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Activity-dependent changes in neuronal structure and synaptic
remodeling depend critically on gene regulation. In an attempt
to understand how glutamate receptor stimulation at the mem-
brane leads to gene regulation in the nucleus, we traced intra-
cellular signaling pathways targeting DNA regulatory elements
of immediate early genes (IEGs). For this purpose we used an in
vivo electrical stimulation of the glutamatergic corticostriatal
pathway. We show that a transient activation of extracellular
signal-regulated kinase (ERK) proteins (detected by immunocy-
tochemistry with an anti-active antibody) is spatially coincident
with the onset of IEG induction [c-fos, zif 268, and map kinase
phosphatase-1 (MKP-1) detected by in situ hybridization] in the
striatum, bilaterally. Both Elk-1 and CREB transcription factors
(targeting SRE and CRE DNA regulatory elements, respectively)
were hyperphosphorylated in register with ERK activation and
IEG mRNA induction. However, their hyperphosphorylation oc-

curred in different subcellular compartments: the cytoplasm
and the nucleus for Elk-1 and the nucleus for CREB. The role of
the ERK signaling cascade in gene regulation was confirmed
after intrastriatal and unilateral injection of the specific ERK
inhibitor PD 98059, which completely abolished c-fos, zif 268,
and MKP-1 mRNA induction in the injected side. Of interest,
both Elk-1 and CREB hyperphosphorylation also was impaired
after PD 98059 injection. Thus two different ERK modules, one
depending on the cytoplasmic activation of Elk-1 and the other
one depending on the nuclear activation of CREB, control IEG
transcriptional regulation in our model. Our findings provide
significant insights into intracellular mechanisms underlying
synaptic plasticity in the striatum.
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In the CNS, activity-dependent changes in gene expression can
elicit long-term adaptive responses underlying synaptic plasticity
(Sheng and Greenberg, 1990; Ginty et al., 1992; Ghosh and
Greenberg, 1995; Ginty, 1997). Glutamate, which is involved in
long-term potentiation (LTP), regulates the transcription of im-
mediate early genes (IEGs) such as c-fos. Two DNA regulatory
elements, at least, are crucial for this transcriptional regulation:
the cAMP/calcium-responsive element (CRE) and the serum-
responsive element (SRE) (Bading et al., 1993; Miranti et al.,
1995; Xia et al., 1996; Johnson et al., 1997). The CRE site is
controlled by the phosphorylation of the CRE binding protein
(CREB) on residue Ser 133 by cAMP-dependent kinase (PKA)
(Gonzalez and Montminy, 1989) and calcium/calmodulin-
dependent protein kinases (CaMKs) (Dash et al., 1991; Sheng et
al., 1991; Matthews et al., 1994; Sun et al., 1994).

Calcium signaling at the SRE DNA regulatory element is still
an enigma. This site is required for serum-induced c-fos expres-
sion (Treisman, 1992) in the context of mitotic cell regulation.
Together with flanking DNA sequences, it serves as sites for the
assembly of multiprotein complexes that include a dimer of serum
response factor (SRF) (Treisman, 1986; Norman et al., 1988;

Schröter et al., 1990) and a ternary complex factor (TCF) (Shaw
et al., 1989) (for review, see Treisman, 1992, 1995). Although
SRF is phosphorylated rapidly in response to mitogenic stimula-
tion and phosphorylation affects its DNA binding properties
(Rivera et al., 1993), a major regulatory input received by the
SRE is attributed to TCF phosphorylation (Hill et al., 1993).
Elk-1, the first TCF to be identified (Hipskind et al., 1991), is
phosphorylated rapidly on Ser 383 and Ser 389 in its C-terminal
region in response to the activation of extracellular signal-
regulated kinase (ERK) proteins (Marais et al., 1993; Hipskind et
al., 1994a,b). This increases its ability to form a ternary complex
with SRF and SRE (Gille et al., 1992, 1995) and to activate c-fos
transcription (Hill et al., 1993; Marais et al., 1993; Zinck et al.,
1993; Hipskind et al., 1994a,b; Janknecht et al., 1994).

In postmitotic neurons, ERK proteins are expressed abun-
dantly (Boulton and Cobb, 1991; Fiore et al., 1993a). They can be
activated in response to increases in intracellular calcium levels or
glutamate receptor stimulation (Bading and Greenberg, 1991;
Fiore et al., 1993b; Rosen et al., 1994; Kurino et al., 1995), and
this activation is critically required for LTP in rat hippocampus
(English and Sweat, 1996, 1997). However, whether ERK activa-
tion is required for glutamate-induced gene regulation remains to
be established.

We chose the in vivo stimulation of the corticostriatal pathway
as a promising model for studying ERK implication in glutamate-
induced IEG regulation (Sgambato et al., 1998). Stimulation of
glutamatergic cortical afferents (Reubi and Cuenod, 1979) can
elicit LTP in striatal neurons in vivo (Charpier and Deniau, 1997).
We show here that a transient activation of ERK targeting both
Elk-1 and CREB transcription factors in distinct subcellular com-
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partments is critically involved in IEG [c-fos, zif 268, and map
kinase phosphatase-1 (MKP-1)] mRNA induction.

MATERIALS AND METHODS
Corticostriatal stimulations
After anesthesia with pentobarbital (6 mg/kg, i.p.; Sanofi, Paris, France),
cortical electrical stimulations were applied in animals placed in a con-
ventional stereotaxic apparatus. Care was taken to minimize uncon-
trolled sources of stimulation; the skin around the points of stereotaxic
contention and areas of incision were numbed with Xylocaine. Body
temperature was monitored throughout the experiment and kept at
37–38°C with a homeothermic blanket. A small craniotomy was made
over the orofacial area of the motor cortex according to previously
described stereotaxic coordinates (Paxinos and Watson, 1986). Orofacial
cortical stimulations were applied through pairs of wires (Ni-Chrome, 0.2
mm diameter) 1.5 mm apart and inserted at a depth of 1.5 mm from the
cortical surface. Electrical stimuli consisted of trains of pulses of 200 mA
intensity and 50 msec duration delivered at frequencies of 250 Hz,
repeated at 4 Hz for a period varying from 15 to 60 min. The localization
of the jaw area was identified precisely by observing the motor effects
evoked by these electrical pulses. The polarity of electrodes was reversed
every 30 sec to avoid lesion of cortical tissue. Sham-stimulated rats were
treated identically except that no electrical stimulation was delivered. At
the end of stimulation, brains were processed for either neuroanatomical
(in vivo perfusion with PFA 4%) or biochemical (rapid extraction of
lateral or medial parts of the striatum) studies (see below).

