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Abstract
The present study examines the role of a neuron-specific tyrosine phosphatase (STEP) in
excitotoxic cell death. Our findings demonstrate that p38 MAPK, a stress-activated kinase that is
known to play a role in the etiology of excitotoxic cell death is a substrate of STEP. Glutamate-
mediated NMDA receptor stimulation leads to rapid but transient activation of p38 MAPK, which
is primarily dependent on NR2A-NMDA receptor activation. Conversely, activation of NR2B-
NMDA receptors leads to dephosphorylation and subsequent activation of STEP, which in turn
leads to inactivation of p38 MAPK. Thus during transient NMDA receptor stimulation, increases
in STEP activity appears to limit the duration of activation of p38 MAPK and improves neuronal
survival. However, if NR2B-NMDA receptor stimulation is sustained, protective effects of STEP
activation are lost, as these stimuli cause significant degradation of active STEP, leading to
secondary activation of p38 MAP kinase. Consistent with this observation, a cell transducible
TAT-STEP peptide that constitutively binds to p38 MAPK attenuated neuronal cell death caused
by sustained NMDA receptor stimulation. The findings imply that the activation and levels of
STEP are dependent on the duration and magnitude of NR2B-NMDA receptor stimulation and
STEP serves as a modulator of NMDA receptor dependent neuronal injury, through its regulation
of p38 MAPK.

Keywords
p38 MAPK; STEP; glutamate; NR2A; NR2B; tyrosine phosphatase

INTRODUCTION
Excitotoxic glutamate receptor activation is implicated in neuro-degeneration following
ischemic insults, post-traumatic lesions and a range of other neurological disorders (Lipton
and Rosenberg 1994; Arundine and Tymianski 2004). In pathological conditions excessive
release of the neurotransmitter glutamate leads to sustained activation of NMDA-type
glutamate receptors and a deleterious cascade of intracellular events that include Ca2+

overload and activation of effectors such as p38 mitogen activated protein kinase (p38
MAPK). Recent findings suggest the existence of two functionally distinct pools of NMDA
receptors defined by the presence of NR2A (NR2A-NMDAR) or NR2B (NR2B-NMDAR)
containing subunits (Luo et al. 1997; Tovar and Westbrook 1999; Kohr 2006). NR2B-
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NMDARs are generally thought to be involved in triggering cell death and subsequent brain
damage following an excitotoxic insult (Liu et al. 2007; Tu et al. 2010). However
pharmaceutical application of NR2B-NMDAR antagonists have been unsuccessful in
clinical trials, since they interfere with physiological functions of these receptors, in addition
to blocking excitotoxic cascades (Rodrigues et al. 2001; Zhao et al. 2005; Walker and Davis
2008). An alternative approach that may improve treatment of excitotoxic insults involves
targeting of components of intracellular signaling cascades downstream of NMDA receptor
signaling.

The p38 MAPK pathway has been shown to be involved in mediating the pathogenesis of
glutamate excitotoxicity (Barone et al. 2001a; Barone et al. 2001b). While the role of
NMDA receptors in the activation of p38 MAPK is well established (Mukherjee et al. 1999;
Waxman and Lynch 2005), the precise intracellular mechanisms that regulate the duration
and magnitude of p38 MAPK are not clearly understood. A goal of the present work was to
determine whether the p38 MAPK activation is significantly regulated by the neuron-
specific tyrosine phosphatase, STEP (striatal-enriched tyrosine phosphatase) and whether
this could be targeted to limit excitotoxic injury.

STEP, also known as PTPN5, is expressed specifically in neurons of the striatum, neo-
cortex and hippocampus (Boulanger et al. 1995). STEP61 and STEP46, the two STEP
isoforms (Bult et al. 1997) contain a highly conserved substrate-binding domain termed as
the kinase interacting motif or KIM domain (Pulido et al. 1998). Phosphorylation of a
critical serine residue within the KIM domain is mediated through dopamine/D1 receptor
dependent activation of the Protein Kinase A (PKA) pathway (Paul et al. 2000).
Dephosphorylation of this residue by Ca2+ dependent phosphatase calcineurin, following
glutamate/NMDA receptor stimulation, renders STEP active in terms of its ability to bind to
its substrates (Paul et al. 2003). Active STEP can bind to and inhibit the activity of ERK
(extracellular regulated kinase 1/2) MAP kinase (Paul et al. 2007).

The aim of the present study was to investigate the functional significance of STEP’s
activation following excitotoxic NMDAR stimulation. Our findings show that NR2B-
NMDAR stimulation leads to activation of STEP. Active STEP can contribute to neuronal
cell survival by down regulating p38 MAPK activity. However sustained NR2B-NMDAR
stimulation results in the degradation of active STEP, and relieves its inhibitory effect on
p38 MAPK and results in cell death.

MATERIALS AND METHODS
Materials and reagents

Pregnant female and adult (250 gm) Sprague-Dawley rats were from Harlan Laboratories
(Livermore, CA). Antibodies used were as follows: polyclonal anti-p38, rabbit monoclonal
anti-phospho-p38 (TPEYP and TEYP) from Cell Signaling (Danvers, MA), monoclonal anti-
myc from Santa Cruz Biotechnology (Santa Cruz, CA), monoclonal anti-Flag and polyclonal
anti-tubulin from Sigma-Aldrich (St. Louis, MO), polyclonal anti-MAP2 from Chemicon,
monoclonal anti-V5 and anti-V5-HRP from Invitrogen, monoclonal anti-STEP from Novus
Biologicals (Littleton, CO). All secondary antibodies were from Cell Signaling. All tissue
culture reagents were obtained from Invitrogen (Carlsbad, CA). All other reagents were
from Sigma-Aldrich. Approval for animal experiments was given by the University of New
Mexico, Health Sciences Center, Institutional Animal Care and Use Committee.

