 mV, 70 msec.
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by Gottschalk et al. (1998), which is contradictory to observations
that BDNF induced a long-lasting enhancement of synaptic trans-
mission (Kang and Schuman, 1995). Possible explanation for the
discrepancy has been proposed by Kang et al. (1996), who re-
ported that the perfusion rate is critical for the penetration of
BDNF into the hippocampal slices. In Figure 5C, subthreshold
SHFS induced only an STP of fEPSP in control slices. However,
when slices were preincubated with 50 ng/ml BDNF for .2 hr,
the same SHFS triggered a typical LTP that lasted for .1 hr. This
result is consistent with previous findings (Figurov et al., 1996).

It has been shown that BDNF rapidly stimulates both 41 and 44
kDa MAPK with a time course reaching a maximum at 2 min and
then returning toward baseline slowly over the next 60 min in
cultured hippocampal pyramidal neurons (Marsh et al., 1993). To
clarify whether the MAPK cascade is involved in BDNF-
enhanced LTP, we measured the kinase activity in slices in the
presence and absence of BDNF. We found no changes in both 44
and 42 kDa MAPK activity in BDNF-treated slices during the
period of incubation with 50 ng/ml BDNF for 3, 10, 30, 60, and
120 min (Fig. 5B), except for a significant increase in activity of
CaM kinase II at 2 hr (25 6 7.7%; n 5 6; Fig. 5D). Furthermore,
delivery of SHFS to 2 hr BDNF-treated slices resulted in a
further increase in CaM kinase II activity (43.4 6 6.7%; n 5 6;
Fig. 5D), which was detected at 3 min after SHFS (SHFS3). Based
on these results, it seems unlikely that the effects of BDNF on
SHFS-induced fEPSP potentiation are related to the activation of
MAPK. Because the increase in activity of CaM kinase II is
produced by BDNF, one can predict that the most possible
candidate for LTP induction is CaM kinase II.

DISCUSSION
In the present study, using both electrophysiological and biochem-
ical approaches we demonstrated that the induction of LTP is
dependent on CaM kinase II activity rather than on MAPK
activity in CA1 hippocampal slices. The transient activation of 42
kDa MAPK in HFS-receiving slices supports the view of activity-
dependent regulation of this enzyme. A most interesting finding
in our experiments is that we observed a heretofore unknown
pharmacological effect of PD098059 that is commonly believed to
be a specific inhibitor of MAPK kinase. Although earlier studies
examined effects of this agent on a variety of protein kinases and
found that only MAPK kinase is sensitive to it (Alessi et al., 1995;
Dudley et al., 1995), information about its effect on CaM kinase
II was not allied. Most recently, one research group suggested
that MAPK activation is necessary for LTP because they found
an inhibitory effect of PD098059 on LTP (English and Sweatt,
1997). In that paper, the authors said that they tested the effect of
PD098059 on the activity of CaM kinase II in vitro and found no
definite actions. This is consistent with our results. However,
when we used it in HFS-induced slices, the data clearly showed
that 50 mM PD098059 actually blocked HFS-induced activation of
CaM kinase II in hippocampal slices. A similar result was also
found in cultured hippocampal neurons (data not shown). This
evidence suggests that there is an indirect effect of this compound
on CaM kinase II, differing from its effect of binding to inactive
form of MEK (Alessi et al., 1995), although the precise blocking
mechanisms are unknown. Recently, PD098059 has been found
to have a direct inhibitory effect on cyclooxygenase-1 and -2
(Borsch-Haubold et al., 1998). Therefore, one must be careful

Figure 5. BDNF promoted the induction of LTP and the activation of CaM kinase II without affecting basal synaptic transmission and MAPK activity.
A, Normalized fEPSP amplitudes recorded before and during continuous application of 50 ng/ml BDNF (n 5 6). BDNF alone did not affect basal
synaptic strength of slices. B, Representative autoradiograph of MAPK activity assay in control and BDNF application slices. BDNF treatment did not
result in MAPK activation. C, The fEPSP potentiation induced by a subthreshold SHFS in control (open triangles; n 5 8) and BDNF-pretreated slices
( filled triangles; n 5 6). After 2 hr preincubation with BDNF (50 ng/ml), SHFS delivery converted STP to LTP. D, Kinase assay for CaM kinase II and
MAPK activity in the presence or absence of BDNF. In contrast to control slices, the activity of CaM kinase II was increased in the slices treated with
BDNF for 2 hr (n 5 6), whereas no change in activity of MAPK was detectable. This effect was facilitated by delivering SHFS3 (n 5 6). **p , 0.01.
An autoradiograph of kinase activities is shown in the lef t panel.
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when using this drug as an MEK inhibitor at concentrations $50
mM. Additionally, these findings also suggest that the inhibition of
hippocampal LTP induction with PD098059 was caused by its
effects on CaM kinase II and not on the MEK/MAPK pathway.
The parallel changes in hippocampal LTP and CaM kinase II
activity indicate that CaM kinase II activation plays a critical role
in LTP induction.