Tissue preparation for in situ hybridization
and immunocytochemistry
Rat brains were fixed by intracardiac perfusion of 4% paraformaldehyde
(PFA) in 0.1 M Na2HPO4 /NaH2PO4 buffer, pH 7.5 (phosphate buffer),
delivered with a peristaltic pump at 50 ml/min during 10 min. Brains
were removed and post-fixed in the same fixative solution for 2 hr,
washed overnight in 0.1 M phosphate buffer containing 15% sucrose, and
then frozen in isopentane (for 1 min at 225°C). Sections (20 mm) were
cut on a microtome and then kept in a solution containing 30% ethylene
glycol, 30% glycerol, 0.1 M phosphate buffer, and 0.1% diethyl pyrocar-
bonate (DEPC; Sigma, Deisenhofen, Germany) at 220°C until they were
processed for in situ hybridization or immunohistochemistry.

Probe synthesis for in situ hybridization
The antisense (complementary to cellular mRNA) probes used in this
study were 33P-radiolabeled riboprobes. For c-fos, a 487 bp cDNA sub-
clone corresponding to exon 4 of human cDNA was linearized after
HindIII digestion and transcribed with T7 RNA polymerase. For zif 268
riboprobe, a murine zif 268 cDNA subclone corresponding to 1.6 kb was
linearized after HindIII digestion and transcribed with T7 RNA poly-
merase. MKP-1 riboprobe was transcribed from a murine MKP-1 cDNA
subclone corresponding to 663 bp with T7 RNA polymerase after lin-
earization with PstI. Transcription reactions contained 1 mM [a33P]-UTP
(3000 Ci/mmol; Isotopchim), 250 mM ATP, CTP, and GTP, and unla-
beled UTP (10.5 mM); the reactions were incubated at 39°C for 2 hr. After
DNase I digestion, the labeled RNA was purified by phenol /chloroform/
isoamyl alcohol (25:24:1) extraction and ethanol precipitation. Gel elec-
trophoresis showed the transcripts to be predominantly full length.

In situ hybridization
Free-floating sections were mounted on SuperFrost /plus slides (Menzel-
Gläser) in RNase-free conditions. Once dried, the mounted sections were
rinsed in PBS and treated for 10 min with 0.1 M glycine in 0.1 M Tris-HCl,
pH 7.4. The sections were rinsed for 5 min at 37°C in 0.1 M Tris-HCl, pH
8, and 50 mM EDTA, and were treated for 15 min at 37°C with 1 mg/ml
proteinase K in the same buffer. Before hybridization the sections were
subjected to the following treatments: post-fixation for 15 min in 4%
PFA, 5 mM MgCl2 in PBS at room temperature, acetylation for 20 min in
acetic anhydride/triethanolamine, pH 8, at room temperature, and step-
wise dehydration in alcohol. The following hybridization solution was
applied on sections, which then were covered with GelBond film (FMC
Bioproducts, Rockland, ME). The hybridization mixture contained 200
ng/ml (4 ng/section) of 33P-RNA probe in 20 mM Tris-HCl, pH 8, 300 mM
NaCl, 5 mM EDTA, 10% dextran sulfate, 13 Denhardt’s solution (0.02%
Ficoll, 0.02% polyvinyl pyrrolidone, and 10 mg/ml BSA), 0.5 mg/ml
Escherichia coli tRNA, 0.1 M dithiothreitol (DTT), and 50% formamide.

Hybridization was performed at 60°C in humid chambers for 16 hr. After
the GelBond coverslips were removed in 43 SSC (13 SSC is 0.15 M
NaCl/0.015 M Na citrate) and 10 mM DTT, the slides were washed in the
same solution for 1 hr at room temperature and then in 50% formamide,
10 mM Tris-HCl, pH 8, 75 mM NaCl, and 2.5 mM EDTA. Sections were
treated with RNase A (20 mg/ml; Sigma) in 400 mM NaCl, 10 mM
Tris-HCl, pH 7.5, and 50 mM EDTA for 1 hr at 37°C and then were
rinsed for 15 min at 60°C in 23 SSC, followed by 0.13 SSC. After
dehydration, the sections were air-dried and exposed with Biomax-MR
films (Kodak, Rochester, NY) for 3 d (for zif 268) or 6 d (for c-fos and
MKP-1 probes).

Immunocytochemistry
The immunohistochemical procedure was adapted from protocols pre-
viously described except that, for the detection of phosphorylated pro-
teins, 0.1 mM NaF was included in all buffers and incubation solutions.

Day 1. Free-floating sections were rinsed in Tris-buffered saline (TBS;
0.25 M Tris and 0.5 M NaCl, pH 7.5), incubated for 5 min in TBS
containing 3% H2O2 and 10% methanol, and then rinsed three times for
10 min each in TBS. After a 15 min incubation in 0.2% Triton X-100 in
TBS, the sections were rinsed three times in TBS. These were incubated
with the primary antibody (see below) for 72 hr at 4°C.

Day 2. After three rinses in TBS, the sections were incubated for 48 hr
at 4°C with the secondary biotinylated antibody (anti-IgG), using a
dilution twice that of the first antibody in TBS.

Day 3. After being washed (three times in TBS), the sections were
incubated overnight in avidin–biotin–peroxidase complex (ABC) solu-
tion (final dilution, 1:50; Vector Laboratories, Peterborough, UK).

Day 4. The sections were washed two times in TBS and two times in
TB (0.25 M Tris, pH 7.5) for 10 min each, placed in a solution of TB
containing 0.1% 3,39-diaminobenzidine (DAB; 50 mg/100 ml), and de-
veloped by H2O2 addition (0.02%). After processing, the tissue sections
were mounted onto gelatin-coated slides and dehydrated through alcohol
to xylene for light microscopic examination.

