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Abstract
Recent studies demonstrate that activation of Ca2+-permeable N-methyl-D-aspartate (NMDA)
receptors upregulates phosphorylation of mitogen-activated protein kinases (MAPKs) in
heterologous cells and neurons. In cultured rat striatal neurons, the present work systematically
evaluated the role of a number of protein kinases in forming a signaling cascade transducing NMDA
receptor signals to MAPKs. It was found that a brief NMDA application consistently induced rapid
and transient phosphorylation of the extracellular signal-regulated kinase 1/2 (ERK1/2), a best
characterized subclass of MAPKs. This ERK1/2 phosphorylation was resistant to the inhibition of
protein kinase C, p38 MAPK, cyclin-dependent kinase 5, receptor tyrosine kinase (epidermal growth
factor receptors), or non-receptor tyrosine kinases (including Src) by their selective inhibitors.
However, the increase in ERK1/2 phosphorylation was partially blocked by a protein kinase A (PKA)
inhibitor. The inhibitors for Ca2+/calmodulin-dependent protein kinase (CaMK) or
phosphatidylinositol 3-kinase (PI3-kinase) completely blocked the NMDA-stimulated ERK1/2
phosphorylation. In an attempt to characterize the sequential role of CaMK and PI3-kinase, we found
that NMDA increased PI3-kinase phosphorylation on Tyr508, which kinetically corresponded to the
ERK1/2 phosphorylation and was blocked by the CaMK inhibitor. These results indicate that the
protein kinases are differentially involved in linking NMDA receptors to ERK1/2 in striatal neurons.
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1. Introduction
Mitogen-activated protein kinases (MAPKs) are densely expressed in the postmitotic neuronal
cells of adult mammalian brain and are involved in the regulation of multiple cellular activities
[3]. Inducible phosphorylation of MAPKs by an upstream kinase, MAPK kinase (MEK), has
been demonstrated in many cell lines in response to a wide range of extracellular stimuli
[31]. The excitatory neurotransmitter L-glutamate (glutamate) is among effective extracellular
signals that readily activate MAPK cascades [40]. Stimulation of the corticostriatal
glutamatergic pathway increased phosphorylation of extracellular signal-regulated kinase 1/2
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(ERK1/2 or p44/p42 MAPKs), a best characterized subclass of MAPKs, on their Thr202 and
Tyr204 sites in the rat striatum in vivo [34,38]. The glutamate-sensitive ERK phosphorylation
was also seen in cultured rat cortical [11,42], hippocampal [16], and striatal [13,30,39] neurons.
In an attempt of characterizing the ERK1/2 phosphorylation by different subtypes of ionotropic
glutamate receptors, we found that N-methyl-D-aspartate (NMDA) produced a rapid and
transient phosphorylation of ERK1/2 in striatal neurons, which was blocked by the antagonists
selective for NMDA, but not AMPA/kainate, receptors [23]. Moreover, the Ca2+ influx through
Ca2+-permeable NMDA receptors mediates the NMDA effect because NMDA no longer
phosphorylated ERK1/2 in an extracellular Ca2+-free medium [23].

Early studies evaluated roles of protein kinases in mediating the stimulus-induced ERK1/2
phosphorylation. In PC12 cells, the L-type Ca2+ channel-mediated Ca2+ influx activated the
epidermal growth factor (EGF) receptor, a receptor tyrosine kinase, to phosphorylate MAPKs
[32]. Like the receptor tyrosine kinase, the non-receptor tyrosine kinases Src and PYK2 have
also been suggested to form a Ca2+-sensitive pathway to the Ras-MAPK cascade [17,33]. In
cultured striatal neurons, the inhibitors relatively selective for Ca2+/calmodulin-dependent
protein kinases (CaMK) or phosphatidylinositol (phosphoinositide) 3-kinase (PI3-kinase)
attenuated NMDA-stimulated ERK1/2 phosphorylation [30], indicating a significant role of
these two kinases in transducing NMDA receptor signals to ERK1/2. However, the role of
other protein kinases and the interrelationship between CaMKs and PI3-kinase in transducing
NMDA receptor signals to ERK1/2 in striatal neurons are poorly understood at present.

