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Cross Talk between ERK and PKA Is Required
for Ca21 Stimulation of CREB-Dependent
Transcription and ERK Nuclear Translocation

strength (Sheng et al., 1990). In support of this idea,
late phase long-term potentiation– (L-LTP–) associated
increases in CRE-mediated gene transcription in mice
depend on both cAMP and Ca21 signaling (Impey et
al., 1996). In addition, CREB-like proteins have been
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Ca21 is thought to transactivate the CRE via phosphor-Portland, Oregon 97201
ylation of CREB (Sheng et al., 1990). Phosphorylated
CREB then binds to its coactivator, CREB-binding
protein (CBP), which facilitates the unwinding of DNASummary
and interacts with the basal transcriptional machinery
(Chrivia et al., 1993; Kwok et al., 1994). However, phos-Although Ca21-stimulated cAMP response element
phorylation of CREB at Ser-133 is necessary but notbinding protein– (CREB-) dependent transcription has
sufficient for the activation of transcription (Ginty et al.,been implicated in growth, differentiation, and neu-
1994; Brindle et al., 1995; Thompson et al., 1995; Impeyroplasticity, mechanisms for Ca21-activated transcrip-
et al., 1996).tion have not been defined. Here, we report that extra-

The prevailing model posits that Ca21-stimulated CRE-cellular signal–related protein kinase (ERK) signaling
mediated transcription occurs via phosphorylation ofis obligatory for Ca21-stimulated transcription in PC12
CREB at Ser-133 by a Ca21/CaM-dependent kinasecells and hippocampal neurons. The sequential activa-
(CaMK) (Sheng et al., 1990; Bito et al., 1996). Overex-tion of ERK and Rsk2 by Ca21 leads to the phosphory-
pression of CaMKI or CaMKIV can induce CRE-medi-lation and transactivation of CREB. Interestingly, the
ated gene expression in cell lines (Enslen et al., 1994;Ca21-induced nuclear translocation of ERK and Rsk2
Matthews et al., 1994; Sun et al., 1996). Recent work alsoto the nucleus requires protein kinase A (PKA) acti-
shows that antisense inhibition of CaMKIV expressionvation. This may explain why PKA activity is required
partially reduces early CREB phosphorylation (Bito et

for Ca21-stimulated CREB-dependent transcription.
al., 1996). However, since only prolonged CREB phos-

Furthermore, the full expression of the late phase of
phorylation correlates with CREB-dependent gene ex-

long-term potentiation (L-LTP) and L-LTP–associated
pression (Bito et al., 1996; Impey et al., 1996; Liu and

CRE-mediated transcription requires ERK activation,
Graybiel, 1996), it has not been demonstrated that

suggesting that the activation of CREB by ERK plays CaMKs are required for Ca21-stimulated CRE-mediated
a critical role in the formation of long lasting neuronal gene expression. Moreover, CREB (or activating tran-
plasticity. scription factor 1 [ATF1]) can be phosphorylated by mul-

tiple Ca21-activated kinases including protein kinase A
Introduction (PKA), Rsk1, Rsk2, mitogen-activated protein kinase–

activated protein (MAPKAP) kinase 2, p70 S6 kinase,
Activity-dependent increases in cytosolic Ca21 trigger and protein kinase C (PKC) (de Groot et al., 1993; Ginty
the expression of hundreds or perhaps thousands of et al., 1994; Brindle et al., 1995; Tan et al., 1996; Xing
genes. Activation of gene expression by Ca21 regulates et al., 1998). It is also clear that other signaling events
fundamental biological processes, including synaptic are necessary, because Ca21-stimulated transcription
plasticity, and may be important for some forms of learn- depends on cAMP-dependent PKA activity in PC12 cells
ing and memory (Ghosh et al., 1994; Ginty, 1997). Since and primary neuron cultures (Ginty et al., 1991; Impey
the induction of late-response genes is often mechanis- et al., 1994; Thompson et al., 1995). Thus, it remains to
tically complex, many studies have focused on immedi- be determined which signaling cascades lead to the
ate-early genes (IEGs). The analysis of IEG promoters activation of CRE-mediated gene expression by Ca21.
led to the identification of the cAMP response element Recently, it was discovered that Ca21 activates the
(CRE) as a major Ca21-responsive transcriptional ele- extracellular signal–related protein kinase/mitogen-acti-
ment (Ginty, 1997). The CRE is also regulated by cAMP vated protein (ERK/MAP) kinase pathway in PC12 cells
and integrates coincident increases in Ca21 and cAMP and primary neuron cultures (Bading and Greenberg,
via synergistic increases in transcription (Deutsch et al., 1991; Rosen et al., 1994). Ca21 influx also increases
1987; Sheng et al., 1990; Impey et al., 1994). intracellular cAMP in PC12 cells and neurons (Sheng et

Since the CRE can integrate Ca21 and cAMP signaling, al., 1990; Mark et al., 1995; Wu et al., 1995). Work with
it has been proposed that the CRE binding protein a c-fos promoter fragment also suggests a partial involve-
(CREB) transcription factor family couples temporally ment of ERK-dependent signaling for Ca21-stimulated
overlapping signals to long-term changes in synaptic CRE-mediated transcription (Johnson et al., 1997). There-

fore, the objectives of this study were to define the
roles of the ERK/MAP kinase and PKA pathways in the‡ To whom correspondence should be addressed (e-mail: dstorm@

u.washington.edu). activation of CRE-mediated transcription by Ca21.
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transcription, and coexpression of a dominant negative
regulatory subunit of PKA (DN PKA) blocked Ca21-stimu-
lated transcription (Figures 1A and 1B). Activation of
serum response element– (SRE-) mediated gene expres-
sion by Ca21 was not affected by coexpression of DN
PKA, thus ruling out a nonspecific effect on transcription
(data not shown). It should also be noted that the inhibi-
tors and dominant negatives used in this study did not
affect depolarization-stimulated Ca21 influx (data not
shown).

Because Ca21 can activate gene expression by stimu-
lating CaM-regulated adenylyl cyclases (Impey et al.,
1994), we measured the effect of depolarization on intra-
cellular cAMP in PC12 cells. Consistent with earlier stud-
ies (Sheng et al., 1990; Mark et al., 1995), depolarization
caused a modest (40%–80%) but significant (p , 0.05,
n 5 3) increase in intracellular cAMP (Figure 1C). How-
ever, this increase cannot mediate Ca21-stimulated gene
expression, because 50 nM forskolin generated compa-
rable cAMP increases but did not activate CRE-medi-
ated gene expression (Figures 1A and 1C). Evidently, the
depolarization-mediated increase in intracellular cAMP
serves to enhance or synergize with other depolariza-
tion-activated signaling events.