Tissue preparation for Western blot analysis
Day 1. Tissue samples were extracted rapidly from the brain and lysed in
solubilization buffer [containing (in mM) 10 Tris-Cl, 50 NaCl, 30 sodium
pyrophosphate, 50 NaF, 1 DTT, and 0.5 benzamidine plus 1% Triton
X-100, 5 mM ZnCl2 , 100 mM Na3VO4 , 5 nM okadaic acid, 2.5 mg each of
aprotinin, pepstatin, and leupeptin, and 0.5 mM PMSF]. Insoluble mate-
rial was removed by centrifugation (13,000 rpm for 20 min at 4°C). Cell
lysates (30, 20, or 10 mg per lane for the detection of P-Elk-1, P-CREB,
and P-ERK, respectively) were separated by 10% SDS-PAGE before
electrophoretic transfer onto polyvinylidene difluoride membrane
(PVDF; ICN Biochemicals, Paris, France). The blots were saturated (for
1 hr at room temperature) with BSA (Fraction V, Sigma) 8% (for
P-Elk-1) or 5% (for P-ERK and P-CREB) and incubated (overnight at
4°C) with the anti-active antibodies (see below).

Day 2. Subsequently, the blots were incubated for 2 hr at room
temperature with goat anti-rabbit horseradish peroxydase-conjugated
antibodies before exposure to the ECL substrate. Then the blots were
stripped (glycine-HCl, pH 2.8, two times for 20 min at 55°C) and
saturated overnight in 5% nonfat dry milk.

Day 3. Then the blots were incubated with the nonactive antibodies
(see below). The efficacy of the stripping step was assessed by omitting
the first antibody and verifying the lack of signals on the blot.

Antibodies
The anti-active antibodies used in this study were polyclonal antibodies
raised against the dually phosphorylated Thr/Glu/Tyr region within the
catalytic core of the active form of p44/ERK1 and p42/ERK2 [and
corresponding to Thr 183–Tyr 185 in p42/ERK2 (Promega, Paris,
France)], a phospho-Ser 133 peptide corresponding to residues 129–137 of
human CREB (New England Biolabs, Beverly, MA), and a phospho-
Ser 383 peptide corresponding to residues 379–392 of human Elk-1 (New
England Biolabs). The dilutions used for immunostaining were 1:100 for
P-ERK and P-CREB antisera and 1:80 for P-Elk-1 antiserum. For
Western blot analysis the dilutions were 1:2500 for P-ERK antiserum,
1:500 for P-CREB antiserum, and 1:100 for P-Elk-1 antiserum.

The nonactive antibody used for immunostaining (dilution 1:250) was
a rabbit anti-ERK antibody raised against a peptide corresponding to the
345–358 region within the C terminus of the rat ERK2 (Santa Cruz
Biotechnology). For Western blot analysis the nonactive antibodies used
were anti-ERK antibody (1:4000; Santa Cruz Biotechnology), anti-Elk-1
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antibody (1:1000; rabbit polyclonal antibody raised against a recombinant
protein corresponding to the C-terminal region of human Elk-1), and
anti-CREB antibody raised against a peptide corresponding to residues
123–137 of human CREB (1:1000; New England Biolabs).

Data analysis
Tissue sections of stimulated rats (15, 30, 45, and 60 min), which were
processed for immunocytochemistry by using the anti-active antibodies,
were examined under light microscope. P-ERK-, P-Elk-1-, and P-CREB-
positive neurons were plotted at 253 magnification with a computerized
image analyzer (Biocom, Paris, France). Cell counts were performed for
each rat in the ipsilateral striatum to the cortical stimulation in a total
surface area of 2.7 mm 2.

Striatal injection of PD 98059
PD 98059 was dissolved in dimethyl sulfoxide (Me2SO) to obtain a 10 mM
stock solution. Then it was diluted 1:100 in 0.9% NaCl (final concentra-
tion, 100 mM). The compound was stereotaxically delivered (6 ml),
unilaterally, in the lateral part of the striatum [bregma: anterior 9 mm,
lateral 3.5 mm, and depth 5.5 mm, according to Paxinos and Watson
(1986)] by pressure injection through a Hamilton syringe fit with a glass
micropipette (internal tip diameter, 50 mm). The injection was made over
a total period of 55 min (45 min before stimulation, followed by 10 min
during stimulation), and the needle was left in place for 5 min before
withdrawal. Then the animals were perfused with 4% PFA as described
below. Sham-injected rats were treated identically except that the glass
micropipette contained only the vehicle diluted in 0.9% NaCl.

RESULTS
Kinetics of ERK activation and IEG transcriptional
regulation on corticostriatal pathway stimulation
The activation of ERK proteins, detected with an antiserum
specifically recognizing their phosphorylated form (anti-phospho-
Thr183 and -Tyr185), was not observed in the striatum of sham-
stimulated rats (Fig. 1A). Similarly, although there was a clear
activation in the implanted cerebral cortex, neither c-fos nor zif
268 mRNAs, detected by in situ hybridization, were upregulated
in the striatum of these rats (Fig. 1D,G). A short-term electrical
stimulation (15 min) applied unilaterally in the motor cortex
induced intense P-ERK immunostaining (Fig. 1B) precisely in
the projection area of stimulated cortical neurons: the lateral
striatum (Sgambato et al., 1997). The bilaterality of the cortico-
striatal afferents (McGeorge and Faull, 1987) was reflected by a
bilateral induction of P-ERK immunoreactivity in the lateral
striatum. The upregulation of c-fos and zif 268 mRNAs, detected
on adjacent brain sections, was spatiotemporally coincident with
P-ERK induction at this time point (compare Fig. 1B with E and
H). Remarkably, after long-term stimulation (60 min) P-ERK
immunoreactivity clearly was reduced bilaterally in the lateral
striatum (Fig. 1C). This reduction contrasted with the sustained
induction of both messengers in these striatal areas (Fig. 1F,I).