Plasmids and Transfection
STEP46 cDNA was constructed in mammalian expression vector pcDNA 3.1 encoding a C-
terminal V5 and His tag (Invitrogen). Point mutants were generated by PCR-based site-
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directed mutagenesis using Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA)
according to the manufacturer’s protocol. All mutations were verified by nucleotide
sequencing. The p38α, β and γ cDNAs with a FLAG tag at the C-terminal were gifts from
Dr. Anton Bennett, Yale University.

In vitro phosphorylation of STEP and tyrosine phosphatase assay
GST, GST-STEP46 and GST-STEP46 C300S fusion proteins were generated as described
previously (Paul et al. 2000). For in vitro binding studies GST fusion proteins were
incubated with p38α MAPK recombinant protein (EMD Biosciences, CA) overnight at 4°C
in a buffer containing 50 mM Tris-HCl, pH 7.0, 100 mM NaCl, 5 mM dithiothreitol, 0.01%
Brij 35 and 2 mM EDTA. Samples were then incubated with Glutathione-sepharose beads (2
hr) and washed extensively. Bound proteins were eluted using SDS-sample buffer and
processed for immunoblot analysis. In vitro phosphorylation of GST-STEP46 fusion protein
by PKA was done as described earlier (Paul et al. 2003). Phosphorylated and non-
phosphorylated STEP was incubated with active p38α MAPK recombinant protein for
specified time periods (0, 5, 7.5 and 10 min). The reactions were stopped by addition of
SDS-sample buffer and the samples were processed for immunoblot analysis.

Affinity Column Chromatography
STEP46 C300S cDNA, a substrate-trapping variant of STEP46, was cloned into the E. Coli
expression vector pET104.1, with a six-histidine tag at the C-terminal (Invitrogen). The
vector provides a biotin conjugation site at the N-terminus of the protein to allow in vivo
biotinylation of the over-expressed protein by endogenous E. Coli biotin ligases. The
purified biotinylated protein was coupled to streptavidin agarose beads (Thermo Scientific,
Rockford, IL, USA). Using striatal homogenates from rat brain substrate-trapping
experiments were performed as described before (Nguyen et al. 2002). Bound proteins were
eluted with 0.1 M glycine, pH 2.8 and processed for immunoblot analysis.

Purification of TAT-STEP-myc fusion protein
STEP46 ΔPTP cDNA (STEP46 1–107) that lacks the C-terminal phosphatase domain was
sub-cloned in a pTrc-His-myc-TOPO expression vector (Invitrogen). To render the peptide
cell permeable an 11 amino acid peptide called TAT was inserted at the N-terminal of the
STEP46 ΔPTP cDNA (Paul et al. 2007). A point mutation was introduced at the serine
residue within the KIM domain (S49A) by site-directed mutagenesis. STEP46 ΔPTP was
expressed in E. Coli and the fusion protein was purified using BD-Talon resin (BD
Biosciences, Bedford, MA, USA).

Cell culture and stimulation
Primary neuronal cultures were obtained from 16–17 day old rat embryos as described
previously (Paul et al. 2003). Briefly, the striatum and the adjoining cortex was dissected,
the tissue dissociated mechanically and resuspended in DMEM/F-12 (1:1)-containing 5%
fetal calf serum (FCS). Cells (6 × 106 cells/dish) were plated on poly-D-lysine-coated tissue
culture dishes (BD Biosciences) and grown for 12–14 days at 37°C in a humidified
atmosphere (95:5% air:CO2 mixture). For receptor stimulation cells were treated with
glutamate or NMDA for the indicated times and then processed for immunoprecipitation or
immunoblot analysis as described earlier (Paul et al. 2003). Glycine concentration in the
medium during glutamate treatment was 1 μM. In some experiments APV or CNQX were
added 5 min after the addition of glutamate; ifenprodil and Ro 25-6981 were added 10 min
before addition of glutamate. Some cultures were treated with the TAT-STEP-myc peptide
(4 μM) or SB-203580 (2.6 μM) prior to or along with glutamate treatment. Densitometric
analysis of immunoblots was performed using Image J software (NIH, Bethesda, MD,
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USA). Statistical comparison was carried out using one-way analysis of variance (ANOVA,
Bonferroni’s multiple comparison test) and differences were considered significant when p <
0.05.

Immunocytochemistry and Hoechst DNA staining
Hela cells transfected with STEP46 cDNA or neuron cultures grown for 12–14 days were
processed for immunocytochemistry as described earlier (Paul et al. 2003). Hela cells were
immunostained with anti-phospho-p38 (TPEYP, 1:100) and/or anti-STEP (1:250) antibodies.
Neuronal cells were immunostained with ant-myc (1:100), anti-MAP2 (1:250) or anti-
phospho p38 (TPEYP, 1:100) antibodies. Alexa Fluor 488 conjugated anti-mouse IgG or
Cy3 conjugated anti-rabbit IgG were used as secondary antiboies (1:250 each). In some
cases neurons were subjected to staining with Hoechst 33342 dye for 15 minutes to assess
nuclear damage. Imaging was performed with a Zeiss Axiovert 200M fluorescence
microscope with attached AxioCam CCD camera using 20X objective lens. To
quantitatively assess the percentage of pyknotic nuclei a total of 1000 cells were counted for
each set of experiments. Mean ± s.e.m. (n = 3) were used for statistical comparison using
ANOVA (Bonferroni’s multiple comparison test). Differences were considered significant
when p < 0.05.