To determine whether CREB or homologous tran-
scription factors are required for Ca21-stimulated gene
expression, we used a dominant negative CREB mutant
(KCREB) in which the DNA binding domain was inacti-
vated (Walton et al., 1992). Coexpression of KCREB at-
tenuated forskolin- and KCl depolarization–stimulated
transcription (Figure 1D). Thus, CREB or one of its dimer-
ization partners is required for transactivation of the

Figure 1. Induction of CRE-Mediated Transcription by Ca21 Re- CRE by Ca21 in PC12 cells.
quires PKA Activity but Does Not Correlate with Intracellular cAMP
in PC12 Cells

(A) PC12 cells were transfected with a CRE–luciferase construct ERK/MAP Kinase Signaling Is Required
and a 3-fold excess of control DNA. Luciferase expression was for Ca21-Stimulated Transcription
measured as a function of forskolin concentration in the absence

in PC12 Cellsor presence of KCl (60 mM).
Because Ca21 activates ERK signaling in PC12 cells(B) PC12 cells were transfected with a CRE–luciferase construct
(Rosen et al., 1994), the role of this kinase cascade inand a 10-fold excess of control DNA (CRE) or dominant negative

PKA DNA (CRE 1 DN PKA). FK denotes the pairing of KCl with Ca21-stimulated gene expression was evaluated. Coex-
forskolin. KCl was 60 mM, forskolin (forsk) 5 mM. pression of dominant negative Ras (Ras TN) or MAP
(C) Intracellular cAMP was monitored after treatment with 60 mM kinase kinase (MEK) (MEK SA) markedly attenuated
KCl, forskolin, or the combination of 5 mM forskolin and 60 mM KCl

Ca21-stimulated gene expression (Figure 2A). The po-(FK). F 5 and F 0.05 denote forskolin at 5 mM and 50 nM, respectively.
tentiation of KCl-stimulated transcription by cAMP was(D) PC12 cells were transfected with a CRE–luciferase construct
also inhibited by expression of Ras TN or MEK SA. Inand a 10-fold excess of control or dominant negative CREB (KCREB)

DNAs. The cells were treated as described in (B). addition, treatment with a selective inhibitor of MEK,
Experiments are averages of triplicate determinations. Error is ex- PD98059, blocked Ca21-stimulated gene expression
pressed as the standard deviation of the mean. (Figure 2A). Because several members of the ATF family

bind to the CRE, direct transactivation of CREB using
a Gal4 two-hybrid transcriptional assay was examined.
Coexpression of MEK SA also inhibited the transactiva-Results
tion of CREB by Ca21 (Figure 2B). These data indicate
that ERK/MAP kinase signaling is required for the regula-Ca21-Stimulation of CRE-Mediated Transcription

Requires PKA Activity tion of CRE-regulated transcription by Ca21 in PC12
cells.The regulation of CRE-mediated transcription was ex-

amined by transfecting PC12 cells with a CRE-regulated We also explored whether direct activation of the ERK
signaling cascade can activate CRE-regulated tran-luciferase reporter construct. Depolarization increased

CRE-mediated transcription 3-fold (Figures 1A and 1B), scription. Cotransfection of constitutively activated Ras
(Ras QL) or MEK (MEK SE) caused a large increasepresumably through the activation of voltage-gated

Ca21 channels (Sheng et al., 1990; Mark et al., 1995). in CRE-mediated transcription that was enhanced by
forskolin (Figure 2C). Cotransfection of KCREB attenu-Furthermore, the pairing of KCl depolarization with ac-

tivators of adenylyl cyclase synergistically activated ated the transcriptional responses to both Ras QL and
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in hippocampal neuron cultures from CRE-LacZ trans-
genic mice (Impey et al., 1996). Forskolin or KCl depolariza-
tion both increased LacZ expression, and the pairing of the
two was synergistic (Figure 3A). The L-type Ca21 channel
antagonist isradipine blocked the induction of LacZ by
depolarization, indicating that depolarization-induced tran-
scription was dependent on Ca21 influx (Figure 3A).
Moreover, treatment with the MEK inhibitor PD98059
inhibited depolarization-stimulated but not forskolin-
stimulated gene expression (Figure 3A).

To confirm a role for ERK, we coexpressed dominant
negative MEK SA with a CRE-luciferase construct and
found that it markedly inhibited depolarization-mediated
transcription in hippocampal cultures (Figure 3B; 45% of
control). Although MEK SA slightly attenuated forskolin-
stimulated gene expression (Figure 3B; 76% of control),
this was not unexpected, because forskolin activates
ERK in hippocampal neurons (Figure 6A). Coexpression
of MEK SA inhibited the transactivation of CREB in hip-
pocampal neurons (Figure 3C). Conversely, expression
of constitutively active MEK SE or Ras QL stimulated
CRE-mediated transcription and potentiated forskolin-
stimulated transcription in hippocampal neurons (Figure
3D). The selective inhibitor of PKA, Rp-8-Br-MB-cAMPS,
decreased both depolarization and forskolin-stimulated
transcription (Figure 3E), indicating that PKA activity is
also required for CRE-mediated transcription in hippo-
campal neurons. Thus, the regulation of CRE-mediated
gene expression by Ca21 in PC12 cells and hippocampal
neurons shares a common mechanism requiring both

Figure 2. Activation of CRE-Mediated Gene Expression by Ca21 Is
ERK and PKA signaling.Dependent on the ERK/MAP Kinase Cascade

(A) PC12 cells were cotransfected with a CRE–luciferase construct
and a 6-fold excess of control (CRE), dominant negative Ras (CRE 1 ERK Activity Is Synergistically Activated
Ras TN), or dominant negative MEK (CRE 1 MEK SA) DNAs. The by cAMP and Ca21

cells were treated with 5 mM forskolin (forsk), 60 mM KCl, or the
The cAMP/PKA pathway can activate and potentiatepairing of forskolin with KCl (FK) and assayed for luciferase activity.
ERK signaling in PC12 cells (Mark et al., 1995; Yao etPD98059 was used at 50 mM.
al., 1995) through stimulation of Rap1b (Vossler et al.,(B) PC12 cells were transfected with a Gal4–CREB fusion protein

construct, a Gal4–luciferase construct, and a 6-fold excess of con- 1997). Consequently, the effects of forskolin, KCl depo-
trol or dominant negative MEK (MEK SA) DNAs. Treatments were larization, and combinations of the two on ERK activity
as in (A). were examined. ERK activity was synergistically acti-
(C) PC12 cells were cotransfected with a CRE–luciferase construct

vated by the pairing of depolarization with forskolin inand a 2-fold excess of constitutively active Ras (Ras QL), MEK (MEK
PC12 cells (Figure 4A) and in hippocampal neurons (Fig-SE), or control DNAs. Twenty-four hours following transfection,
ure 6A). ERK activity was also monitored with an anti-PC12 cells were treated with 5 mM forskolin (forsk) for 5 hr and

assayed for luciferase activity. body that specifically recognizes dually phosphorylated
(D) Coexpression of control (CRE), constitutively active Ras (CRE 1 ERK. The phosphorylation state of ERK mirrored its ki-
Ras QL), or constitutively active MEK (CRE 1 MEK SE) DNAs with nase activity in PC12 cells (Figure 4A) and hippocampal
a CRE–luciferase construct with and without dominant negative PKA

neurons (Figure 6A). As expected, a selective MEK inhib-(DN PKA) or dominant negative CREB (KCREB) constructs. The
itor, PD98059, attenuated ERK phosphorylation in PC12constructs (CRE–luciferase–vector or constitutive–vector or DN)
cells (Figure 4A) and hippocampal neurons (Figure 6A).were used at a ratio of 2:1:6 (w/w).

Experiments are averages of triplicate determinations. Error is ex-
pressed as the standard deviation of the mean.