This study therefore systematically screened the involvement of a large number of protein
kinases in coupling NMDA receptors to ERK1/2 in cultured rat striatal neurons. Using selective
inhibitors, we evaluated the importance of protein kinase A (PKA), protein kinase C (PKC),
p38 MAPK, cyclin-dependent kinase 5 (CDK5), EGF receptor tyrosine kinase, and non-
receptor tyrosine kinase in comparison with CaMKs and PI3-kinase. Second, given the
demonstrated role of CaMKs and PI3-kinase [30], we expanded our study to the investigation
of a sequential relationship between the two kinases in mediating NMDA receptor signals to
ERK1/2.

2. Materials and Methods
2.1. Primary striatal neuronal cultures

The standardized procedure preparing primary striatal neuronal cultures from the neonatal 1-
day-old rat pups (Charles River, New York, NY) was employed in this study [24,43].
Predominant GABAergic neuronal cultures were obtained using this procedure as evidenced
by the fact that > 90% of total cells were immunoreactive to glutamic acid decarboxylase-65/67
(GAD), GABA, or the specific marker for neurons (microtubule-associated protein-2a+2b,
MAP2), but not for glia (glial fibrillary acidic protein, GFAP). Cells were usually cultured for
10-14 days before use.

2.2. Immunocytochemistry and quantitative analysis
The indirect ABC immunocytochemistry on slides was performed as described previously
[25,26] to detect pERK1/2 immunoreactivity at the cellular level. Briefly, cultures were fixed
in 4% paraformaldehyde (10 min), followed by incubation in 4% normal goat serum and 1%
bovine serum album (20 min) to block nonspecific staining. The cells were treated with a
primary antibody overnight at 4°C. The primary antibodies include rabbit polyclonal antibodies
against ERK1/2 (Cell Signaling Technology, Beverly, MA; 1:2000), pERK1/2(Thr202/
Tyr204) (Cell Signaling Technology; 1:2000), pPI3-kinase p85α(Tyr508) (Santa Cruz; 1:1000),
NMDA receptor NR1-NT (recognizing the N-terminal domain; Upstate, Charlottesville, VA;
1:1000), or NR1-CT (recognizing the C-terminal cytoplasmic domain; Upstate; 1:1000), and
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mouse monoclonal antibodies against PI3-kinase p85α (Santa Cruz; 1:1000). The cells were
incubated with biotinylated secondary antibody (goat anti-rabbit or anti-mouse IgG; 1:200;
Vector) for 1 h, before incubation with avidin-biotin-horseradish peroxidase complex for 1 h.
Finally, 3,3′-diaminobenzidine (0.25 mg/ml/0.01% H2O2/0.04% NiCl in 50 mM tris-HCl
buffer, pH 7.4) was used as a chromagen (4-6 min). Omission of the primary antibodies served
as negative controls.

The same strategy and procedure employed in our previous work [25,26] were performed in
this study for quantitative analysis. The pERK1/2 immunocytochemical images were acquired
through a video camera coupled to a Nikon E800 microscope. Cell counting was performed in
each well by a person unaware of the treatment protocol. Both positive and negative cells were
counted on the basis of a clearly visible pERK1/2-labeled (obviously different from the
background) and unlabeled nucleus, respectively. Cells with ambiguous labeling or
unidentifiable nuclei were excluded from analysis. Phenotypes of neuronal and astrocytic cells
were easily identified according to their morphological characteristics. Neurons showed small
(8-12 μm) to medium-sized (13-19 μm), phase-bright cell bodies with branching processes
whereas astrocytes were large and flat with phase-dark, large pale nuclei (25-35 μm) and
abundantly and widely spread cytoplasms [25,26]. Five optic fields per well (1 at the center
and 4 at ∼1.5 mm from the four edges of the well; 800 × 800 μm each) were selected for cell
counting. The pERK1/2-positive cells from five optic fields were calculated as the percentage
of total cells from five fields in a well and treated as n = 1.