Stereotactic surgery and Immunohistochemistry
For intra-striatal injection of glutamate adult male rats were anesthetized with 2% isoflurane
in 70% nitrous oxide and 30% oxygen. A burr hole was drilled and a micropipette was
lowered into the right striatum using the following coordinates (Paxinos and Watson 1986):
5.0 mm lateral to bregma and 5.5 mm ventral to the skull surface. 1 μl of TAT-STEP-myc
peptide or PBS was infused into the right striatum over a time period of 2 min. The injector
was left in place for an additional 2 min to minimize back-flux of the solution. After injector
withdrawal, the wound was sutured and the rats returned to their cages. In some animals 30
nmol of glutamate in 1 μl PBS or PBS alone (control) was infused into the striatum 30 min
after infusion of TAT-STEP-myc peptide or PBS. At the specifies time points after infusion
rats were anesthetized, perfused intracardially with 4% paraformaldehyde and processed for
cryosectioning followed by immunohistochemistry with anti-myc antibody (1:100) (Paul et
al. 2007). Sections were then treated with Hoechst 33342 dye for DNA stain, mounted using
vectashield and analyzed using fluorescent microscopy. For assessment of nuclear damage,
the percentage of pyknotic nuclei was estimated in five different fields within the striatum of
each section immediately below the site of needle injection. For sections obtained from
TAT-STEP-myc peptide injected animals the percentage of cells positively stained with anti
myc-antibody within the same fields were also determined. Each experiment was repeated at
least 3 times. Statistical comparison was carried out using ANOVA (Bonferroni’s multiple
comparison test) and differences were considered significant when p < 0.05.

RESULTS
Glutamate-NMDA receptor mediated regulation of p38 MAPK in neurons

We first determined the temporal profile of p38 MAPK phosphorylation following an
excitotoxic insult. Neuronal cultures (12–14 days in vitro) were treated with 100 μM
glutamate for varying times and cell lysates were analyzed by immunoblotting with a
phospho-specific antibody that recognizes p38 only when phosphorylated at both the
regulatory threonine and tyrosine residues (TPEYP-p38). Our results show a transient
increase in phosphorylation of p38 MAPK within 2–5 min of glutamate stimulation. This
was followed by a time-dependent decrease in p38 phosphorylation, which returned to near
basal levels by 30 min (Fig. 1A). Total p38 MAPK level remained unaltered by this
treatment. Treatment with 100 μM NMDA caused a similar transient activation of p38
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MAPK (Fig. 1B) as was seen with glutamate suggesting that NMDAR activation was
required for phosphorylation of p38 MAPK.

To explore the contribution of NMDARs in the dephosphorylation of p38 MAPK, a
selective NMDA receptor antagonist (APV, 200 μM), was applied 5 min after incubation
with glutamate. The delayed treatment with APV inhibited the glutamate-induced
dephosphorylation of p38 MAPK (Fig. 1C). However a similar treatment with CNQX (20
μM), a non-NMDA receptor antagonist failed to prevent the glutamate-induced
dephosphorylation of p38 MAPK (Fig. 1D). These observations in conjunction with
previous studies (Waxman and Lynch 2005) suggest that both phosphorylation and
dephosphorylation of p38 MAPK in neurons require NMDA receptor activation.

We next examined the roles of NR2A- and NR2B-NMDARs in the dephosphorylation of
p38 MAPK. Neurons were treated with 100 μM glutamate in the presence or absence of
selective NR2B-NMDAR antagonists, ifenprodil and Ro 25-6981. As shown in Figures 1E
and F these antagonists had no effect on the initial phosphorylation of p38 MAPK by 5 min,
however, the subsequent dephosphorylation of p38 MAPK (measured at 30 min) was
significantly reduced, suggesting that NR2B-NMDAR stimulation are required for the
dephosphorylation of p38 MAPK.

NR2B-NMDAR mediated activation of STEP followed by its proteolytic cleavage
A potential candidate that might mediate the NR2B-NMDAR dependent dephosphorylation
of p38 MAPK is the tyrosine phosphatase STEP. Under basal condition STEP is
phosphorylated at the PKA site in the KIM domain (Ser221 in STEP61 and Ser49 in
STEP46) (Paul et al. 2000). Stimulation of NMDARs by glutamate leads to time-dependent
dephosphorylation and activation of STEP, which begins at 5 min and leads to complete
dephosphorylation by 30 min. Using a phospho-specific antibody (against the PKA site) it
has also been shown that dephosphorylation of STEP results in downward shift in mobility
of the STEP band (Paul et al. 2003). Consistent with these earlier findings incubation of
neurons with glutamate resulted in a marked decrease in the upper band and the appearance
of a predominant lower band, indicating that STEP61 is rapidly dephosphorylated following
glutamate treatment (Fig. 2A & B, lane 2). Pre-incubation with either Ro 25-6981 or
ifenprodil blocked the downward shift in the mobility of the upper band, supporting a role
for NR2B-NMDAR in the dephosphorylation of STEP61 (Fig. 2A & B, lane 3).