Rsk2 Is a Ca21-Stimulated CREB Kinase
in PC12 Cells
Depolarization-stimulated CREB-kinase activity was com-MEK SE, suggesting that Ras and MEK acted specifi-

cally on CREB-dependent transcription (Figure 2D). In- pletely blocked by PD98059 in PC12 cells (Figure 4C).
Depolarization-stimulated CREB-kinase activity assayedterestingly, the induction of gene expression by activa-

tors of ERK was also inhibited by DN PKA (Figure 2D). in the presence of Ca21/CaM was also attenuated by
PD98059 (data not shown). Although ERK/MAP kinase
signaling is necessary for CREB transactivation in PC12Ca21-Stimulated Transcription in Neurons

Requires ERK Activity cells, CREB lacks consensus ERK phosphorylation sites.
Nevertheless, the ERK-activated kinases Rsk1, Rsk2, andTo define the relationship between the regulation of

CRE-mediated transcription and synaptic plasticity, we Rsk3 can phosphorylate CREB in response to growth
factors (Xing et al., 1998). The activation of Rsk2 wasexamined the regulation of CRE-mediated transcription
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Figure 3. Ca21-Stimulated Gene Expression
in Primary Hippocampal Neurons Requires
ERK Activity

(A) Primary hippocampal neurons were cul-
tured from CRE-LacZ transgenic mice. The
neurons were pretreated with 50 mM PD98059,
5 mM isradipine, or vehicle. Day 8 in vitro
neurons were treated with 5 mM forskolin or
60 mM KCl for 30 min and allowed to recover
in conditioned medium for 6 hr. The neurons
were fixed and stained immunocytochemi-
cally for b-galactosidase.
(B) Hippocampal neurons were transfected
with a CRE-regulated reporter construct and
a 5-fold excess of control DNA or dominant
negative MEK SA DNA. At day 7 in vitro, the
neurons were treated with 5 mM forskolin or
30 mM KCl for 6 hr and assayed for luciferase
activity. FK denotes the pairing of forskolin
and KCl.
(C) Hippocampal neurons were transfected
with Gal4–CREB, Gal4–luciferase, and a 4-fold
excess of control or dominant negative MEK
SA DNAs. The neurons were treated as in (B).
(D) Hippocampal neurons were cotransfected
with a 2-fold excess of constitutively active
Ras (Ras QL), MEK (MEK SE), or a control
DNA with a CRE–luciferase construct. The
neurons were treated with 5 mM forskolin 24
hr posttransfection (day 6 in vitro) and as-
sayed for luciferase activity.
(E) Hippocampal neurons were transfected
with a CRE–luciferase construct and a 3-fold
excess of control DNA. Day 7 in vitro neurons
were pretreated with Rp-8-Br-MB-cAMPS
(Rp 500 mM). The cells were treated as de-
scribed in (B) and assayed for luciferase ac-
tivity.
Experiments are averages of quadruplicate
determinations. Error is expressed as SEM.
Similar results were obtained in at least three
independent experiments.

monitored by measuring the phosphorylation of CREBtide. kinase activity in flow through fractions (Figure 4E). Evi-
dently, Rsk1 is also a depolarization-stimulated CREBRsk2 was activated by depolarization, nerve growth fac-

tor (NGF), and forskolin, suggesting that Rsk2 or other kinase in PC12 cells.
Rsks may be Ca21-activated CREB kinase (Figure 4B).

To characterize the kinase that phosphorylates CREB Rsk2 Translocates to the Nucleus and Is a Major
Nuclear CREB Kinase in PC12 Cellsin response to Ca21, extracts from untreated KCl- or

NGF-stimulated PC12 cells were fractionated by Mono A putative CREB kinase must either translocate to the
nucleus or be activated in the nuclear compartment.Q anion exchange chromatography and assayed for

phosphotransferase activity against CREBtide. Consis- Therefore, we isolated nuclear extracts from depolariza-
tion-stimulated PC12 cells and assayed Rsk-mediatedtent with Xing et al. (1996), NGF treatment generated a

peak of CREB kinase activity that copurified with Rsk2. CREB kinase activity. Using immune complex kinase
assays, we found that only Rsk2 had detectable depolar-KCl depolarization evoked a peak of activity that over-

lapped with the NGF-induced peak and also copurified ization-stimulated nuclear CREB kinase activity (Figure
5A). Both Rsk1 (3 6 0.5-fold) and Rsk2 (3 6 0.2-fold)with Rsk2 (Figure 4D). To confirm that Rsk2 is a major

Ca21-stimulated CREB kinase and to determine if other were activated by K1 depolarization in the cytosolic
fractions. Immunodepletion of Rsk2 decreased KCl-Rsk isoforms are CREB kinases, we immunoprecipitated

Rsk1, Rsk2, and Rsk3 from the Mono Q column frac- stimulated nuclear CREB kinase activity by 60% and
confirmed that Rsk2 is a major nuclear CREB kinase intions. Only Rsk2 had significant KCl-stimulated CREB

kinase activity in the fractions corresponding to the peak PC12 cells (Figure 5B). It is possible that the disparate
regulation of nuclear Rsk2 and Rsk1 activity is a conse-of KCl depolarization–stimulated CREB kinase activity

(Figure 4E). In agreement with Xing et al. (1996), we quence of a differential ability to translocate. Accord-
ingly, we found that Rsk2 was translocated to the nu-found that Rsk1 was present in flow through fractions

and that Rsk3 was eluted by high salt (fractions 27–31; clear fraction to a far greater extent than Rsk1 (Figure
5C). Interestingly, Rsk2 but not Rsk1 interacts with ERK0.35–0.4 M NaCl) (Figure 4E). Interestingly, we found

significant depolarization-stimulated Rsk1-mediated CREB in vivo (Zhao et al., 1996). We propose that the nuclear
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Figure 4. Rsk Is a Ca21-Stimulated CREB Ki-
nase in PC12 Cells

(A) PC12 cells were treated with agonists for
5 min. ERK was immunoprecipitated, and ki-
nase activity was determined. Forsk denotes
5 mM forskolin, FK denotes the pairing of for-
skolin and KCl, and NGF was 100 ng/ml. KCl
was 60 mM. Extracts were also Western blot-
ted with anti-Tyr and anti-Thr–phosphory-
lated ERK.
(B) PC12 cells were treated with agonists for
5 min as described in (A). Rsk2 was immuno-
precipitated and assayed for kinase activity.
The inset depicts a Western blot of immuno-
precipitated Rsk2 and an IgG control.
(C) PC12 cells were treated as indicated in
(A) for 5 min. Cell extracts were isolated, and
total kinase activity was determined. PD98059
was used at 50 mM. Error is expressed as
SEM (n 5 3).
(D) PC12 cells were treated as indicated in
(A), and extracts were subjected to Mono Q
anion exchange chromatography over a lin-
ear 0.4 M NaCl gradient. The fractions were
assayed for CREB kinase activity. The gel de-
picted below (D) is a Western blot of immuno-
precipitated Rsk2 from fractions 15–24 of
KCl-stimulated PC12 cells.
(E) Rsk1, Rsk2, and Rsk3 were immunopre-
cipitated from the Mono Q column fractions
indicated for control and KCl-treated ex-
tracts. The immunoprecipitates were as-
sayed for CREB-kinase activity. The Rsk1,
Rsk2, and Rsk3 immunoprecipitates from the
KCl-treated column fractions were also West-
ern blotted with Rsk1, Rsk2, and Rsk3 anti-
bodies, respectively.

translocation of Rsk2 depends on the ability of Rsk2 to Rsk1, Rsk3, and CaMKIV (Figure 6C). The robust activa-
tion of Rsk2 in hippocampal neurons makes Rsk2 abind to ERK, which is robustly translocated to the nu-

cleus (Traverse et al., 1992). good candidate for a Ca21-activated CREB kinase that
mediates the prolonged phosphorylation of CREB.