To determine the kinetics of ERK activation, we measured
P-ERK immunoreactivity after 15, 30, 45, and 60 min of stimu-
lation (Fig. 2A). In the medial striatum, corresponding to the
nonactivated area, P-ERK immunostaining did not vary regard-
less of the stimulation duration that was used. In the lateral
striatum, the activated projection area, the immunoreactive signal
was significantly higher than in the medial striatum after 15, 30,
and 45 min of stimulation. However P-ERK induction was tran-
sient. The maximal signal was found at 15 min; it then slowly
declined from 30 to 45 min and returned to basal levels at 60 min.
Contrasting with the transient P-ERK induction, c-fos and zif 268
mRNA levels increased progressively between 15 and 30 min,
reached maximal levels at 30 min, and then remained stable (Fig.
2B,C). In the medial part of the striatum, regardless of the
stimulation duration that was used, no hybridization signals were

detectable for c-fos mRNA, and the constitutive levels of zif 268
mRNA did not vary (Fig. 2B,C).

The progressive dephosphorylation of ERK proteins observed
in the activated lateral striatum suggested a possible negative
feedback regulation arising from a specific phosphatase. MKP-1
is described in vitro on cell line models as an IEG for which the
rapid transcription by mitogens and subsequent translation are
suggestive of a feedback loop mechanism providing a rapid inac-
tivation of ERK (Charles et al., 1993; Sun et al., 1993). We thus
tested whether MKP-1 mRNA could be upregulated in vivo in
our model. In sham-stimulated rats, although MKP-1 mRNAs
were induced in the implanted cortex, no signal was detectable in
both striata (Fig. 3A). At 15 min of stimulation, MKP-1 mRNAs
were induced bilaterally and specifically in the lateral striatum,
matching the spatial ordering of ERK activation (compare Figs.
3B and 1B). By increasing the stimulation from 15 to 60 min,
MKP-1 mRNA induction was enhanced further in the lateral
striatum, whereas levels of this mRNA remained low in the
medial part of the striatum (Fig. 3D). At 60 min, a strong MKP-1
mRNA induction occurred in a tight spatial register with the
slight ERK activation (compare Figs. 3C and 1C). Thus, cortico-
striatal pathway stimulation leads to a rapid and sustained induc-
tion of MKP-1 mRNA, which is likely to account for a negative

Figure 1. ERK activation occurs in a tight spatial register with c-fos and
zif 268 mRNA induction after unilateral stimulation of the corticostriatal
pathway. Brain sections were processed for P-ERK immunoreactivity
(A–C) and in situ hybridization of c-fos (D–F) and zif 268 (G–I) mRNAs.
Sham-stimulated rats (sham; A, D, G) were electrode-implanted in the
right cerebral cortex (arrow in A). Although P-ERK immunostaining (A)
is not detectable, c-fos (D) and zif 268 (G) mRNAs are induced slightly
in the implanted cortex, with no apparent upregulated signal in the
striatum of sham-stimulated rats. Stimulated rats were electrode-
implanted in the right cerebral cortex and received electrical cortical
stimulation (double arrows in B, C) for either 15 min (159 stim; B, E, H )
or 60 min (609 stim; C, F, I ). At 15 min of stimulation a strong activation
of P-ERK ( B) occurred bilaterally in the lateral striatum (lSt), but not in
the medial striatum (mSt). Note that this activation occurs in a spatial
register with both c-fos (E) and zif 268 (H ) mRNA induction. At 60 min
of cortical stimulation, although ERK activation ( C) decreased in the
lateral striatum, c-fos (F) and zif 268 ( I ) mRNAs remained strongly
induced bilaterally.
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feedback loop underlying ERK dephosphorylation after 45 and
60 min of stimulation.

Coincident activation of ERK, Elk-1, and CREB on
corticostriatal stimulation
On cell lines after serum activation, ERK phosphorylation leads
to SRE-driven gene regulation via the hyperphosphorylation of
Elk-1 (Hill et al., 1993; Marais et al., 1993; Zinck et al., 1993;
Hipskind et al., 1994a,b; Janknecht et al., 1994). Recent evidence
also indicates that, in neurotrophin-activated PC12 cells or pri-
mary cortical neurons, CREB is targeted by ribosomal protein S6
kinase (RSK) (Xing et al., 1996; Finkbeiner et al., 1997), a
substrate of ERK proteins (Strugill et al., 1988) (for review, see
Seger and Krebs, 1995). We thus searched to trace whether ERK
activation, observed at 15 min, was associated with Elk-1 and/or
CREB hyperphosphorylation. For this purpose we used anti-
active Elk-1 (anti-phospho-Ser383) and CREB (anti-phospho-
Ser133) antibodies, together with the anti-active ERK antibody.
Immunocytochemical detection of these antibodies was analyzed
on sections adjacent to those used for P-ERK and IEG mRNA
detection in sham and 15-min-stimulated rats. In sham animals,
although P-ERK immunoreactivity was undetectable in the whole
striatum (Fig. 4A,B), low constitutive labeling was detectable in
the nuclei for P-Elk-1 (Fig. 4E,F) and P-CREB (Fig. 4 I,J). In the

Figure 2. Kinetics of ERK activation and c-fos and zif 268 transcriptional
regulation on corticostriatal stimulation. Statistical comparisons were
performed from three independent animals for each time point, using an
image analyzer (IMSTAR, Paris, France). A, Densitometric measure-
ments of P-ERK immunostaining. Signals were significantly higher in the
lateral striatum (lSt) than in the medial striatum (mSt) after 15, 30, and 45
min of stimulation (*p , 0.05, paired Student’s t test), but not at 60 min.
P-ERK immunoreactivity was maximal at 15 min and then progressively
decreased to return to basal levels. B, C, Autoradiographic signals from
c-fos ( B) and zif 268 (C) mRNA detection. Both mRNA levels were
significantly higher in the lSt than in the mSt, regardless of the stimulation
period used (**p , 0.01, paired Student’s t test). Moreover, messenger
levels were significantly higher at 30 than at 15 min of stimulation ( p ,
0.05, unpaired Student’s t test) and then remained high. Note that the
transient activation of ERK correlated with a sustained transcriptional
regulation of both messengers.