We also examined the temporal profile of STEP’s activation following treatment with
glutamate (100 μM, 30 min), by immunoblot analysis with anti-STEP antibody. Figure 2C
shows that 30 minute after termination of glutamate treatment STEP was subjected to
proteolytic cleavage resulting in the appearance of a cleaved product of ~33 kDa (STEP33),
which increased over time (~5 fold 1 hr). Analyzing the same samples with anti-TPEYP

antibody showed an increase in phosphorylation of p38 MAPK 0.5 – 1 hr after termination
of glutamate exposure (Fig. 2D). To determine the involvement of NR2B-NMDAR in the
cleavage of STEP neurons were incubated with Ro 25-6981 prior to treatment with
glutamate (100 μM glutamate, 30 min). Pre-incubation with Ro 25-6981 blocked the
dephosphorylation as well as the proteolytic cleavage of STEP61 (Fig. 2E). These results
imply that glutamate-mediated NR2B-NMDAR stimulation leads to initial activation of
STEP, and then a progressive decrease in STEP levels over time in the post-glutamate
period. When taken together with results above (Fig. 1), these observations raise the
possibility that active STEP may play an initial role in dephosphorylation of p38 MAPK and
may serve as a key regulator of p38 MAPK activation in excitotoxicity. However
degradation of STEP may lead to the secondary activation of p38 MAPK.
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p38 MAPK is a substrate of STEP
To determine whether p38 MAPK is a potential substrate of STEP, striatal homogenates
from rat brain were subjected to affinity purification with a substrate-trapping mutant of
STEP (STEP46 C300S). Immunoblot analysis of the eluant showed that p38 MAPK was part
of the protein complex bound to STEP (Fig. 3A). To determine if STEP can directly interact
with p38 MAPK, purified GST-STEP46 or GST-STEP46 C300S protein coupled to
glutathione sepharose beads was incubated with a p38 MAPK fusion protein. Immunoblot
analysis revealed that both variants of STEP were able to pull down p38 MAPK (Fig. 3B).
To test the ability of active STEP to dephosphorylate p38 MAPK in vitro, purified GST-
STEP46 was incubated with phosphorylated p38 MAPK fusion protein (active form) for
varying time periods. Immunoblot analysis with an antibody that recognizes p38 only when
phosphorylated at the tyrosine residue (TEYP p38) revealed a time-dependent decrease in
tyrosine phosphorylation of p38 MAPK (Fig. 3C, upper panel). The ability of
phosphorylated STEP (phosphorylated at the PKA site in the KIM domain) to
dephosphorylate active p38 MAPK was also measured. The data shows that phosphorylated
STEP fails to dephosphorylate p38 MAPK (Fig. 3C, lower panel). These results suggest that
p38 MAPK is a substrate of STEP and phosphorylation of STEP at the serine residue in the
KIM domain inhibits the interaction between STEP and p38 MAPK.

To further clarify the mechanism by which STEP regulates p38 MAPK in intact cells V5-
STEP46 WT or one of its mutants that cannot be phosphorylated endogenously at the KIM
domain site (S49A or S49A/C300S) were transfected in Hela cells. Immunoprecipitation of
STEP using anti-V5 antibody followed by immunoblot analysis using anti-p38 antibody
showed that both V5-STEP46 S49A (dephosphorylated form of STEP) and V5-STEP46
S49A/C300S (dephosphorylated and catalytically inactive mutant) were able to pull down
endogenous p38 MAPK (Fig. 3D). In contrast the phosphorylated form (V5-STEP46 WT)
failed to bind to p38 MAPK. This suggests that in intact cells only the dephosphorylated
form of STEP can interact with p38 MAPK.

The family of p38 MAPKs includes p38α, β, γ and δ isoforms, although only p38α and β,
are expressed in the brain (Kumar et al. 2003). To determine whether STEP can interact with
all four isoforms, Hela cells were co-transfected with V5-STEP46 S49A and either p38α, β, γ
and δ cDNA. Only p38α and β immunoprecipitated with STEP (Fig. 3E) suggesting a role of
STEP in regulating the physiological function of these two isoforms in neurons.

Activation and subsequent nuclear translocation of p38 MAPK has been implicated in
glutamate-NMDA receptor induced neuronal cell death (Waxman and Lynch 2005). To
examine the role of STEP in regulating the nuclear translocation of active p38 MAPK, Hela
cells were transfected with V5-STEP46 WT or the S49A mutant and then treated with
sorbitol. Consistent with earlier studies (Ingram et al. 2000) hyper-osmotic stress generated
with sorbitol resulted in phosphorylation and subsequent nuclear translocation of active p38
MAPK (Fig. 3F). In the presence of V5-STEP46 WT, sorbitol-mediated nuclear
translocation of p38 MAPK was not affected. In contrast, expression of V5-STEP46 S49A
abolished nuclear translocation of active p38 MAPK (Fig. 3G). These results establish that
only the dephosphorylated and active form of STEP can block phosphorylation and nuclear
translocation of p38 MAPK.

The above findings show that p38 MAPK is inhibited by STEP and STEP’s activation
following glutamate/NMDA receptor stimulation correlates strongly with the inactivation of
p38 MAPK. While these results suggest a neuroprotective role for active STEP, it is clear
that under most excitotoxicity paradigms STEP activation is not sufficient to prevent
neuronal injury. This is illustrated in Figure S1, where delayed neuronal death is observed
following exposure of neuron cultures to 100 μM glutamate for 30 min, as has been
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described in many prior reports (Kawasaki et al. 1997; Barone et al. 2001a). This delayed
neuronal cell death was blocked by pre-incubation with SB-203580 a selective inhibitor of
p38 MAPK. This confirms a central role of p38 MAPK in the excitotoxic cascade and
emphasizes that any inhibitory effects of STEP were not sufficient to block p38 MAPK
activation (Fig. S1). This is possibly due to the fact that sustained stimulation of NMDARs
led to proteolytic cleavage of active STEP resulting in secondary activation of p38 MAPK.