Ca21-Stimulated CREB Kinases
in Hippocampal Neurons

Ca21-Mediated CREB PhosphorylationOur work in PC12 cells suggests that Rsk2 may function
Is Attenuated by PD98059as a Ca21-stimulated CREB kinase in hippocampal neu-
Using an antibody that recognizes CREB and ATF1rons. Accordingly, depolarization markedly stimulated
phosphorylated at Ser-133 (Tan et al., 1996), we foundRsk2 activity in an immune complex CREB kinase assay
that CREB phosphorylation paralleled the transcrip-in hippocampal neurons (Figure 6B). Depolarization-
tional response in PC12 cells (Figure 7A) and hippo-stimulated Rsk2 activity was also attenuated by treat-
campal neurons (Figure 7C). PD98059 attenuated KCl-ment with the MEK inhibitor PD98059. Interestingly,
induced CREB phosphorylation in PC12 cells (FigurePD98059 attenuated Rsk2 activation (Figure 6B) to the
7A), whereas the expression of constitutively activatedsame degree (z60%) as CREB phosphorylation (Figure
MEK SE promoted CREB phosphorylation (Figure 7B).7D). We examined Ca21-stimulated CREB kinase activi-
Although Bito et al. (1996) found that CaMKIV activityties by Mono Q chromatography in cortical neurons and
is required for depolarization-mediated CREB phos-found multiple peaks of activity (data not shown). Since
phorylation at 1 min, other potential CREB kinases, suchMono Q chromatography is limited to correlating protein
as Rsk and PKA, have more delayed kinetics (Chen etelution to kinase activity, we examined the Ca21-acti-
al., 1991; Hagiwara et al., 1993). Furthermore, only longvated CREB kinase activity of known CREB kinases di-
lasting CREB phosphorylation correlates with the induc-rectly by immune complex kinase assay. In hippocampal
tion of gene expression in neurons (Bito et al., 1996; Liuneurons, depolarization robustly increased the nuclear

CREB kinase activity of Rsk2 and to a lesser extent, of and Graybiel, 1996; Impey et al., 1996). Interestingly,
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Figure 6. Hippocampal Ca21-Stimulated CREB Kinases

(A) Hippocampal neurons were treated with agonists for 5 min. ERK
was immunoprecipitated and assayed for kinase activity. Forsk de-
notes 5 mM forskolin, FK denotes the pairing of forskolin and KCl,
and KCl was 30 mM. Extracts were also Western blotted with anti–Figure 5. Rsk2 Is a Major Nuclear Ca21-Stimulated CREB Kinase in
phospho-ERK.PC12 Cells
(B) Hippocampal neurons were treated with 30 mM KCl for 10 min

(A) PC12 cells were treated with 60 mM KCl for 5 min, and nuclear
in the presence and absence of 50 mM PD98059. Rsk2 immunopre-

extracts were prepared. Rsk1, Rsk2, and Rsk3 were immunoprecipi-
cipitates were assayed for kinase activity by using CREBtide as

tated from the nuclear fraction and assayed for CREB kinase activity.
substrate. Error is SEM (n 5 4).

Error is SEM (n 5 3).
(C) Hippocampal neurons were treated with 60 mM KCl for 15 min,

(B) PC12 cell nuclear extacts were prepared as in (A) and were
and nuclear extracts were prepared. The indicated kinases were

immunodepleted with anti-Rsk2 or control IgG antibodies. The de-
immunoprecipitated from equal amounts of nuclear extract and as-

pleted extract was assayed for CREB kinase activity. Error is SEM
sayed for CREB kinase activity. Error is SEM. Similar results were

(n 5 3).
obtained in at least two independent experiments.

(C) PC12 cell nuclear extracts were prepared as in (A) and Western
blotted for Rsk1 or Rsk2. The extracts were Western blotted for
CREB to demonstrate equal protein loading.

examined the effect of K1 depolarization on CREB phos-
phorylation in hippocampal slices. We blocked neuro-
transmission by treatment with APV, 6,7-dinitroquinoxa-
line-2,3-dione (DNQX), and tetrodotoxin (TTX) to enablePD98059 significantly inhibited depolarization-stimu-

lated CREB-phosphorylation at 15 min (Figures 7C and us to study CREB-phosphorylation triggered specifically
by Ca21 influx. K1 depolarization markedly increased7D) but not at 1 min (Figure 7D). This suggests a role

for ERK signaling in the prolongation of CREB phosphor- CREB phosphorylation throughout area CA1 (Figure
7G). Just as with tetanus-induced CREB phosphoryla-ylation in neurons.

As demonstrated previously (Impey et al., 1996), tetani tion, PD98059 treatment blocked depolarization-induced
CREB phosphorylation (Figures 7G and 7H; p , 0.01;that generated LTP in area CA1 also induced CREB

phosphorylation (Figures 7E and 7F). LTP-associated control, n 5 6; PD98059, n 5 5). In addition, the ERK
inhibitor olomoucine also attenuated depolarization-CREB phosphorylation was dependent on the influx of

extracellular Ca21, because perfusion with the NMDA induced CREB phosphorylation in CA1 pyramidal neu-
rons (Figure 7H; p , 0.01; control, n 5 6; olomoucine,receptor antagonist amino-phosphono-valeric acid (APV)

and the L-type Ca21 channel blocker isradipine blocked n 5 3). Both PD98509 and olomoucine also blocked
depolarization-induced Erk phosphorylation in hippo-tetanus-induced CREB phosphorylation (data not shown).

Because our data implicate ERK signaling in Ca21-stimu- campal slices (data not shown). Furthermore, the time
course of depolarization-induced CREB phosphoryla-lated CREB phosphorylation, we also examined the role

of the ERK/MAP kinase cascade. Perfusion of the MEK tion closely paralleled Erk phosphorylation in hippocam-
pal area CA1 (Figure 7I).inhibitor PD98059 significantly decreased tetanus-induced

CREB phosphorylation measured by Western analysis
(Figure 7E; 92% inhibition by densitometry) and by im- CaMKIV Activity Is Dispensable for Ca21-Mediated

CREB-Dependent Transcriptionmunohistochemistry (Figure 7F; n 5 5).
Since tetanization could increase CREB phosphoryla- CREB can be phosphorylated and activated by multi-

ple Ca21-activated kinases other than Rsk2, includingtion independent of postsynaptic Ca21 influx, we also
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Figure 7. CREB Phosphorylation at Ser-133
Depends on ERK/MAP Kinase Signaling

(A) PC12 cells were treated with the indicated
agonists for 5 min in the absence (2) or pres-
ence (1) of 50 mM PD98059 and Western blot-
ted for phospho-CREB. C denotes untreated
cells, F denotes forskolin (5 mM), K denotes
KCl (60 mM), and FK denotes the pairing of
forskolin and KCl. The smaller molecular
weight doublet comigrates with ATF1.
(B) PC12 cells were transfected with control
or constitutively active MEK SE DNAs and
treated as described in (A).
(C) Hippocampal neurons were treated with
5 mM forskolin or 30 mM KCl for 15 min in
the absence (veh) or presence of PD98059
(PD) and Western blotted.
(D) Densitometry was conducted on K1-stim-
ulated hippocampal phospho-CREB blots.
The black circles show K1-stimulated pCREB
signal in the presence of vehicle, and the gray
squares show PD98069-treated pCREB sig-
nal. For each time point, PD98059-treated
pCREB signal was expressed as a percent-
age of vehicle. At the 159 time point, PD98059-
treated KCl-stimulated pCREB signal was
44% 6 8% of vehicle (p , 0.01; vehicle, n 5

9; PD98059, n 5 9).
(E) Slices of hippocampal area CA1 were per-
fused with the indicated drugs for at least 30
min prior to tetanization (HFS; 100 Hz, 1 s,
0.2 ms pulse). Fifteen minutes following teta-
nization, slices were frozen and stored at
280C. The pooled tissue was homogenized,
and equivalent amounts of protein were
Western blotted for phospho-CREB. LFS de-
notes slices stimulated at 0.05 Hz.
(F) Representative examples of hippocampal
slices treated as described in (E) and stained
for phospho-CREB. The scale bar is 50 mm.
(G) Hippocampal slices were treated with the
indicated drugs at least 60 min prior to depo-
larization with 40 mM KCl. Fifteen minutes

following depolarization, the slices were stained for phospho-CREB. PD denotes PD98059. The scale bar is 75 mM.
(H) Immunoreactivity for phospho-CREB in area CA1 from slices treated as in (G) was quantitated. Error is expressed as the SEM.
(I) Transverse slices of hippocampal area CA1 were treated as in (G). The slices were fixed and processed immunohistochemically for phospho-
CREB and phospho-ERK. The graph depicts the averaged immunoreactivity in area CA1 for phospho-CREB and phospho-ERK (n 5 5–6).
In the above experiments, PD98059 was 50 mM, and olomoucine was 100 mM.