2.3. Western blot
Cultures were harvested in boiling 1X LDS sample buffer (Invitrogen, Carlsbad, CA). Cell
lysates were sonicated with an ultrasonic dismembrator. Protein concentrations were
determined with a Pierce BCA protein assay kit. The equal amount of protein (20 μg in 20 μl/
well) was loaded on NuPAGE Novex 4-12% Bis-Tris precast mini-gels (Invitrogen) for
separation of proteins. Proteins were transferred to polyvinylidene fluoride membrane
(Immobilon-P; 0.45 mm; Millipore, Bedford, MA) and blocked in blocking buffer (5% nonfat
dry milk in PBS and 0.1% Tween 20) for 1 h. The blots were incubated in primary rabbit
polyclonal antibodies against ERK1/2, pERK1/2(Thr202/Tyr204), PI3-kinase p85α, or pPI3-
kinase p85α(Tyr508) at 1:1,000 overnight at 4°C. This was followed by 1 h incubation in donkey
anti-rabbit horseradish peroxidase-linked secondary antibodies (Jackson Immunoresearch
Laboratory) at 1:10,000. Immunoblots were developed with the enhanced chemiluminescence
reagents (ECL; Amersham Pharmacia Biotech, Piscataway, NJ), and exposed onto Kodak
Biomax MS-1 films for 0.5-1 min. Kaleidoscope-prestained standards (Bio-Rad, Hercules,
CA) were used for protein size determination. The integrated density (area × density) of
immunoblots was analyzed using the NIH Image (1.60). Band density measurements were
averaged over 2-3 control samples for each gel, and all bands were normalized as percentage
of control values [19,20].

2.4. Drug treatments
The culture medium was replaced by HEPES-buffered salt solution (in mM: HEPES 20, NaCl
140, KCl 5, CaCl2 1.2, glycine 0.01, glucose 5.5, pH 7.4), and after 2 h incubation, cells were
treated with drugs. All drugs were freshly made on the day of experiment. NMDA, 4-[5-(4-
fluorophenyl)-2-[4-(methylsulphonyl)phenyl]-1H-imidazol-4-yl]pyridine hydrochloride
(SB203580), 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one hydrochloride
(LY294002), and wortmannin were purchased from Tocris Cookson Inc. (Ballwin, MO). H89,
Ro-31-8220, roscovitine, KN93, KN92, AG1478, AG825, herbimycin A, genistein, and PP2
were purchased from Calbiochem (San Diego, CA). Gö6983, 8-bromoadenosine-3′,5′-
cyclophosphoric acid (8-br-cAMP), phorbol 12-myristate 13-acetate (PMA), and human
epidermal growth factor (hEGF) were purchased from Sigma. Drugs were dissolved in 1X PBS

Mao et al. Page 3

Brain Res Bull. Author manuscript; available in PMC 2010 March 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with or without an aid of dimethyl sulfoxide (DMSO). Whenever DMSO was used, PBS
containing the same concentration of DMSO was used as the control vehicle.

2.5. Statistics
The results are presented as mean ± SEM. The percentages of pERK1/2-positive cells were
evaluated using a one- or two-way analysis of variance, as appropriate, followed by a
Bonferroni (Dunn) comparison of groups using least squares-adjusted means. Probability
levels of < 0.05 were considered statistically significant.