TAT-STEP attenuates glutamate/NMDA receptor induced neuronal cell death
To directly test the hypothesis that interaction of STEP with p38 MAPK regulates neuronal
injury we generated a cell permeable TAT-STEP-myc peptide (TAT-STEP46 S49A ΔPTP-
myc, see “Materials & Methods”) that can constitutively bind to p38 MAPK. We first
determined the temporal profile of intracellular uptake of the TAT-STEP-myc peptide.
Neuronal cultures were incubated with the TAT-STEP-myc peptide for varying time periods
(0, 5, 15, 30 or 120 min). Immunocytochemical analysis with anti-myc antibody showed that
the peptide was detectable 15 min after application that peaked at 30 min and was present
for the rest of the time studied (Fig. 4A). We then determined whether the TAT-STEP-myc
peptide could bind to endogenous p38 MAPK. Neuronal cultures were incubated with the
peptide for 30 min followed by immunoprecipitation with anti-myc antibody.
Immunoblotting with anti-p38 antibody showed that the TAT-STEP-myc peptide forms a
stable complex with p38 MAPK (Fig. 4B). We next examined whether pre-incubation with
TAT-STEP-myc peptide or its co-application along with glutamate can block the initial
phosphorylation and nuclear translocation of p38 MAPK at 5 min. Stimulation with
glutamate (100 μM, 5 min) alone led to phosphorylation (Fig. 4C and D, upper panel, lane 2)
and nuclear translocation of p38 MAPK (Fig. 4E, upper panel). Pre-incubation of neurons
with TAT-STEP-myc peptide (30 min) prior to glutamate treatment blocked the
phosphorylation (Fig. 4C, upper panel, lane 3) and nuclear translocation of p38 MAPK at 5
min (Fig. 4E, middle row). When the peptide was co-administered along with glutamate, it
failed to block the initial phosphorylation (Fig. 4D, upper panel, lane 3) and nuclear
translocation (Fig. 4E, lower panel) of p38 MAPK by 5 min. Finally, we examined if co-
application of TAT-STEP-myc peptide along with glutamate can block the delayed
phosphorylation and nuclear translocation of p38 MAPK at the post-glutamate period,
between 0.5 – 1 hr. Neurons were incubated with glutamate (100 μM) for 30 min in the
presence or absence of TAT-STEP-myc peptide and then processed for immunoblotting and
immunocytochemical analysis 30 min after termination of glutamate treatment. Stimulation
with glutamate alone led to phosphorylation (Fig. 4F, upper panel, lane 2) and nuclear
translocation of p38 MAPK (Fig. 4G, upper row). Co-application of TAT-STEP-myc
peptide blocked the phosphorylation (Fig. 4F, upper panel, lane 3) and nuclear translocation
(Fig. 4G, lower row) of p38 MAPK.

We then evaluated the role of the initial p38 MAPK activation by 5 min as well as the
delayed p38 MAPK activation between 0.5 – 1 hr (post-glutamate period) in neuronal injury
following exposure to an excitotoxic dose of glutamate (100 μM, 30 min). For these
experiments the TAT-STEP-myc peptide was applied to neuronal cultures either 30 min
prior to glutamate treatment (100 μM, 30 min) or co-applied along with glutamate (100 μM,
30 min). 20 hr later cells were processed for Hoechst DNA staining and MAP2 staining to
test for cell viability. The representative photomicrographs and the corresponding mean data
(Fig. 5A & B) demonstrate that 16 ± 5% of the cells were apoptotic under basal conditions
(no treatment). Following glutamate treatment 79 ± 7% of the cells became apoptotic. Pre-
incubation with TAT-myc peptide (30 min) alone failed to attenuate glutamate induced
neuronal cell death. Pre-incubation with TAT-STEP-myc peptide (30 min) prior to
glutamate treatment greatly reduced the number of apoptotic cells to 26 ± 4%. Co-
application of the TAT-STEP-myc peptide along with glutamate also reduced the number of
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apoptotic cells to 30 ± 4%. This latter result is important when taken together with the
results of the p38 MAPK activation above (Fig. 4). Thus TAT-STEP-myc peptide when co-
administered along with glutamate failed to block the initial p38 MAPK activation by 5 min
but still abolished the delayed p38 MAPK activation and greatly reduced neuronal injury.
This is consistent with our hypothesis that neuronal injury following exposure to an
excitotoxic dose of glutamate is primarily due to delayed activation of p38 MAPK following
the proteolytic cleavage of STEP.

TAT-STEP-myc attenuates cell death in vivo
We next investigated whether the TAT-STEP-myc peptide infused in the brain can prevent
excitotoxic injury in vivo. This was tested in the well-established model of glutamate
microinjection into the striatum and evaluation of neuronal injury 24 hr later (Iadecola et al.
2001; Haelewyn et al. 2008). In initial experiments, uptake of the TAT-STEP-myc peptide
into striatal cells was confirmed following stereotactic injection into the right striatum (Fig.
6A and B). Coronal brain sections of the striatum taken at different time points (12 and 24
hr) after infusion were examined immunohistochemically with anti-myc antibody. While no
myc staining was observed in the contralateral striatum (left striatum), myc positive cells
were detectable in the ipsilateral striatum (right striatum) infused with TAT-STEP-myc, at
both the time points studied (Fig. 6C). In subsequent experiments animals were
stereotactically injected with glutamate (30 nmol) in the presence or absence of TAT-STEP-
myc peptide. 24 hr later coronal brain sections of the striatum were processed for
immunohistochemical staining with anti-myc antibody and Hoechst DNA staining. The
representative photomicrograph and the corresponding mean data (Fig. 6D) show a
significant reduction in cell death in the presence of the peptide. Quantitative analysis
further showed that 93 ± 1.1% of the cells that were transduced with TAT-STEP-myc
peptide was protected against glutamate-induced cell death.