MAPKAP kinase 2, p70 S6 kinase, and CaMKIV (Enslen to inhibit K1 depolarization–stimulated gene expression
in hippocampal neurons (Figure 8E). Owing to the lowet al., 1994; Matthews et al., 1994; Tan et al., 1996; Xing

et al., 1996). However, neither KN62, a potent inhibitor efficiency of transfection in hippocampal neurons, we
could not assess the effect of DN CaMKIV on CaMKIVof CaMKs, SB203580, a selective inhibitor of p38 MAP

kinase (an activator of MAPKAP kinase 2), nor rapa- activity. However, hippocampal neurons transfected
with a Flag-tagged DN CaMKIV were immunostained formycin, a selective inhibitor of a p70 S6 kinase activator,

had a significant effect on depolarization-stimulated the Flag epitope and clearly show a high degree of DN
CaMKIV expression (Figure 8F). Furthermore, DN CaMKIVgene expression in PC12 cells (Figure 8A). Since CaMKIV

but not CaMKI is localized to the nuclear compartment, is functional in hippocampal neurons, because DN
CaMKIV expression inhibited K1-stimulated SRE-medi-CaMKIV is thought to be the major Ca21/CaM-stimu-

lated CREB kinase (Picciotto et al., 1995; Bito et al., ated gene expression (data not shown).
We further explored the role of CaMKIV in Ca21-regu-1996). However, PC12 cells do not express measurable

CaMKIV, as detected by Western blot (Figure 8B; Enslen lated transcription by examining CaMK activity under
conditions that produce CRE-mediated transcription.et al., 1996; Finkbeiner et al., 1997). Thus, it is not surpris-

ing that expression of a dominant negative CaMKIV (DN Although depolarization with 30 mM KCl markedly acti-
vated CREB-dependent transcription, it did not signifi-CaMKIV) construct does not inhibit Ca21-stimulated

CREB-dependent transcription (Figure 8C). Conversely, cantly activate CaMKIV activity (Figures 8G and 8H). On
the other hand, 60 mM KCl markedly activated CaMKIVexpression of DN CaMKIV blocked the activity of trans-

fected CaMKIV in PC12 cells (Figure 8D). Interestingly, activity but did not lead to additional increases in CRE-
mediated gene expression or CREB phosphorylationexpression of a 5-fold excess of DN CaMKIV also failed
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Figure 8. CaMKIV Activity Is Dispensable for
Ca21-Stimulated CREB-Dependent Gene Ex-
pression

(A) PC12 cells were transfected with a CRE–
luciferase reporter contruct, treated with 60
mM KCl for 6 hr, and asayed for luciferase
activity. KN62 was 10 mM, SB203580 was 5
mM, and rapamycin was 100 nM.
(B) PC12 cell nuclear extracts (20 mg) and
total extracts from hippocampal neurons (10
mg) were Western blotted for CaMKIV.
(C) PC12 cells were transfected with a CRE–
luciferase reporter and a 5-fold excess of
control DNA (CRE) or dominant negative
CaMK IV DNA (CRE 1 DN CaMKIV), treated
with KCl for 5 hr, and assayed for luciferase
activity.
(D) PC12 cells were transfected with wild-type
Flag-tagged CaMKIV and a 4-fold excess of
DN CaMKIV DNA. Transfected CaMKIV was
immunoprecipitated and assayed for kinase
activity. Experiments are averages of dupli-
cate determinations. Error is standard devi-
ation.
(E) Hippocampal neurons were transfected
with a CRE–luciferase construct and a 5-fold
excess of DN CaMKIV DNA, treated with 30
mM KCl for 4 hr, and assayed for luciferase
activity. Experiments are averages of quadru-
plicate determinations. Error is SEM. Similar
results were seen in five independent experi-
ments.
(F) Hippocampal neurons were transfected
with Flag-tagged DN CaMKIV and stained for
the Flag epitope.
(G) Hippocampal neurons were transfected
with CRE–luciferase DNA and a 3-fold excess
of control DNA and treated with the indicated
concentrations of KCl. Error is SEM.
(H) Hippocampal neurons were treated with
30 mM or 60 mM, and CaMKIV was assayed
for kinase activity. Experiments are averages
of duplicate determinations.
(I) Hippocampal neurons were treated with 30
mM or 60 mM KCl for 15 min, and extracts
were Western blotted for phospho-CREB.

(Figures 8H and 8I). Consistent with our observation that phosphorylation in wild-type PC12 cells was decreased
by the selective PKA inhibitor Rp-8-Br-MB-cAMPS (Fig-a MEK-activated kinase contributes to Ca21-stimulated

CREB phosphorylation, we found that 30 mM KCl ro- ure 9A). With a high efficiency transfection protocol
(.80% transfected; data not shown), expression of DNbustly stimulated the CREB-kinase activity of Rsk2 in

hippocampal neurons (Figure 6B). These results indicate PKA also attenuated Ca21-stimulated CREB phosphory-
lation (Figure 9A). In addition, treatment with the PKAthat CaMKIV activity is dispensable for Ca21-stimulated

gene expression in PC12 cells. Furthermore, CaMKIV inhibitors Rp-8-Br-MB-cAMPS and Rp-8-CPT-cAMPS
activation is apparently not required for Ca21-stimulated also inhibited depolarization-mediated CREB phosphor-
CRE-mediated transcription in hippocampal neurons. ylation in primary hippocampal neurons (Figure 9B).

These results suggest that in PC12 cells and hippocam-
pal neurons, PKA activity is required for Ca21-inducedPKA Activity Is Required for CREB Phosphorylation
CREB phosphorylation.and ERK Nuclear Translocation

Because the nuclear translocation of ERK may beOur results and those of Thompson et al. (1998) indicate
necessary for ERK-activated transcription (Blenis, 1993),that the activation of CRE-regulated transcription by
and PKA is required for Ca21 stimulation of CREB phos-Ca21 requires PKA activity. However, Ca21-stimulated
phorylation, we monitored nuclear translocation of ERKCREB phosphorylation was not attenuated in PC12 cells
when PKA is inhibited. To efficiently induce the nucleardeficient for PKA activity (Thompson et al., 1995). Be-
translocation of ERK by Ca21, PC12 cells were treatedcause this clonal line retains 15%–20% of wild-type
with KCl and BAYK 8644 (a direct activator of L-typePKA-stimulated transcription (data not shown), we ex-
Ca21 channels). Depolarization induced the phosphory-plored the role of PKA for Ca21-stimulated CREB phos-

phorylation further. Interestingly, Ca21-mediated CREB lation of ERK and its translocation to the nucleus in both
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Figure 9. PKA Activity Is Required for the Nu-
clear Translocation of ERK