3. Results
3.1. NMDA-induced ERK1/2 phosphorylation partially depends on PKA, but not PKC

Direct activation of PKA or PKC increased ERK1/2 phosphorylation in many cell lines [2,8].
Active PKA and PKC also mediate ERK1/2 phosphorylation induced by stimulation of G-
protein-coupled receptors [5,15]. Thus, the first study was carried out to determine whether
activation of either kinase contributes to transducing NMDA receptor signals to ERK1/2 in
cultured striatal neurons. Using a PKA inhibitor H89 that concentration-dependently blocked
the ERK1/2 phosphorylation induced by the PKA activator 8-br-cAMP (Fig. 1A and 1C), we
found that the number of pERK1/2-labeled neurons seen after H89 (10 μM) + NMDA (100
μM) treatment was approximately a half of pERK1/2-positive neurons seen after NMDA
treatment alone (Fig. 1A and 1C). Thus, in some striatal neurons, PKA contributes to the
NMDA action. In contrast to PKA, PKC is not a kinase imperative for NMDA phosphorylation
of ERK1/2 because the two PKC inhibitors Ro-31-8220 and Gö6983 at concentrations effective
for blocking the ERK1/2 phosphorylation induced by PKC activator PMA did not alter the
increases in pERK1/2 cells induced by NMDA (Fig. 1A, 1D, and 1E). All drug treatments had
no effect on the number of ERK1/2-labeled neurons. In our culture model, most medium-sized
neurons expressed NMDA receptors as evidenced by the fact that > 85% of cells showed
detectable levels of NMDA receptor NR1 subunit immunoreactivity (Fig. 1B).

3.2. NMDA-induced ERK1/2 phosphorylation is independent on CDK5 and p38 MAPK
CDK5 phosphorylated MEK1 and ERK1/2 in PC12 cells [35]. To detect possible contributions
of CDK5 and p38 MAPK, the effect of NMDA on ERK1/2 phosphorylation was tested in the
presence of an inhibitor selective for CDK5 (roscovitine) or p38 MAPK (SB203580). Neither
roscovitine (0.1-1 μM) nor SB203580 (1.25-20 μM) altered basal levels of pERK1/2
immunoreactivity (data not shown). Similarly, the two inhibitors at all concentrations surveyed
had no significant effect on the NMDA-stimulated increases in the number of pERK1/2-labeled
neurons (data not shown). These results provide evidence against the involvement of CDK5
and p38 MAPK in the transduction of NMDA receptor signals to ERK1/2.

3.3. NMDA and EGF receptors independently stimulate ERK1/2 phosphorylation
Recent studies reveal the participation of receptor tyrosine kinases, such as the EGF receptor
(ErbB1), in transducing the signals from Ca2+ or G-protein-coupled receptors to ERK1/2
[21,29,32]. We then examined the possibility that NMDA receptors transactivate EGF
receptors, thereby inducing ERK1/2 phosphorylation. In the first experiment evaluating
temporal properties of EGF-mediated ERK1/2 phosphorylation, we found that hEGF (30 ng/
ml, 2 to 30 min) induced rapid ERK1/2 phosphorylation, which declined between 20 to 30 min
after the commence of incubation (Fig. 2A and 2B). The hEGF-stimulated ERK1/2
phosphorylation was blocked by the EGF selective inhibitor, tyrphostin AG1478 [18], at 0.1
and 1 μM (Fig. 2C). However, AG1478 did not inhibit the increases in pERK1/2 neurons
induced by NMDA (Fig. 2D). Neither did AG825, a tyrphostin that selectively inhibits the
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receptor tyrosine kinase ErbB2 [27] (Fig. 2E). These data suggest an insignificant role of
ErbB1/2 in the NMDA-induced phosphorylation of ERK1/2.