DISCUSSION
A key finding of the present study is that NR2B-NMDARs play a critical role in neuronal
survival through activation of the tyrosine phosphatase STEP that in turn can limit the
duration of activation of p38 MAPK. However, active STEP is susceptible to degradation on
prolonged exposure to an excitotoxic insult leading to secondary activation of p38 MAPK.
The ability of TAT-STEP-myc peptide to inhibit the delayed activation of p38 MAPK and
attenuate cell death further suggests that activation of pro-apoptotic pathways are possibly
downstream of the secondary p38 MAPK activation. It is also conceivable that in addition to
p38 MAPK there may be other potential substrates that STEP could act upon to confer
neuroprotection.

This study in conjunction with previous findings (Waxman and Lynch 2005) indicates that
stimulation of NR2A-NMDARs leads to a rapid but transient activation of p38 MAPK.
Previous studies have also shown that glutamate-mediated NR2A-NMDAR stimulation
leads to transient activation of ERK MAPK (Kim et al. 2005). Such transient activation of
ERK and p38 MAPK pathways under physiological conditions is thought to be involved in
the induction of long-term potentiation and long-term depression respectively (Bolshakov et
al. 2000; Zhu et al. 2002; Gisabella et al. 2003; Thomas and Huganir 2004; Wang et al.
2004), two opposing forms of synaptic plasticity that are thought to contribute to learning
and memory. The transient nature of p38 and ERK activation following NR2A-NMDAR
stimulation suggests sequential activation of a stimulatory and an inhibitory pathway. The
inhibitory pathway involves the tyrosine phosphatase STEP. Glutamate-mediated NMDA
receptor stimulation leads to delayed activation of STEP via Ca2+-dependent phosphatase
calcineurin (Paul et al. 2003). The current study demonstrates that NR2B-NMDARs are
responsible for the activation of STEP. This delayed activation of STEP, in turn, can limit
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the activation of both p38 MAPK (current study) and ERK MAPK (Paul et al. 2003). Since
prolonged activation of either ERK or p38 MAPK has been shown to be involved in
neuronal apoptosis (Horstmann et al. 1998; Murray et al. 1998; Runden et al. 1998; Park et
al. 2002; Stanciu and DeFranco 2002; Poddar and Paul 2009) these findings suggest a role
of STEP in mediating the pro-survival effects of NMDA receptor stimulation.

It is not yet known why NR2A-containing NMDARs preferentially activate ERK and p38
MAPK, while STEP is more strongly activated by NR2B-containing receptors. However one
possible mechanism involves differential Ca2+ dynamics triggered by these receptors.
NMDA receptor mediated Ca2+ influx is required for activation of both MAPKs and STEP,
and we have recently shown that NMDA receptor induced intracellular Ca2+ increases occur
in two phases following exposure to high levels of glutamate. An initial rapid but small rise
is followed by a gradual but larger increase. The delayed increase in Ca2+ is NR2B-
NMDAR-dependent and strongly correlates with the delayed activation of STEP (Paul and
Connor 2010). The two phase nature of the Ca2+ increase is also evident from
electrophysiological studies in hippocampal neurons demonstrating that exposure to 100 μM
NMDA leads to a rapidly developing inward current that would give rise to a rapid Ca2+

increase, followed by a larger slowly developing inward current that would give rise to a
larger more slowly developing Ca2+ increase (Chen et al. 1997; Thompson et al. 2008).
Taken together, it seems likely that a rapid initial Ca2+ increase (presumably due to NR2A-
NMDA stimulation), is sufficient to activate ERK and p38 MAPK. Higher levels of Ca2+

influx via NR2B-NMDAR may initially activate cell survival pathways, including the
activation of STEP. Consistent with this interpretation several previous studies in cultured
neurons demonstrated that moderate increase in intracellular Ca2+ inhibits cell death induced
by oxygen glucose deprivation and serum or growth factor withdrawal (Berridge et al. 2000;
Chen et al. 2003; Cheng et al. 2003; Mottet et al. 2003; Bickler and Fahlman 2004).
Moderate increase in Ca2+ also appears to be critical in the phenomenon of ischemic
preconditioning in which tolerance to a severe ischemic insult is induced by antecedent of
mild insult or stimulus (Grabb and Choi 1999; Semenov et al. 2002; Raval et al. 2003;
Tauskela and Morley 2004). The extent to which Ca2+-dependent STEP activation
contributes to cell survival in these previous studies is not yet known. However this
neuroprotection may become ineffective if the extracellular insult is sustained leading to
accumulation of potentially lethal levels of Ca2+ and activation of detrimental pathways,
which down-regulates the pro-survival factors that includes STEP.

A recent study showed that extrasynaptic NMDA receptor stimulation led to calpain-
dependent cleavage of STEP, and proposed that this was an important contributor to
excitotoxic neuronal injury (Xu et al. 2009). The results of our study are consistent with this
general conclusion, as proteolytic cleavage of STEP was clearly observed following
extended glutamate exposures, and maintaining STEP activity with the TAT-STEP peptide
was sufficient to prevent neuronal injury. Furthermore, the TAT-STEP peptide also
prevented in vivo injury strongly supporting the idea that targeting STEP breakdown could
be an effective therapeutic approach.