Figure 3. MKP-1 mRNA induction on corticostriatal stimulation. Brain
sections of sham-stimulated and stimulated rats were processed for in situ
hybridization of MKP-1 mRNAs (A–C). In sham-stimulated rats (A)
MKP-1 mRNA levels were detected in the implanted cortex, with no
apparent signal in the striatum. By contrast, at 15 min of stimulation ( B),
although no signals were detected in the medial striatum, MKP-1 mRNA
was strongly induced bilaterally in the lateral striatum. This induction
persisted at 60 min of stimulation ( C). Note that MKP-1 induction
spatiotemporally correlated with the ERK activation and IEG induc-
tion shown in Figure 1. B, Statistical comparisons were performed
from three independent animals with an image analyzer (IMSTAR)
after densitometric measurements of mRNA signals on autoradio-
grams. MKP-1 mRNA levels were significantly higher in the lateral
striatum (lSt) than in the medial striatum (mSt), regardless of the
stimulation period used (**p , 0.01, paired Student’s t test).
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medial striatum of stimulated rats, P-ERK (Fig. 4C), P-Elk-1 (Fig.
4G), and P-CREB (Fig. 4K) showed the same pattern of immu-
noreactivity as in sham animals. Thus, phosphorylation events
were not influenced by the surgery and electrode manipulation.

By contrast, in the lateral striatum of 15-min-stimulated rats,
immunostaining for P-ERK (Fig. 4D), P-Elk-1 (Fig. 4H), and
P-CREB (Fig. 4L) was increased markedly, in a tight correspon-
dence with IEG induction (data not shown). In this striatal part
the P-ERK-positive neurons showed immunostaining in cytoplas-
mic compartments (including the dendrites; Fig. 4D, thin arrow)
suggestive of a local activation of the protein. Moreover, the
appearance of strong nuclear staining (Fig. 4D, arrowhead) was in
favor of a nuclear translocation of activated ERK proteins.

P-Elk-1 immunostaining was increased markedly in nuclei (Fig.
4H, arrowhead) but also in cytoplasmic (soma and dendrites; Fig.
4H, thin arrow) compartments of activated striatal neurons. Thus,
in postsynaptic striatal cells, Elk-1 hyperphosphorylation oc-
curred not only in the nucleus, where it can activate the SRE–
DNA regulatory element of IEG promoters, but also in the
cytoplasm. By contrast, CREB hyperphosphorylation was ob-
served exclusively in cell nuclei (Fig. 4L, arrowhead), a result in
full agreement with previous studies showing its strictly nuclear
localization and regulation (Yamamoto et al., 1989).

To confirm biochemically the specificity of anti-active antibod-
ies used in immunocytochemistry, we performed Western blots
on extracts prepared from striata of stimulated rats (Fig. 5A–C).

Figure 4. Hyperphosphorylation of ERK, Elk-1, and CREB after 15 min of corticostriatal stimulation. Adjacent brain sections of sham (lef t panels) or
15-min-stimulated (159 stim; right panels) rats were processed in parallel for P-ERK (A–D), P-Elk-1 (E–H ), and P-CREB ( I–L) immunohistochemistry.
In the medial striatum (mSt) and lateral striatum (lSt) of sham animals, although no constitutive expression of P-ERK was detectable (A, B), a slight
constitutive nuclear expression was visible for P-Elk-1 (E, F ) and P-CREB (I, J ). In the mSt of 159-stimulated rats, immunolabeling for P-ERK (C),
P-Elk-1 ( G), and P-CREB ( K ) was similar to that in sham. By contrast, a clear increase of P-ERK ( D), P-Elk-1 ( H ), and P-CREB ( L) was detectable
in the lSt. The activation of ERK (D) occurred in both nuclear (arrowhead) and cytoplasmic (thin arrow) neuronal compartments. Similarly, Elk-1
hyperphosphorylation (H ) occurred in the nucleus (arrowhead) as well as in cytoplasmic compartments (thin arrow). Finally, CREB activation (L) was
restricted to the nucleus (arrowhead) of striatal cells. Data are representative of three independent rats for each group. Scale bar, 1 cm 5 15 mm.
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P-ERK antibody yielded two bands of 42 and 44 kDa, the ex-
pected sizes for ERKs 1 and 2 (Fig. 5A). The P-ERK immuno-
reactivity clearly was increased in extracts from the lateral stria-
tum relative to those from the medial striatum. This increase
reflected ERK activation, because comparable levels of ERKs 1
and 2 were present in both extracts (Fig. 5A). Similarly, the
P-Elk-1 antibody, which yielded one band of 62 kDa, the expected
size for Elk-1, gave increased signals in extracts from the lateral
striatum relative to those from the medial striatum, whereas
comparable levels of total Elk-1 were present in both extracts
(Fig. 5B). With P-CREB antibody, a 43 kDa band also was
induced specifically in extracts from the lateral striatum when
compared with those relative to the medial striatum (Fig. 5C),
whereas levels of nonphosphorylated CREB proteins (corre-
sponding to 43 kDa molecular weight) were similar in both
extracts.

Long-term stimulation leads to a dephosphorylation of
ERK, Elk-1, and CREB
A comparative analysis of P-ERK-, P-Elk-1-, and P-CREB-
positive cells was performed after various stimulation time points.
We observed a significant decrease in the number of P-ERK-
positive neurons between 30 and 45 min and at 60 min (Fig. 6A).
At this time point only a few neuronal cells remained labeled for
P-ERK in the lateral striatum (Fig. 6C). In these cells P-ERK was
still detectable in cytoplasmic (Fig. 6C, thin arrow) and nuclear
(Fig. 6C, arrowhead) compartments. For P-Elk-1 and P-CREB,
only cells presenting hyperphosphorylation were counted in this
area. This showed a significant decrease between 15 and 30 min,
which continuously declined thereafter to reach very low values at
60 min (Fig. 6A). At this time point very few P-Elk-1 cells were
detectable in the lateral striatum (Fig. 6E). These latter cells were
large neurons with a strong immunoreactive nucleus (Fig. 6E,
arrowhead) and long immunostained proximal dendrites (Fig. 6E,
thin arrow). Similarly, P-CREB immunocytochemistry was de-
creased markedly in the lateral striatum at 60 min of stimulation
(Fig. 6G). Some scarce neurons also showed strong nuclear im-
munolabeling (Fig. 6G, arrowhead). Noteworthy, even the consti-
tutive immunostaining of P-Elk-1 and P-CREB observed in the
medial striatum (Fig. 6D,F) was no longer detectable in the
lateral striatum after 60 min of stimulation.

Thus, after long-term stimulation the drastic decrease of
P-Elk-1 and P-CREB immunoreactivity contrasted with a slighter
decrease of P-ERK. These data suggest that the dephosphoryla-
tion of these transcription factors was not fully coupled with ERK
inactivation.