3.4. NMDA-induced ERK1/2 phosphorylation is independent on non-receptor tyrosine
kinases

Non-receptor tyrosine kinases have been demonstrated to be necessary effectors of Ca2+ for
ERK activation [7,33,41]. In some models of G-protein-coupled receptors, including
metabotropic glutamate receptors, the recruitment of Src non-receptor tyrosine kinases was
required for activation of ERK1/2 [21,22,37]. Therefore, the three non-receptor tyrosine kinase
inhibitors (genistein, herbimycin A, and PP2) were used to define the importance of tyrosine
kinases of this kind. The two general inhibitors genistein [1] at 1-100 μM and herbimycin A
at 0.1-10 μM did not inhibit NMDA-induced ERK1/2 phosphorylation (data not shown). A
more selective inhibitor for the Src family, PP2 [14], at 0.1-10 μM produced similar results.
Thus, non-receptor tyrosine kinases are less likely required for NMDA receptor signaling to
ERK1/2.

3.5. Sequential activation of CaMKs and PI3-kinase is required for NMDA phosphorylation of
ERK1/2

CaMKs are abundant in the postsynaptic NMDA receptor complex and serve as a major
Ca2+-sensitive kinase at excitatory synapses. Inhibition of the kinase prevented glutamate or
the group I metabotropic glutamate receptor agonist from inducing detectable ERK1/2
phosphorylation in striatal neurons [9,38]. PI3-kinase is also densely expressed in striatal
neurons [36]. Its role as a downstream effector of several surface membrane receptors or
channels for ERK activation has been demonstrated in cell lines [13,44]. Perkinton and co-
workers [30] identified a mediating role of CaMKs and PI3-kinase in NMDA-stimulated
ERK1/2 phosphorylation in mouse striatal neurons. This was confirmed to be the case in this
rat culture model. The CaMK selective inhibitor KN93, but not its inactive analog KN92, and
the two PI3-kinase inhibitors, LY294002 and wortmannin, blocked NMDA-induced increases
in pERK1/2 cells in a concentration-dependent manner in both immunohistochemical (Fig.
3A-C) and immunoblot (Fig. 3D and 3E) analysis.

We next wanted to examine whether NMDA increases phosphorylation of PI3-kinase as a
preceding event upstream to ERK activation. We found that NMDA (100 μM, 5 min) increased
the number of cells expressing phosphorylated regulatory subunit (p85α) of PI3-kinase at
Tyr508, p-p85α (Fig. 4A). The NMDA effect can be seen at 2 min, peaked at 5-10 min, and
declined at 20-30 min after the commence of incubation (Fig. 4B). This time-course seems to
kinetically place the PI3-kinase activation as an early event upstream to the ERK1/2
phosphorylation induced by NMDA [23]. Data from western blot also showed a significant
increase in p-p85α levels following NMDA stimulation, which was blocked by the PI3-kinase
inhibitor LY294002 (Fig. 4C). Interestingly, the NMDA phosphorylation of PI3-kinase was
sensitive to the CaMK inhibitor KN93. In the presence of KN93, NMDA failed to induce an
increase in p85α phosphorylation (Fig. 4C). This observation appears to support a model in
which NMDA increases ERK1/2 phosphorylation by first activating CaMKs followed by PI3-
kinase activation. The PI3-kinase immunoreactivity detected in western blot with the antibody
raised against unphosphorylated p85α did not show any changes after all drug treatments as
compared to a control value (Fig. 4C).

4. Discussion
The present study was conducted to identify protein kinases in a signaling cascade transducing
NMDA receptor signals to ERK1/2 in striatal neurons. While a number of kinases surveyed in
this study appear to be not important, the two protein kinases, i.e. CaMK and PI3-kinase, were

Mao et al. Page 5

Brain Res Bull. Author manuscript; available in PMC 2010 March 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



confirmed to be essential links in the cascade. More importantly, we found that NMDA
increased PI3-kinase phosphorylation on p85α(Tyr508), which was prevented by the CaMK
inhibitor. This indicates a sequential activation of the two responsible kinases to form a pathway
coupling NMDA receptors to ERK1/2.