(A) PC12 cells were treated with 60 mM KCl
(K) or 5 mM forskolin (F) for 5 min. Cell extracts
were Western blotted for phospho-CREB. Rp
denotes PC12 cells treated with Rp-8-Br-MB-
cAMPS (500 mM). DN PKA denotes PC12 cells
in which a dominant negative PKA construct
was transiently transfected by using lipofec-
tamine plus.
(B) Hippocampal neurons were treated with
30 mM KCl (K) or 5 mM forskolin (F) for 5 min
in the absence and presence of 300 mMRp-8-
Br-MB-cAMPS/Rp-8-CPT-cAMPS (Rp). Ex-
tracts were Western blotted for phospho-
CREB.
(C) PC12 cells were treated with 60 mM KCl
and 20 mM BAYK 8644 (KCl 1 BAYK) for 6
min, fixed, and stained immunocytochemi-
cally for phospho-ERK. Rp denotes cells
treated with 400 mM Rp-8-Br-MB-cAMPS and
con denotes cells that were not treated with
inhibitors. Scale bar is 25 mm.
(D) PC12 cells were transfected with a GFP–
dominant negative PKA fusion protein and
treated as described in (C). Anti-pERK shows
immunocytochemical staining for phospho-
ERK and GFP depicts GFP-DN PKA fusion
protein fluorescence in the same field. Scale
bar is 25 mm.
(E) PC12 cells were cotransfected with Gal4-
Elk, Gal4-luciferase, and a 4-fold excess of
control or dominant negative PKA DNAs (DN
PKA). Forty-eight hours following transfec-
tion, the cells were treated with 100 ng/ml
NGF for 5 hr and assayed for luciferase activ-
ity. Experiments are averages of triplicate de-
terminations. Error is standard deviation.
(F) PC12 cells were treated with 60 mM KCl
for 10 min in the presence and absence of 300
mM Rp-8-Br-MB-cAMPS/Rp-8-CPT-cAMPS.
Rsk2 was immunoprecipitated from cytosolic
and nuclear extracts, and kinase activity was
assayed using CREBtide as a substrate. The
results are the average of three experiments.
Error is SEM.

(G) PC12 cells were treated as in (F). Nuclear or cytosolic extracts were immunoblotted for the indicated epitopes.
(H) Hippocampal neurons treated with 40 mM KCl for 10 min, fixed, and stained immunocytochemically for phospho-ERK. Rp denotes cells
treated with 400 mM Rp-8-Br-MB-cAMPS and con denotes untreated cells. Scale bar is 25 mm. The cytosolic-to-nuclear phospho-ERK ratio
was quantitated by confocal microscopy for control and Rp-8-Br-MB-cAMPS-treated neurons (n 5 22-28 cells). Error is SEM. Each of the
above experiments was repeated at least three times with similar results.

PC12 cells (Figures 9C, 9D, and 9G) and hippocampal fluorescent protein (DN PKA–GFP). Only cells that ex-
pressed DN PKA–GFP showed impaired nuclear translo-neurons (Figures 6C and 9H). The specific PKA inhibitors

Rp-8-Br-MB-cAMPS and Rp-8-CPT-cAMPS inhibited cation of phospho-ERK (Figure 9D).
These results suggest that PKA is required for thethe nuclear translocation of Erk in PC12 cells (Figure

9C) and hippocampal neurons (Figure 9H). Furthermore, phosphorylation and transactivation of CREB by Ca21,
because PKA is required for the nuclear translocationWestern blotting of cytosolic fractions shows that the

inhibition of Erk translocation by treatment with Rp-8- of ERK. However, since Rsk2 is a major Ca21-activated
CREB kinase in PC12 cells, inhibition of Erk transloca-Br-MB-cAMPS and Rp-8-CPT-cAMPS was not the re-

sult of an effect on Erk activation (Figure 9G). To verify tion should also block the activation of nuclear but not
cytosolic Rsk2. Accordingly, inhibition of PKA blockedthat PKA is required for the nuclear translocation of ERK,

the cytosolic-to-nuclear ratio of phospho-ERK in KCl- the activation of Rsk2 in the nuclear fraction but not
in the cytosolic fraction (Figure 9G). In addition, Rp-8-stimulated hippocampal neurons was also quantitated.

The PKA inhibitor Rp-8-Br-MB-cAMPS significantly in- Br-MB-cAMPS/Rp-8-CPT-cAMPS treatment attenuated
the nuclear translocation of Rsk2. This is not surprising,hibited the translocation of ERK to the nucleus (Figure

9H). The importance of PKA activity for ERK nuclear because it is known that both ERK and Rsk2 are tightly
associated in vivo and cotranslocate to the nucleustranslocation was confirmed by transiently transfecting

PC12 cells with a dominant negative PKA fused to green (Hsiao et al., 1994; Zhao et al., 1996). Collectively, these
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data indicate that PKA may be necessary for the phos-
phorylation and transactivation of CREB by Ca21, be-
cause PKA is required for the nuclear translocation of
ERK and subsequent nuclear activation of the CREB
kinase Rsk2.

Inhibition of PKA also significantly impaired the trans-
location of ERK to the nucleus in response to NGF
(Figure 9D). Interestingly, coexpression of DN PKA at-
tenuated NGF-stimulated Elk1 transcriptional activation
(Figure 9E). Evidently, the modulation of ERK transloca-
tion by PKA activity plays a general role in the activation
of transcription by mitogens and neurotrophic factors.
In support of this, Yao et al. (1998) also found a reduced
ERK translocation after inhibition of PKA. NGF does not
detectably elevate intracellular cAMP (data not shown),
suggesting that basal PKA activity is sufficient for neuro-
trophic factors and other strong ERK activators to in-
duce nuclear translocation of ERK. Nevertheless, in the
case of depolarization, which activates ERK to a lesser
degree, the concomitant depolarization-mediated in-
crease in cAMP levels enhances ERK translocation (data
not shown).

PD98059 Inhibits L-LTP and L-LTP–Associated
Increases in CRE-Regulated Transcription
Stimuli that induce protein synthesis–dependent L-LTP
also generate a Ca21- and PKA-dependent increase in
CRE-mediated gene expression (Impey et al., 1996).
Therefore, we evaluated the role of the ERK/MAP ki-
nase cascade in L-LTP and L-LTP–associated CRE-reg-
ulated gene expression. Transcription in CRE-LacZ trans-
genic mice was monitored by immunohistochemistry for
b-galactosidase (Impey et al., 1996). L-LTP in area CA1
was consistently generated (eight of eight slices) by

Figure 10. Inhibition of L-LTP and L-LTP–Associated Increases inthree 100 Hz, 1 s tetani at 5 min intervals (Figure 10A).
CRE-LacZ Expression by PD98059Slices that expressed L-LTP also evinced a significant
(A) L-LTP was induced by a high frequency tetanus (HFS) (33 100increase in LacZ expression in area CA1 (Figures 10C
Hz, 1 s tetani at 5 min intervals) of the Schaffer collateral–CA1and 10D; p , 0.001; low frequency stimulation (LFS),
pyramidal cell synapse. PD98059 (50 mM) was perfused at least 30n 5 6; L-LTP, n 5 8). However LFS did not generate
min prior to the tetanus. LFS was at 0.05 Hz. The inset depicts

LTP or increase transcription relative to control slices fEPSPs from HFS and HFS 1 PD98059 experiments before and after
(Figures 10A and 10C; p . 0.3; control, n 5 4; LFS, n 5 potentiation. Calibration, 1 mV; 3 ms.
6). Treatment with the MEK inhibitor PD98059 blocked (B) Exposure to 50 mM PD98059 did not inhibit established L-LTP.