Our results also reveal an important additional phase of p38 MAPK and STEP activation
during glutamate-NMDA receptor stimulation that was not observed in the prior study.
Immediately following glutamate treatment, a rapid initial activation of p38 MAPK is
observed that is followed by a time-dependent decline due to the interaction of active STEP
with p38 MAPK. Earlier studies have also reported activation of STEP following
intracellular Ca2+ increase and activation of calcineurin (Paul et al. 2003; Snyder et al.
2005). It is difficult to explain why we saw this initial phase of p38 and STEP activation that
was not observed in the study by Xu et al., (2009). One possibility is that the stimuli used in
the present study (100 μM glutamate) permit more rapid activation of p38 and STEP,
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compared with the approach of Xu et al., (2009) that used 10 μM NMDA along with
bicuculline to stimulate extrasynaptic NMDARs.

Based on our data we suggest that irrespective of its anatomical location, NR2B-NMDAR
stimulation can induce dephosphorylation and subsequent activation of STEP. Our
hypothesis is that trans-synaptic stimulation of NR2B-NMDAR may lead to activation of
STEP very close to the site of Ca2+ entry that plays a role in modulating synaptic plasticity
through down regulation of ERK and p38 MAPK localized at the synaptic membrane.
Whereas an excitotoxic insult leading to a more global increase in Ca2+ through all NR2B-
NMDARs leads to overall increase in STEP activity that promotes neuroprotection by
preventing the chronic activation and accumulation of p38 and ERK MAPK in the nucleus.
However an extended insult may lead to STEP’s degradation, facilitating cell death
pathways.