PI3-kinase has been demonstrated to serve as a downstream effector of several surface
membrane receptors or channels for ERK activation in cell lines [13,44]. The results from this
study confirmed the blocking effect of PI3-kinase inhibitors on the NMDA-induced ERK1/2
phosphorylation [13,30]. In an expanded attempt to explore whether NMDA activates PI3-
kinase through increasing its phosphorylation, we found that NMDA increased PI3-kinase
(p85α) phosphorylation which is kinetically correlated to concomitant ERK1/2
phosphorylation. Interestingly, the increased PI3-kinase phosphorylation was blocked by the
CaMK inhibitor KN93. This finding, together with recent evidence showing a high affinity
calmodulin-binding sequence in PI3-kinase [6,12], suggests a signaling model in which NMDA
activates ERK1/2 by first activating CaMKs followed by PI3-kinase activation.

PKA mediates ERK activation induced by stimulation of G-protein-coupled receptors in
neurons [5,15]. In striatal neurons, PKA induced a Ca2+/ERK-dependent phosphorylation of
cAMP response element-binding protein [45]. Our results also support a PKA-dependent
mechanism involving NMDA phosphorylation of ERK1/2. Moreover, with
immunocytochemical analysis at the cellular level, we were able to visualize that PKA
functions in some neurons, but not all, because the PKA inhibitor H89 reduced the number of
pERK1/2-positive neurons to about a half of that seen after NMDA treatment alone. Parallel
with this observation, the PKA activator 8-br-cAMP increased ERK1/2 phosphorylation in a
percentage of neurons equivalent to a half of that induced by NMDA. Thus, PKA-mediated
ERK1/2 responses are heterogeneous among striatal neurons. Mechanisms underlying this
heterogeneity are unclear. It may reflect differences among different populations of striatal
neurons in the composition and efficiency of PKA-related signaling cascades and in the
development of NMDA receptors and associative signaling molecules.

Transactivation of the EGF receptor (ErbB1) mediates Ca2+ or G-protein-coupled receptor
signals to ERK1/2 in many cell lines or primary rat or mouse astrocytes [21,29,32]. Thus, it is
possible that NMDA receptor-mediated Ca2+ influx induces transactivation of EGF, which in
turn activates ERK1/2. Our results indeed indicate an early activation of ERK1/2 in response
to EGF receptor stimulation with hEGF. However, the EGF inhibitor AG1478 that blocked the
hEGF-induced ERK1/2 phosphorylation did not affect the ERK1/2 phosphorylation induced
by NMDA. Thus, as a receptor tyrosine kinase, EGF receptors are less likely involved in
forming a pathway to ERK1/2 in our cultures of striatal neurons. Like receptor tyrosine kinase,
non-receptor tyrosine kinases, such as Src, are shown to act as an essential kinase in Ca2+

signaling to ERK1/2 at least in PC12 cells. For instance, Ca2+ influx through L-type voltage-
dependent Ca2+ channels increased Src kinase activity in PC12 cells [33]. A PC12 subline with
a stably expressed dominant form of Src did not undergo Ca2+-sensitive MAPK
phosphorylation [33]. However, in primary striatal neurons, all effective inhibitors selective
for non-receptor tyrosine kinases showed no significant effects on NMDA-induced ERK
activation in the present study. This provides evidence against a significant role of non-receptor
tyrosine kinases in mediating NMDA receptor signals to ERK1/2 in striatal neurons.

A positive connection between PKC and MAPK cascades exists in cell lines [2,8]. In striatal
neurons, the PKC activator induced a robust phosphorylation of ERK1/2 similar to that induced
by NMDA (this study). Thus, PKC is among kinases activating ERK1/2 cascades and was
hypothesized to be a significant link in the signaling cascade bridging NMDA receptor signals
to ERK1/2. However, in contrast to our hypothesis, we found that the inhibitors that inhibited
the PKC activator-induced ERK1/2 phosphorylation did not alter the ability of NMDA to
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phosphorylate ERK1/2. Thus, the positive PKC-MAPK linkage, despite its existence in
primary striatal neurons, does not transduce NMDA receptor signals to ERK1/2.