Parke Davis 98059, an inhibitor of ERK activation,
abolishes cortically driven IEG induction in
the striatum
At 15 min, P-ERK was correlated spatially with the onset of IEG
induction, a result strongly suggesting a relationship between
these events. To go further in the role of the ERK pathway in
IEG induction, we analyzed the role of PD 98059, a specific
MEK-1 and MEK-2 inhibitor with IC50 values of 10 and 50 mM,
respectively (Pang et al., 1995). The specificity of PD 98059 for
MEK-1 and MEK-2 has been demonstrated in experiments in
which PD 98059 failed to inhibit the activity of 18 other Ser/Thr
kinases (Alessi et al., 1995; Dudley et al., 1995). We injected PD
98059 at 100 mM stereotaxically in the lateral striatum. This
injection was performed unilaterally (ipsilaterally to the stimula-
tion) 45 min before and during the 15 min stimulation. We chose
this stimulation period because ERK activation was maximal at
this time point (Fig. 6A).

Although the unilateral injection of vehicle did not affect stri-
atal ERK activation (Fig. 7B), cortically driven P-ERK induction
was abolished completely after PD 98059 injection in the injected
striatum (Fig. 7D, asterisk), and not contralaterally (Fig. 7C).
Total ERK proteins remained unchanged after PD 98059 injec-
tion (Fig. 7H), thus demonstrating that PD 98059 affects ERK
activation, and not ERK protein levels. Counterstaining by cresyl
violet revealed the integrity of neuronal cells in both striata (data
not shown).

We then analyzed, on sections adjacent to those used above,
IEG mRNA induction. In vehicle-injected rats the stimulation
induced a striatal bilateral induction of c-fos (Fig. 7I), zif 268 (Fig.
7K), and MKP-1 (Fig. 7M) mRNAs. By contrast, in PD 98059-
injected rats a complete inhibition of c-fos (Fig. 7J), zif 268 (Fig.
7L), and MKP-1 (Fig. 7N) mRNA induction was observed in the
injected striatum (Fig. 7, asterisk), in register with the prevention
of ERK activation. Cortically driven ERK activation and IEG
induction were still detected in the contralateral striatum to PD
98059 injection, thus demonstrating the efficacy of the cortical
stimulation. In some experiments in which a smaller PD 98059
volume was tested, we obtained a limited inhibition of c-fos and zif
268 mRNAs in a spatial register with the blockade of ERK
activation (data not shown). Together, these results indicate that
IEG induction strictly depends on the ERK cascade activation.

ERK proteins dually control Elk-1 and
CREB hyperphosphorylation
The hyperphosphorylation of Elk-1 and CREB appeared in the
lateral striatum at 15 min of stimulation, i.e., concomitantly to
ERK activation and in a strict spatial correspondence with IEG
induction. We thus addressed a possible role of the ERK cascade
activation in the regulation of these transcription factors. For this
purpose, anti-active Elk-1 (Fig. 8E–H) and CREB (Fig. 8I–L)
immunostaining were performed, after PD 98059 injection, on
sections adjacent to those processed for P-ERK labeling (Fig.
8A–D). In the PD 98059-injected striatum, P-Elk-1 immunoreac-
tivity was no longer increased (compare Fig. 8, H with G), thus
indicating its downregulation after the ERK blockade. On the
contralateral side to PD 98059 injection, P-Elk-1 immunoreactiv-
ity remained increased in the lateral striatum (compare Fig. 8, E
with F). These results indicate that Elk-1 hyperphosphorylation
depends strictly on the ERK cascade activation.

More surprisingly, we also observed an abolition of P-CREB
increase after PD 98059 injection (compare Fig. 8, L with K).
This was not the case in the contralateral side, where a strong

Figure 5. Western blot analysis of P-ERK, P-Elk-1, and P-CREB immu-
noreactivity in medial and lateral parts of the striatum after 15 min of
stimulation. Extracts of medial (mSt) and lateral (lSt) striatum were
dissected rapidly and processed for Western blots. Detection of anti-
active proteins was analyzed first, and then total proteins were visualized
on the same blot after a stripping procedure. Note the increase of P-ERK
(A), P-Elk-1 (B), and P-CREB (C) immunoreactivities in the lSt when
compared with the mSt and the same level of total ERKs ( A), Elk-1 (B),
and CREB ( C) proteins in both striatal regions. Molecular weights (in
kDa) are indicated to the right of each blot.
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hyperphosphorylation of CREB was still detectable in the lateral
striatum (compare Fig. 8, I with J). Thus CREB hyperphospho-
rylation also depends on the ERK cascade activation in our
model.

DISCUSSION
Three central findings emerge from this in vivo study. First, a
transient activation of the ERK signaling pathway is crucial for
cortically driven IEG induction. Second, both Elk-1 and CREB
transcription factors are targeted by this signaling pathway. This
is, to our knowledge, the first demonstration of a dual role of
ERK proteins in CRE- and SRE-driven transcriptional regulation
in the adult CNS. Third, although CREB activation is strictly
nuclear, Elk-1 hyperphosphorylation occurs in both cytoplasmic
and nuclear compartments of striatal neurons.

Cortically driven IEG induction is controlled by
ERK proteins
From in vitro models that use the transiently transfected c-fos
reporter gene, we know that ERK-mediated gene regulation
depends on cell lines and mode of calcium entry (Miranti et al.,
1995; Xia et al., 1996; Johnson et al., 1997). To address the
involvement of ERK in gene regulation in vivo, we used electrical
stimulation of the glutamatergic corticostriatal pathway that leads
to a topographical induction of IEGs in the striatum (Sgambato
et al., 1997, 1998). The strict spatiotemporal coincidence between
ERK activation and the onset of messenger induction suggested
that this signaling pathway is required for cortically driven gene
regulation. This was confirmed after intrastriatal injection of the
MEK inhibitor PD 98059, which completely abolished c-fos and
zif 268 as well as MKP-1 mRNA upregulation. Analysis of the
transcription factors Elk-1 and CREB allowed us to better un-
derstand how ERK proteins controlled the expression of these
genes.