(C) Representative examples of immunohistochemistry for LacZ inL-LTP (Figure 10A) and significantly decreased L-LTP–
hippocampal slices from (A). Slices were fixed 5 hr after tetanization.associated LacZ expression (Figures 10C and 10D; p ,
(D) Fold increase in LacZ signal in the CA1 molecular layer in slices0.001; high frequency stimulation (HFS), n 5 8; HFS 1
from (A). PD denotes PD98059. Error is expressed as SEM.

PD, n 5 7). PD98059 treatment also attenuated but (E) Staining for phospho-ERK in slices fixed 15 min after LFS and
did not abolish (146% at 60 min) the early phase of HFS.
LTP (Figure 10A). Moreover, PD98059 specifically inhib-
ited the induction of LTP, because it did not affect

Collectively, our data implicate the ERK/MAP kinasepaired-pulse facilitation (data not shown), basal synaptic
cascade in the induction of gene expression–dependenttransmission, or posttetanic potentiation (Figure 10A).
neuronal plasticity in the mouse hippocampus. BecausePD98059 also failed to block previously established
L-LTP requires the coincident activation of both the PKAL-LTP, indicating that the ERK/MAP kinase cascade is
and Ca21 signaling pathways (Impey et al., 1996), it isnot involved in the maintenance of L-LTP (Figure 10B).
possible that these pathways converge on ERK to facili-Interestingly, HFS but not LFS markedly increased
tate the formation of L-LTP. The coactivation of ERKimmunohistochemical staining for activated ERK in CA1
and PKA may optimally stimulate the expression CREB-pyramidal cell bodies and dendrites (Figure 10E). As
regulated genes that facilitate the formation of L-LTP.expected, PD98059 treatment blocked tetanus-induced
In support of this hypothesis, L-LTP–associated CRE-phospho-ERK staining (data not shown). Thus, activated
mediated gene expression depends on ERK signalingERK may regulate synaptic efficacy at the postsynaptic
(Figures 10C and 10D) and PKA activity (Impey et al.,membrane and possibly play a role in targeting long-

term changes to activated synapses. 1996).
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Discussion CREB kinase. In an interesting parallel to our research,
they find that inhibition of MEK markedly attenuates
late (.10 min) CREB phosphorylation, while inhibition ofIn this study, we explored the mechanisms by which Ca21

stimulates CRE-mediated gene expression in PC12 cells CaMKs attenuates early (5 min) CREB phosphorylation.
Although the work of Bito et al. (1996) suggests thatand primary hippocampal neurons. Our findings indicate

that the induction of CRE-mediated transcription by CaMKIV contributes to early (,2 min) Ca21 stimulation
of CREB phosphorylation, it is not known if CaMKIVCa21 requires both PKA and ERK activities. We propose

that PKA is required for Ca21-stimulated CREB-medi- activity is required for prolonged Ca21-stimulated CREB
phosphorylation. Indeed, preliminary work suggestsated transcription, because PKA activity is necessary

for the nuclear translocation of ERK and subsequent that CaMKIV activity is required for early depolarization–
mediated CREB phosphorylation but is not required fornuclear activation of Rsk2. Furthermore, we demon-

strate that the persistent activation of ERK increases delayed CREB phosphorylation (S. I. and D. S., unpub-
lished data). CaMKIV may also lead to CREB phosphory-CRE-mediated gene expression. Our results suggest

that Ca21-stimulated gene expression is mediated at lation via the activation of downstream kinases. For ex-
ample, CaMKIV can activate MAP kinases (Enslen et al.,least in part by an ERK-mediated phosphorylation of

CREB and that the regulation of CRE-mediated gene 1996). Recently, Shieh et al. (1998) and Finkbeiner et al.
(1997) also implicate CaMKIV in the activation of CREB-expression by the ERK/MAP kinase cascade plays a

critical role in the formation of long lasting neuroplastic- dependent gene expression in cortical neuron cultures.
Although we found that CaMKIV activity was dispens-ity in the hippocampus.
able for Ca21-stimulated CRE-mediated gene expres-
sion, we used hippocampal cultures, which have a ho-Ca21-Stimulated Gene Expression and the ERK/Rsk2

MAP Kinase Cascade mogenous population of excitatory pyramidal neurons.
Furthermore, Shieh et al. (1998) examined Ca21-stimu-Earlier work in PC12 cells and cortical neurons showed

that Ca21 promotes the activation of ERK by enhancing lated transcription in the context of the BDNF exon III
promoter, which requires a cooperative interaction be-the GTPase activity of Ras (Rosen et al., 1994; Ru-

sanescu et al., 1995). These observations led us to ex- tween CREB and other inducible transcription factors.
Nevertheless, our work does not exclude the possibilityplore whether activation of ERK promotes Ca21-stimu-

lated gene expression. Expression of dominant negative that CaMKIV and ERK-dependent signaling interact co-
operatively to induce Ca21-stimulated CRE-mediatedCREB blocked Ca21-stimulated transcription, indicating

that CREB or its dimerization partners mediates trans- gene expression.
activation of the CRE by Ca21 in vivo. We found that
activation of CRE-mediated gene expression also re-

The Role of PKA in Ca21-Stimulated Genequires functional MEK in PC12 cells, cultured hippocam-
Expression and ERK Translocationpal neurons, and in the adult hippocampal slice prepara-
Why is PKA obligatory for the activation of CREB- andtion. This suggests that ERK may play a general role in
CRE-mediated transcription? The nuclear translocationthe activation of CRE-mediated transcription by Ca21 in
of ERK, which occurs in response to mitogens, neuro-neurons of the CNS and possibly in other tissues.
trophic factors, and Ca21, is thought to be a prerequisiteOur data support the hypothesis that the persistent
for the activation of transcription by the ERK/MAP ki-activation of ERK leads to the activation of Rsk2, which
nase cascade. Our data indicate that Ca21- and growthdirectly phosphorylates and transactivates CREB. Ca21-
factor–stimulated ERK nuclear translocation depend oninduced CREB phosphorylation was inhibited by the
PKA activity. Yao et al. (1998) also report reduced ERKselective MEK inhibitor PD98059 in PC12 cells, cultured
nuclear localization after PKA inhibition. We also showhippocampal neurons, and the adult hippocampal slice
that the inhibition of ERK nuclear translocation attenu-preparation. Furthermore, Ca21-stimulated CREB kinase
ates the nuclear translocation and nuclear activation ofactivity in PC12 cells was blocked by PD98059. Because
Rsk2. It is interesting to note that ERK and Rsk areimmunodepletion of Rsk2 markedly attenuated depolar-
tightly associated in vivo and cotranslocate to the nu-ization-stimulated nuclear CREB kinase activity, we
cleus (Hsiao et al., 1994; Zhao et al., 1996). Optimalconclude that Rsk2 is a major Ca21-stimulated CREB
activation of nuclear Rsk may involve the translocationkinase in PC12 cells. By immune complex kinase assay,
of a signaling complex consisting of MEK, ERK, andwe identify Rsk2, and to lesser degree Rsk1 and Rsk3,
Rsk. Recent work suggests that dimerization of ERK isas major Ca21-stimulated CREB kinases in cultured hip-
required for its prolonged translocation (Khokhlatchevpocampal neurons. The inhibition of tetanus- and depo-
et al., 1998). However, because ERK is not a substratelarization-induced CREB phosphorylation by PD98059
for PKA (Graves et al., 1993), it is not likely that PKAin hippocampal slices suggests that a Rsk family mem-
directly modulates ERK dimerization. Nevertheless, itber may also function as a CREB kinase in the intact
is possible that PKA indirectly modulates the dimeriza-hippocampus.
tion of ERK or the machinery that facilitates the nuclearIn support of our hypothesis that the ERK–Rsk signal-
transport of ERK dimers. The discovery that PKA activitying cascade plays an important role in activity-depen-
is required for the nuclear translocation of ERK anddent gene expression in the CNS, Finkbeiner et al. (1997)
Rsk2 provides important new insights concerning therecently reported that brain-derived neurotrophic fac-
role of PKA in Ca21- and growth-factor–stimulated tran-tor– (BDNF-) induced CREB phosphorylation and CRE-