The regulation of p38 MAPK activity by STEP described in the present study may also
contribute to neuronal survival following stroke in vivo. A marked increase in extracellular
glutamate levels has been observed in severe brain disorders such as ischemic stroke and
traumatic brain injury and is responsible for NMDAR induced brain damage (Choi and
Rothman 1990; Dirnagl et al. 1999). Activation of p38 MAPK has also been observed in the
penumbral region following ischemic stroke (Barone et al. 2001a; Barone et al. 2001b; Cao
et al. 2005; Nito et al. 2008) and plays a crucial role in ischemic brain injury. It is possible
that degradation of active STEP is responsible for p38 MAPK activation in these models.
Consistent with this hypothesis, a recent study using an animal model of ischemic stroke has
shown that STEP is unilaterally down regulated in the stroked hemisphere over time.
Furthermore, STEP levels are increased in a neuro-protective preconditioning paradigm, in
regions of the brain that are resistant to ischemic brain damage (Braithwaite et al. 2008). p38
MAPK has been linked to an aberrant increase in expression of cyclooxgenase-2 (COX-2),
an enzyme involved in the generation of pro-inflammatory prostanoids and reactive oxygen
species (Rockwell et al. 2004; Moolwaney and Igwe 2005; Nito et al. 2008). Thus assessing
the role of STEP in modulating COX-2 expression and pro-inflammatory responses may be
helpful in determining whether the TAT-STEP peptide can be considered as a therapeutic
agent to inhibit the progression of brain damage following ischemic stroke or related
neurological disorders.
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STEP striatal-enriched phosphatase
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Figure 1.
Role of NR2B-NMDARs in glutamate-NMDAR induced transient phosphorylation of p38
MAPK. Neuron cultures were treated with (A) glutamate (100 μM) or (B) NMDA (100 μM)
for the specified times. (C-D) Neurons were treated with glutamate for the specified times.
For lanes 4 and 5, after treatment with glutamate for 5 min, APV (C) or CNQX (D) was
added and the incubation was continued for the specified times. (E, F) Neurons were treated
with 100 μM glutamate for specified times in the presence or absence of ifenprodil (E) or Ro
25-6981 (F). Equal amount of protein from each sample was processed for immunoblot
analysis using anti-phospho p38 (TPEYP-p38, upper panel) and p38 (lower panel)
antibodies. Quantification of phosphorylated p38 MAPK by computer-assisted densitometry
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and Image J analysis is shown below each immunoblot. Values are mean ± SEM (n ≥ 3).
*Indicates significant difference from 5 min glutamate or NMDA treatment (p <
0.001). #Indicates significant difference from 30 min glutamate treatment (p < 0.001).
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Figure 2.
Glutamate/NMDAR induced dephosphorylation and subsequent cleavage of STEP involves
NR2B-NMDARs. Neuronal cultures were treated with (A-B) 100 μM glutamate for 30 min
in the presence or absence of Ro 25-6981 (A) or ifenprodil (B); (C-D) 100 μM glutamate for
30 min and maintained in its original medium for the specified times (post-glutamate time);
(E) 100 μM glutamate for 30 min in the presence or absence of Ro 25-6981 and maintained
in its original medium for the specified time (post-glutamate time). Extracts with equal
amount of protein were analyzed from each sample with anti-STEP antibody (A, B, C; upper
and middle panel of E). In some samples phosphorylation of p38 was analyzed using anti-
phospho p38 antibody (TPEYP-p38; upper panel, D). Total p38 or tubulin was analyzed by
re-probing the membrane with either anti-p38 (lower panel, D) or anti-tubulin antibody
(lower panel, E). Quantification of (A-B) phosphorylated (upper band) and non-
phosphorylated (lower band) STEP was done using computer assisted densitometry and
Image J analysis and data presented as percentage of the total; (C, E) extent of proteolytic
cleavage of STEP and (D) phosphorylation of p38 MAPK was done using computer assisted
densitometry and Image J analysis. Values are mean ± SEM (n ≥ 3). *Indicates significant
difference from control (p < 0.001). #Indicates significant difference from 30 min or 1 hr
glutamate treatment (p < 0.001).
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Figure 3.
p38 MAPK is a substrate of STEP. (A) Rat brain homogenates were passed through STEP46
C300S affinity column. Eluants were processed for immunoblot analysis using anti-p38
MAPK antibody (SM- starting material, E- eluant). (B) GST, GST-STEP46 or GST-STEP46
C300S fusion proteins were incubated with recombinant p38 MAPK protein. Bound proteins
were extracted and processed for immunoblot analysis using anti-p38 MAPK (upper panel)
antibody. Blots were re-probed with anti-GST (lower panel) antibody. (C) GST-STEP46 or
GST-STEP46 phosphorylated with PKA were incubated with active p38α MAPK
(phosphorylated at the regulatory threonine and tyrosine residues) for the specified times.
Samples were analyzed using a phospho-specific antibody that recognizes p38 MAPK when
it is phosphorylated at the regulatory tyrosine residue (TEYP-p38). Blots were re-probed
with anti-p38 MAPK antibody. (D-E) Hela cells were transfected with (D) V5-STEP46 or
one of its mutants (S49A and S49A/C300S); or (E) V5-STEP46 S49A and Flag-tagged p38α,
β, γ or δ. STEP was immunoprecipitated with anti-V5 antibody. Samples were analyzed
either with anti-p38 (upper panel, D) or -anti Flag antibody (upper panel, E). Blots were re-
probed with anti-V5-HRP antibody (lower panel, D-E). In E total lysate was analyzed using
anti-Flag antibody to demonstrate expression of all p38 isoforms in Hela cells. (F-G)
Untransfected Hela cells (F) and Hela cell transfected with V5-STEP46 or V5-STEP46-S49A
(G) were treated with 0.3M sorbitol for 15 min and processed for immunocytochemical
staining with anti-phospho p38 (TPEYP-p38; F, G) and anti-V5-HRP (G) antibodies.
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Figure 4.
TAT-STEP-myc peptide can block phosphorylation and nuclear translocation of p38
MAPK. (A) Neuronal cultures were incubated with the TAT-STEP-myc peptide for the
specified times and processed for immunocytochemical staining with anti-myc antibody. (B)
Neuronal cultures were incubated with TAT-STEP-myc peptide (30 min) followed by
immunoprecipitation with anti-myc antibody. Samples were analyzed using anti phospho-
p38 antibody (TPEYP-p38, upper panel). Blots were re-probed with anti-myc antibody
(lower panel). (C-E) Neuronal cultures were treated with glutamate (100 μM, 5 min) in the
absence or presence of TAT-STEP-myc peptide. The peptide was applied to neurons either
30 min prior to (C, E: middle panel) or along with glutamate (D, E: lower panel). (C-D) Cell
lysates were analyzed using anti-phospho-p38 antibody (TPEYP-p38, upper panel), Blots
were re-probed with anti-p38 (C, D: middle panel) or anti-myc (C, D: lower panel)
antibodies. (E) Cells were processed for immunocytochemical analysis with anti-phospho
p38 antibody (TPEYP-p38) and DAPI. (F-G) Neuron cultures were treated with glutamate
(100 μM, 30 min) in the absence or presence of TAT-STEP-myc peptide. The peptide was
co-applied along with glutamate. 30 min after termination of glutamate treatment cells were
processed either for (F) immunoblot analysis using anti-phospho-p38 (TPEYP-p38, upper
panel), -p38 (middle panel) and -myc (lower panel) antibodies respectively or (G) for
immunocytochemical analysis with anti-phospho p38 antibody (TPEYP-p38) and DAPI.
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Figure 5.
TAT-STEP-myc peptide reduces glutamate-induced neuronal cell death. Neuronal cultures
were treated with glutamate (100 μM, 30 min) in the absence or presence of TAT-STEP-
myc peptide or the corresponding TAT-myc control and then maintained in the original
medium for another 20 hr. TAT-STEP-myc peptide was applied to cells either 30 min prior
to or along with glutamate. (A) Representative photomicrograph demonstrating the extent of
cell death, by immunocytochemical analysis with anti-MAP2 antibody and Hoechst DNA
staining. (B) Quantitative analysis of the percentage of neurons with pyknotic nuclei is
represented as mean ± SEM (n ≥ 3). *Indicates significant difference from 30 min glutamate
treatment (p < 0.001).
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Figure 6.
TAT-STEP-myc peptide reduces glutamate-induced cell death in the striatum. (A)
Schematic representation of the area of infusion of TAT-STEP-myc peptide. (B-C) TAT-
STEP-myc peptide was stereotactically injected into the striatum. Coronal sections were
processed for immunohistochemical analysis with anti-myc antibody at the specified time
periods. (B) Low magnification (5X) and (C) high magnification (20X) images. (D)
Glutamate was injected stereotactically into the striatum in the presence or absence of TAT-
STEP-myc peptide. Striatal brain sections were processed for immunohistochemical analysis
with anti-myc antibody and Hoechst DNA stain (left panel). Quantitative analysis of the
percentage of neurons with pyknotic nuclei is represented as mean ± SEM (n ≥ 3, right
panel). *Indicates significant difference from glutamate treated samples (p < 0.001).
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