Recent studies have shown that the expression of BDNF is
regulated by neuronal activity (Castren et al., 1992; Patterson et
al., 1992; Dragunow et al., 1993) and that the synaptic efficacy and
LTP induction were promoted by exogenous BDNF (Kang and
Schuman, 1995; Figurov et al., 1996). Thus, BDNF may be a
mediator of neuronal adaptive responses. Consistent with these
findings, our data showed that BDNF enhanced the sensitivity of
synapses to respond to SHFS. This effect may be caused by
activation of CaM kinase II rather than to that of MAPK,
because the active form of CaM kinase II alone has been found
to be sufficient to augment synaptic strength with the same
mechanism as LTP (Lledo et al., 1995), and BDNF can activate
CaM kinase II without affecting MAPK activity in hippocampal
slices. Other reports have recently shown that BDNF-induced
CaM kinase II activation is dependent on a pathway of PLCg and
intracellular Ca21 release (Blanquet and Lamour, 1997; Fink-
beiner et al., 1997). Therefore, BDNF may be involved in the
Ca21/CaM-dependent kinase-mediated cascade of events that
results in LTP construction. On the other hand, it has been
proposed that a transcription factor, cAMP response element-
binding protein (CREB), plays a key role in mediating neurotro-
phin responses because BDNF can activate CREB through a
CaM kinase-dependent mechanism, and also BDNF itself can be
regulated by a Ca 21/CaM kinase/CREB-dependent mechanism
(Tsuda, 1996; Finkbeiner et al., 1997; Shieh et al., 1998; Tao et al.,
1998). Therefore, the involvement of BDNF in the CaM kinase
signaling cascade is important for the self control of the neuronal
functions, including synaptic plasticity.

In addition to cytosolic localization, CaM kinase II was partic-
ularly enriched in postsynaptic densities (PSD), specializations of
submembranous cytoskeleton that are believed to participate in
the regulation of receptor function, structural modification, and
synaptic plasticity (Kennedy et al., 1983; Wu et al., 1992;
Kennedy, 1993). CaM kinase II in the PSD possesses regulatory
properties and mechanisms of activation similar to the cytosolic
CaM kinase II (Rich et al., 1989). Under our experimental
conditions, only the soluble kinases were analyzed. However, our
previous paper has demonstrated that .95% of CaM kinase II
activity remained in the supernatant fraction (Fukunaga et al.,
1993, 1995), i.e., only 5% of CaM kinase II activity was present in
Triton X-100-insoluble cytoskeletal fraction, including PSD in
hippocampal slices, which is consistent with the fact that most of
CaM kinase II in the PSD is largely inactive (Rostas et al., 1986).
Studies on association of soluble CaM kinase II with PSD showed
that cytosolic CaM kinase II is reversibly translocated to the PSD
and forms PSD–CaM kinase II complex in a phosphorylation-
dependent manner (Yoshimura and Yamauchi, 1997).The trans-
located CaM kinase II may be collected in the Triton X-100-
soluble fraction. When calcium influx increases in postsynapse,
the cytosolic CaM kinase II is autophosphorylated and activated
and then translocated to the PSD. Furthermore, other groups
reported that the active CaM kinase II phosphorylates GluR1
and other functional proteins in PSD, resulting in an enhance-
ment of postsynaptic response as occurs during LTP (McGlade-
McCulloh et al., 1993). Thus, translocation of the soluble CaM

kinase II to PSD in response to HFS-induced calcium influx was
considered to be involved in LTP induction (Strack et al., 1997).
In contrast to CaM kinase II in PSD, although 42 kDa MAPK
and MAPK kinase were also found to be present in PSD (Suzuki
et al., 1995), the roles of PSD-bound MAPK in regulation of
synaptic response have not yet been surveyed.

Our results show that LTP-inducing electric stimuli rapidly
increase the 42 kDa MAPK activity, and 50 mM PD098059 clearly
inhibits the induction of LTP. However, we cannot say that
MAPK activation is required for the LTP induction because
inhibiting MAPK activity by 30 mM PD098059 did not affect the
LTP expression. As MAPK participates in regulating diverse
cellular processes, especially in gene transcription such as Elk-1
(Xia et al., 1996) and CREB transcriptional pathways (Xing et al.,
1996; Finkbeiner et al., 1997), the activity-dependent activation of
MAPK may underlie some important neurophysiological func-
tions. Although we stated that the LTP induction cannot be
attributed to MAPK activation, the maintenance of LTP cannot
be excluded as the potential target of this kinase, because protein
synthesis and gene expression are required for the late phase of
LTP (Winder et al., 1998). Extensive studies are needed for
understanding the signaling meaning of HFS-induced MAPK
activation on the maintenance of LTP.
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