ERK dually controls Elk-1 and
CREB hyperphosphorylation
We traced intracellular events linking ERK activation to gene
regulation and found a hyperphosphorylation of Elk-1 and CREB
in a strict spatial register with P-ERK and IEG mRNA induction.
The critical role played by ERK in the activation of these tran-
scription factors was demonstrated after PD 98059 injection. This
treatment impaired Elk-1 hyperphosphorylation, a result in
agreement with its being a target of ERK. Although the activa-
tion of the SRF was not measured in our study, our data suggest
that the ERK/Elk-1 module played a necessary and sufficient role
in the activation of SRE sites located in the promoter of both c-fos
and zif 268.

Calcium-induced CREB phosphorylation classically depends
on CaMKs (Sheng et al., 1990) or PKA (Impey et al., 1996). In
the latter case a calcium/calmodulin-sensitive adenylyl cyclase

Figure 6. Inactivation of ERK, Elk-1, and CREB after 60 min of corti-
costriatal stimulation. A, Quantification of P-ERK, P-Elk-1, and P-CREB
immunoreactive striatal cells at 15, 30, 45, and 60 min of corticostriatal
stimulation (n 5 3 rats for each stimulation period). Cells counts were
performed with an image analyzer (Biocom) in the lateral striatum
ipsilaterally to the stimulation (total surface area examined, 2.7 mm 2).
Statistical comparisons were performed with a one-way ANOVA. **p ,
0.01 when comparing P-ERK immunostaining between 45 and 30 min;
°p , 0.05 when comparing P-Elk-1 and P-CREB immunostaining between
15 and 30 min; p , 0.05 when comparing P-CREB with P-ERK at 45 and
60 min; #p , 0.05 when comparing P-Elk-1 with P-ERK at 60 min.
Adjacent brain sections of 60-min-stimulated rats were processed in
parallel for P-ERK (B, C), P-Elk-1 (D, E), and P-CREB (F, G) immuno-
histochemistry. In the lateral striatum (lSt) few P-ERK immunoreactive

4

cells were found ( C) when compared with those in Figure 4 D. These cells
presented both nuclear (arrowhead) and cytoplasmic (thin arrow) staining.
E, Very few large neurons remained immunolabeled for P-Elk-1 in the lSt
when compared with those in Figure 4H. Here again, the labeling was
detectable in the nucleus (arrowhead) as well as in the cytoplasmic
compartments (thin arrow). Similarly, CREB hyperphosphorylation (G)
occurred in the nucleus of very few cells (arrowhead). Note that the
constitutive immunolabeling observed in the medial striatum (mSt) for
P-Elk-1 (D) and P-CREB ( F) is no longer detectable in the lSt (E and G,
respectively). Data are representative of three independent 60-min-
stimulated rats. Scale bar, 1 cm 5 15 mm.
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could be stimulated by calcium influx. However, neither CaMK
nor PKA seems to be implicated directly in CREB phosphoryla-
tion in our model, because the PD 98059 inhibitor completely
abolished CREB hyperphosphorylation. Thus, we hypothesize
that ERK activation plays a critical role in CREB regulation
(results discussed below). This result highlights the interesting
hypothesis that genes containing CRE, and not SRE, DNA reg-
ulatory elements, like MKP-1 (Noguchi et al., 1993; Kwak et al.,
1994), could be regulated by an ERK-dependent pathway. In
neurotrophin-treated PC12 cells and primary cortical neurons,
CREB is targeted by RSK (Xing et al., 1996; Finkbeiner et al.,
1997), a substrate of ERK proteins (Strugill et al., 1988). Thus we
might propose that the ERK-dependent CREB activation impli-
cates RSK as an intermediate in our model. This hypothesis was

not tested because of the lack of commercially available anti-
active RSK antibodies.

Together, these data show that glutamate-induced IEG induc-
tion is dependent on ERK activation targeting both SRE and
CRE sites. This is consistent with a study showing that these
DNA sequences are essential for the calcium-driven induction of
a c-fos reporter gene in transgenic mice (Robertson et al., 1995).
In vitro, the phosphorylation of CREB or Elk-1 can recruit the
CREB binding protein (CBP) coactivator (Kwok et al., 1994;
Janknecht and Nordheim, 1996) to facilitate the assembly of the
polymerase II transcription complex at the TATA box that leads
to the initiation of transcription. Whether the concomitant acti-
vation of CBP by CREB and Elk-1 occurs in vivo remains to be
established. However, this could provide the molecular mecha-

Figure 7. Parke Davis 98059 abolishes IEG in-
duction after 15 min of corticostriatal stimulation.
The MEK inhibitor PD 98059 (right columns) or
the vehicle (lef t columns) was injected in the lat-
eral striatum (lSt) unilaterally and ipsilaterally to
the electrode implantation. After 15 min of stim-
ulation, brains were processed for P-ERK (A–D)
and ERK ( E–H) immunoreactivity and in situ
hybridization of c-fos (I, J ), zif 268 (K, L), and
MKP-1 (M, N ) mRNAs. In vehicle-injected rats
the stimulation induced a strong bilateral activa-
tion of ERK in the lSt (A, B). By contrast, in PD
98059-injected rats this stimulation produced
ERK activation contralaterally (C), but not ipsi-
laterally (D; asterisk), to the inhibitor injection
site. ERK immunostaining remained unchanged
in vehicle-injected (E, F ) and PD 98059-injected
(G, H ) rats. In vehicle-injected rats the cortical
stimulation led to a bilateral induction of c-fos ( I ),
zif 268 (K), and MKP-1 (M ) mRNAs. In PD
98059-injected rats, although IEG mRNAs were
still induced contralaterally to the inhibitor injec-
tion site, an impairment of induction for c-fos ( J)
zif 268 (L), and MKP-1 ( N ) was observed ipsilat-
erally (asterisk) to the PD 98059 injection. These
data are representative of three independent rats
for each group. Scale bar, 1 cm 5 50 mm.
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nism by which the activation of different DNA regulatory ele-
ments can act synergistically to activate IEG transcription.

Persistent IEG induction contrasts with transient
activation of both ERK modules
ERK protein activation was transient in our model. This is
consistent with data showing that a transient activation of these
proteins is necessary and sufficient to drive LTP in the rat
hippocampus (English and Sweatt, 1997). Whether the transient
activation of ERK was sufficient to drive long-term gene regula-
tion in our model remains to be established. In that way, consid-
ering that both Elk-1 and CREB also were dephosphorylated at
this time point, a CaMK–SRF module (Miranti et al., 1995)
could relay glutamate-induced gene regulation at late time points.