ERK is a superhighway transducing extracellular signals to gene expression. Activation of a
variety of surface receptors leads to activation of the ERK pathway [4,28]. Major intracellular
signaling pathways are also believed to crosstalk with ERK [10,40]. Future studies will have
to dissect specific signaling pathways that link different extracellular stimuli to ERK and
elucidate precise cellular mechanisms underlying the crosstalk between ERK and other
signaling pathways.
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Fig. 1.
Effects of inhibitors selective for PKA or PKC on basal and NMDA-induced pERK1/2-
immunoreactivity in cultured rat striatal neurons. The inhibitors were incubated 20 min prior
to and during 15-min NMDA treatment before fixation. (A) Immunocytochemical images
illustrating that the PKA inhibitor H89 (10 μM) and the PKC inhibitor Ro-31-8220 (5 μM)
blocked 8-br-cAMP (1 mM)- and PMA (0.1 μM)-induced ERK1/2 phosphorylation,
respectively. H89 also partially reduced NMDA (100 μM)-stimulated ERK1/2
phosphorylation. (B) Cellular immunostaining of the NMDA receptor NR1 subunit in cultured
rat striatal neurons. Note that strong immunoreactivity was seen in cell bodies and enriched
processes of medium-sized neurons. (C-E) Data from cell counting are expressed in terms of
the mean ± SEM of the percent change in numbers of the pERK1/2-positive neurons. *p < 0.05
vs. control (Con), +p < 0.05 vs. 8-br-cAMP (C) or PMA (D and E) alone, and #p < 0.05 vs.
NMDA (C) alone.
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Fig. 2.
Effects of the receptor tyrosine kinase inhibitors on basal and NMDA-induced pERK1/2-
immunoreactivity in cultured rat striatal neurons. (A) Immunocytochemical images illustrating
increases in pERK1/2 neurons following hEGF incubation (30 ng/ml, 2 min). (B) Dynamic
induction of pERK1/2 neurons following hEGF incubation (30 ng/ml, 2 to 30 min). (C-E)
Effects of the EGF/ErbB1 inhibitor AG1478 or the ErbB2 inhibitor AG825 on hEGF- or
NMDA-stimulated increases in the number of pERK1/2-positive neurons. The inhibitors were
incubated 20 min prior to and during 2-min hEGF treatment or during 15-min NMDA treatment
before fixation. Data are expressed in terms of the mean ± SEM of the percent change in
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numbers of the pERK1/2-positive neurons. *p < 0.05 vs. control (Con), and +p < 0.05 vs. hEGF
alone (C).
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Fig. 3.
Effects of the inhibitors selective for CaMKs (KN93) or PI3-kinase (LY294002 and
wortmannin) on basal and NMDA-induced pERK1/2-immunoreactivity in cultured rat striatal
neurons. The inhibitors were incubated 20 min prior to and during 15-min NMDA treatment
before fixation. Data from cell counting (A-C) are expressed in terms of the mean ± SEM of
the percent change in numbers of the pERK1/2-positive neurons. The quantified data (E) are
expressed in terms of the mean ± SEM of the integrated density and are shown below the
immunoblots (D). *p < 0.05 vs. control (Con), +p < 0.05 vs. NMDA alone.
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Fig. 4.
Effects of NMDA on p85α phosphorylation in cultured rat striatal neurons. (A)
Immunocytochemical images of p-p85α-labeled cells from cultures treated with control PBS
or NMDA (100 μM, 5 min). (B) NMDA (100 μM) induced a time-dependent increase in the
number of p-p85α-positive neurons. (C) Effects of KN93 (50 μM) and LY294002 (100 μM)
on basal p85α expression and on NMDA-stimulated phosphorylation of p85α as detected with
western blot. The quantified data are expressed in terms of the mean ± SEM of the integrated
density. (D) The p-p85α band did not shown when the p-p85α antibody was pre-absorbed with
a p-p85α immmunogen peptide.
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