mediated transcription depend on a MEK-dependent scription.
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The synergism between PKA and Ca21 signaling is Our observations that ERK signaling is necessary for
Ca21-stimulated transcription suggest that ERK maymore robust at the level of transcription than at the level

of CREB phosphorylation in PC12 cells. This suggests modulate neuronal plasticity. In support of this hypothe-
sis, stimuli that induce CREB-dependent L-LTP also pro-that PKA may regulate CRE-mediated gene expression

at additional sites, such as the association of CREB with mote the activation of ERK, the phosphorylation of
CREB, and the stimulation of CRE-regulated gene ex-its coactivator CBP (Brindle et al., 1995). We also found

that PKA activation enhanced the association of CREB pression (English and Sweatt, 1996; Impey et al., 1996).
Moreover, our work indicates that activation of ERK/with CBP in PC12 cells (S. I. and D. S., unpublished

data). Thus, PKA may contribute to Ca21-stimulated MAP kinase signaling is critical for the induction of L-LTP
and L-LTP–associated CRE-regulated transcription. Intranscription by multiple mechanisms, including stimu-

lation of the ERK pathway, facilitation of ERK nuclear this study, we delineate for the first time a clear link
between two processes strongly implicated in neuronaltranslocation, and the association of CREB with its tran-

scriptional coactivators. plasticity and learning: the ERK/MAP kinase cascade
and CREB-regulated gene expression.

Is the Activation of CREB by ERK Important Experimental Procedures
for Neuronal Plasticity and Learning?
Although a large body of evidence suggests that CREB- Pharmacology and Drug Treatments

Neurons or PC12 cells were pretreated with inhibitors for at leastmediated transcription plays a fundamental role in neu-
90 min. Exposure of PD98059 and isradipine to light was minimized.ronal plasticity and learning, it is not known which signal-
The sources and handling of inhibitors are provided upon request.ing cascades mediate plasticity-associated increases

in gene expression. Both the Ca21 and cAMP-mediated
Plasmidssignaling pathways have been implicated in neuronal
The following plasmids have been described previously: dominant

plasticity and learning. Coactivation of Ca21 and cAMP negative and constitutively active MEK (Seger et al., 1994), dominant
signaling may generate optimal levels of CREB-depen- negative Ras T17N (Coso et al., 1995), constitutively active Ras

Q61L (Johnson and Nathanson, 1994), KCREB (Walton et al., 1992),dent gene expression. For example, L-LTP and L-LTP–
Gal4–CREB (Hagiwara et al., 1992), CRE(a168)-luciferase (Matthewsassociated increases in CRE-regulated gene expression
et al., 1994), and dominant negative CaMK (Gringhuis et al., 1997).require the coactivation of both cAMP and Ca21 signal-
Details on the subcloning and purification of plasmids is provideding (Impey et al., 1996). Here, we show that the ERK/
on request.

MAP kinase pathway potentiates the activation of CRE-
mediated transcription by PKA. Cell Culture

ERK is robustly activated by Ca21 or synaptic activity Early passage PC12 cells (p19–30) were cultured as described in
in the CNS. For example, NMDA receptor stimulation Mark et al. (1995). Neurons were cultured as described in Chan et

al. (1998).leads to the activation of ERK in neuron cultures (Bading
and Greenberg, 1991). Furthermore, tetanic stimulation

Determination of cAMP Accumulationgenerates both LTP and ERK activation (English and
Intracellular cAMP levels were measured as described by Impey etSweatt, 1996), and the ERK cascade may be important
al. (1994).for the induction of LTP (English and Sweatt, 1997).

Interestingly, our data indicate that Erk-dependent sig-
Protein Kinase Assaysnaling is required for activity-induced CREB phosphory-
For immune complex kinase assays, cells were washed twice in

lation in hippocampal area CA1 and for the formation cold Hank’s balanced salt solution (HBSS) and collected at 48C in
of L-LTP and L-LTP–associated CRE-mediated gene ex- 0.5–1 ml of nondenaturing PBS-RIPA (PBS, pH 7.4, 1% NP-40, 1
pression. mM EDTA, 2 mM Na3VO4, 10 nM Calyculin A, 1 mM benzamidine,

10 mg/ml pepstatin, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 1 mMTwo recent studies implicate the ERK/MAP kinase
phenylmethysulfonyl fluoride [PMSF], and 10 mM NaF). The lysatespathway in the formation of long-term facilitation (LTF)
were triturated repeatedly through a 25.5 gauge needle and spunin Aplysia. ERK activation is both associated with and
10 min at 14,000 3 g. Lysates were precleared with 20 ml protein

necessary for LTF (Martin et al., 1997) and is required A or G (Pierce). Five to twenty micrograms of goat anti-Rsk1, goat
for the plasticity-associated downregulation of apCAM anti-Rsk2, or goat anti-Rsk3 antibody (Santa Cruz), 5 mg of mouse
(Bailey et al., 1997). This is intriguing, because downreg- anti-ERK antibody (Zymed), 5 mg of goat anti-rabbit p70 S6 kinase

antibody (Santa Cruz), or 2.5 mg of sheep anti-rabbit MAPKAP kinaseulation of the Drosophila apCAM homolog Fascicilin II,
2 antibody (UBI) was incubated with the supernatant for 4–6 hr.in concert with CREB activation, promotes functional
Thirty microliters protein A or G agarose (Pierce) was added for anplasticity at the neuromuscular junction (Davis et al.,
additional 4–16 hr. The protein A or G agarose was washed 5 times

1996). Other studies also provide indirect evidence that in RIPA wash buffer (PBS-RIPA with 0.25% NP-40). The protein A
ERK/MAP kinase signaling may be important for learning or G agarose was resuspended in 20 ml buffer H, and 5 ml was
and memory. The 14–3–3 protein, Leonardo, which is a assayed for kinase activity as described by Ahn et al. (1991). Myelin

basic protein (MBP), S6 peptide, MAPKAP kinase 2 assay peptide,positive regulator of Ras1-mediated signaling, is re-
or CREBtide were used as substrates. The CaMKIV immune complexquired for olfactory learning in Drosophila (Skoulakis
kinase assay was performed as described in Park and Soderlingand Davis, 1996). Furthermore, mice lacking the Ras
(1995).

guanine nucleotide exchange factor Ras-GRF show im-
paired learning (Brambilla et al., 1997). Finally, mutations

Western Blotting
of Rsk2 cause Coffin-Lowry Syndrome, which is charac- Agonist-treated cells were lysed in 2.53 boiling sample buffer and
terized by mental retardation and cranial dysmorphism boiled for 10 min. CA1 mini-slices were sonicated in 50 ml buffer H

(with 1 mM dithiothreitol [DTT]), centrifuged at 13,000 g, and lysed(Trivier et al., 1996).
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