The strong and early induction of mRNA encoding MKP-1
protein, one of the phosphatases involved in ERK inactivation in
transfected cells (Alessi et al., 1993; Sun et al., 1993), was coin-
cident with the progressive ERK inactivation. Although MKP-1
preferentially attenuates signaling via the JNK/SAPK and p38
MAPK pathways (Franklin and Kraft, 1997), its strong induction
likely was related to ERK inactivation, because neither JNK/
SAPK nor p38 MAPK was activated after short- or long-term
corticostriatal stimulation (data not shown). Additional mecha-
nisms may underlie the drastic dephosphorylation of Elk-1 and
CREB, which showed lower levels of phosphorylation than in
basal conditions. Calcineurin, a calcium-responsive phosphatase
widely expressed in the striatum (Yakel, 1997), is implicated in

CREB dephosphorylation (Bito et al., 1996) and also represents
the major Elk-1 serine–threonine phosphatase (Sugimoto et al.,
1997). Its role in the dephosphorylation of both transcription
factors would be consistent with its being critically involved in
LTP (Winder et al., 1998).

Elk-1 and CREB activation occurs in different
subcellular compartments
A striking feature of this work was the visualization of activated
proteins in various subcellular compartments, i.e., activation of
ERK and Elk-1 in cytoplasmic (dendritic and somatic) and nu-
clear compartments, and an exclusively nuclear CREB activation.
ERK proteins are, in their nonactivated state, enriched in den-
dritic and somatic compartments (Fiore et al., 1993a; Ortiz et al.,
1995). The presence of activated proteins, i.e., phosphorylated, in
dendrites suggests a local activation by calcium influx. Corticos-
triatal afferents impinge precisely on the dendritic spines (Smith
and Bolam, 1990) of striatal neurons, on which are localized both
AMPA and NMDA glutamatergic receptors (Bernard et al.,
1997; V. Bernard and J. P. Bolam, unpublished observations).
The NMDA receptors, which may be critically involved in
calcium-dependent LTP in the striatum (Charpier and Deniau,
1997), is implicated in striatal Fos induction after cortical stimu-
lation (Abo et al., 1994; Liste et al., 1995). Key intermediate
downstream NMDA receptors appear to be the calcium-
dependent nonreceptor tyrosine kinases, PYK2 or FAK, which in
turn can activate the ras-dependent signaling pathway: ras/raf /

Figure 8. ERK proteins dually control Elk-1 and
CREB hyperphosphorylation. Brains of PD 98059-
injected rats, stimulated for 15 min, were processed
for P-ERK (A–D), P-Elk-1 (E–H), and P-CREB
( I–L) immunoreactivity. The injection of PD 98059
completely prevented ERK activation in the lateral
striatum (lSt) ipsilaterally (D), but not contralaterally
(A), to the inhibitor injection site. In the medial
striatum (mSt) P-ERK immunoreactivity remained
low in both sites (B, C). On sections adjacent to those
used below, Elk-1 and CREB hyperphosphorylation
were impaired in the lSt ipsilaterally (H and L, respec-
tively), but not contralaterally (E and I, respectively),
to the PD 98059 injection. The constitutive P-Elk-1
(F, G) and P-CREB (J, K ) immunostaining remained
low in both medial striata and was comparable to the
immunolabeling observed in lSt ipsilaterally to the PD
98059 injection (H, L). Scale bar, 1 cm 5 25 mm.
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MEK/ERK (Lev et al., 1995; Siciliano et al., 1996). Interestingly,
B-Raf, a member of the raf family, which is enriched in the
striatum (Barnier et al., 1995), also is localized in dendrites of
striatal neurons.

On cell line models Elk-1 is described as a nuclear transcription
factor (Janknecht et al., 1994), which can be phosphorylated
locally after the nuclear translocation of activated ERK proteins
(Chen et al., 1992). However, in postmitotic neuronal cells Elk-1
is present in its nonactivated state in cytoplasmic and nuclear
compartments (Sgambato et al., 1998). The finding of hyperphos-
phorylated Elk-1 in nuclear compartments after glutamate acti-
vation is in agreement with its being a nuclear transcription
factor. The presence of activated Elk-1 along with P-ERK in
non-nuclear compartments (including the dendrites) indicates
that it can be phosphorylated locally, near the calcium entry, by
activated ERK proteins. In support of this is the observation that
PD 98059 injection abolished the dendritic hyperphosphorylation
of Elk-1. Whether Elk-1 then can translocate to the nucleus to
trigger gene regulation or play a specific role in the cytoplasm
remains to be established; this would be a critical issue in under-
standing intracellular mechanisms that relay information from the
distal dendritic glutamatergic receptors to the nucleus (Fig. 9).

Contrasting with the dual localization of P-Elk-1, activated
CREB was exclusively nuclear. This is in agreement with previ-
ous data indicating that this transcription factor is a nuclear
protein (Yamamoto et al., 1989). Whereas on pituitary cell lines
(AtT20) CREB phosphorylation occurs after nuclear transloca-
tion of calcium (Hardingham et al., 1997), on hippocampal neu-
rons the increases in nuclear calcium are not sufficient to drive
CREB activation (Deisseroth et al., 1996). The mean difference
between these cell types is the presence of dendritic processes in
hippocampal neurons, and not in AtT20 cells. In other words,
when calcium entry occurs far from the soma, and this is precisely
the case in striatal neurons, CREB activation can depend on a
cytoplasmic kinase. Because (1) ERK machinery is enriched in
dendrites and (2) CREB activation is abolished after PD 98059,
we suggest that ERK activation is the major event in triggering

CREB hyperphosphorylation in our model. The link between
ERK and CREB activation could be the cytoplasmic substrate of
ERK, RSK, which in turn could translocate to the nucleus (Chen
et al., 1992) to activate CREB (Fig. 9).

In conclusion, our data provide the first in vivo evidence of a
strictly ERK-dependent gene regulation by corticostriatal path-
way stimulation and bring new insights in intracellular mecha-
nisms underlying LTP in the striatum.
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