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Abstract
Excitotoxic cell death is one of the precipitating events in the development of temporal lobe epilepsy.
Of particular prominence is the loss of GABAergic hilar neurons. Although the molecular
mechanisms responsible for the selective vulnerability of these cells are not well understood,
activation of the extracellular signal-regulated kinase/mitogen-activated protein kinase (ERK/
MAPK) pathway has been implicated in neuroprotective responses to excitotoxicity in other neuronal
populations. Here, we report that high levels of the striatal-enriched protein tyrosine phosphatase
(STEP), a key regulator of ERK/MAPK signaling, are found in vulnerable somatostatin-
immunoreactive hilar interneurons. Under both control conditions and after pilocarpine-induced
status epilepticus (SE), ERK/MAPK activation was repressed in STEP-immunoreactive hilar
neurons. This contrasts with robust SE-induced ERK/MAPK activation in the granule cell layer of
the dentate gyrus, a cell region that does not express STEP. During pilocarpine-induced SE, in
vivo disruption of STEP activity allowed activation of the MAPK pathway, leading to immediate-
early gene expression and significant rescue from cell death. Thus, STEP increases the sensitivity of
neurons to SE-induced excitotoxicity by specifically blocking a latent neuroprotective response
initiated by the MAPK pathway. These findings identify a key set of signaling events that render
somatostatinergic hilar interneurons vulnerable to SE-induced cell death.
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Introduction
Status epilepticus (SE) triggers profound and lasting alterations in hippocampal physiology
that can lead to the development of temporal lobe epilepsy (TLE) (Schwartzkroin, 1997;
Scharfman, 2000; Cossart et al., 2005; Ribak and Dashtipour, 2005). One prominent
pathophysiological effect of SE is a reduction in the number of GABAergic interneurons
(Sloviter, 1987; Obenaus et al., 1993; Houser and Esclapez, 1996). Susceptibility to SE-
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induced cell death has been shown to vary among phenotypically distinct subgroups of hilar
interneurons. Of note is the marked decrease in somatostatin-positive interneurons both in
patients with TLE (de Lanerolle et al., 1989; Robbins et al., 1991) and in animal models of
TLE (Sloviter, 1987; Sloviter, 1991; Buckmaster and Dudek, 1997; Buckmaster and Jongen-
Rélo, 1999). For example, postmortem analysis has revealed that the number of somatostatin-
positive neurons is reduced by 80% in individuals with TLE (Robbins et al., 1991), and, in the
kainic acid model of TLE, somatostatin-positive hilar interneurons account for >80% of the
GABAergic cells that were lost (Buckmaster and Jongen-Rélo, 1999). Given these
observations, insight into the molecular mechanism responsible for the subclass-specific
vulnerability of interneurons to SE-induced cell death may provide a deeper understanding of
temporal lobe epileptogenesis.

Information regarding the molecular events underlying cell type-specific vulnerability may be
gained by the analysis of inherent neuroprotective signaling responses actuated by excitotoxic
stimuli. Along these lines, accumulating evidence shows that the p42/44 mitogen-activated
protein kinase (MAPK) pathway plays an important role in neuronal cell survival. For example,
the MAPK pathway mediates the anti-apoptotic effects of BDNF (Hetman et al., 1999).
Likewise, the MAPK pathway stimulates preconditioning-mediated neuroprotection (Jiang et
al., 2005; Lee et al., 2005), whereas disruption of MAPK signaling has been shown to precede
cell death (Xia et al., 1995). Given the stringent, cell type-specific regulation of this pathway,
these data raise the possibility that vulnerability to SE-induced cell death may, in part, depend
on the capacity of a cell to elicit a MAPK pathway-dependent neuroprotective response.

Here, we examined the relationship between SE-induced MAPK pathway activation and
neuronal survival in the dentate gyrus of the mouse. A key finding was that SE stimulated acute
and robust MAPK pathway activation in SE-resistant granule cells but not in vulnerable
populations of hilar interneurons. Our data reveal that the vulnerable cells express high levels
of striatal-enriched protein tyrosine phosphatase (STEP), which is a key regulator of the
extracellular signal-regulated kinase (ERK) pathway. (Lombroso et al., 1991). SE-induced
MAPK activation within these neurons was repressed by STEP, leading to cell death. Blocking
STEP activity by injecting FK506 allowed ERK to be activated and conferred protection
against excitotoxicity. Collectively, these data suggest that STEP plays an important role in
SE-induced somatostatinergic hilar interneuron cell death.

Materials and Methods
Pilocarpine-induced SE

SE was induced in male C57BL/6 mice (7–8 weeks of age; Harlan, Indianapolis, IN) by the
intraperitoneal injection of pilocarpine. Animals were initially given intraperitoneal injections
of 1 mg/kg atropine methyl nitrate 30 min before receiving injections of pilocarpine (325 mg/
kg diluted in physiological saline; Sigma, St. Louis, MO). SE was defined as a continuous
motor seizure of stage 4 (rearing and falling), stage 5 (loss of balance, continuous rearing and
falling), or stage 6 (severe tonic—clonic seizures) (Racine, 1972). Sham control animals were
given injections of atropine methyl nitrate, followed by physiological saline 30 min later.
Animals were killed at the indicated times. To block calcineurin activation, FK506 (1 mg/kg
diluted in 20% DMSO and 80% physiological saline; Sigma) was injected intraperitoneally 15
min after pilocarpine injection. For all experiments, we only used mice that exhibited SE for
a minimum of 2 h.

Immunohistochemistry and immunofluorescence—Mice were perfused
transcardially with cold saline, followed by 4% paraformaldehyde in PBS (10 mM, pH 7.4)
under ketamine/xylazine anesthesia. Brains were post-fixed in 4% paraformaldehyde for 4 h
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at 4°C and cryoprotected with 30% sucrose solution in PBS. Coronal sections (40 μm) through
the dorsal hippocampus were prepared using a freezing microtome.

For immunohistochemistry, sections were washed with PBS and incubated in 0.3% hydrogen
peroxide/PBS for 20 min to eliminate endogenous peroxidase activity. After several washes
with PBS, sections were blocked with 10% normal goat serum in PBS, followed by overnight
incubation at 4°C with one of the following antibodies: mouse anti-STEP antibody (1:2000;
Novus Biologicals, Littleton, CO), rabbit anti-phospho-ERK (pERK) antibody (1:1000; Cell
Signaling Technology, Beverly, MA), mouse anti-JunB antibody (1:2000; Santa Cruz
Biochemicals, Santa Cruz, CA), rabbit anti-FosB antibody (1:2000; Santa Cruz Biochemicals),
mouse anti-His antibody (1:1000; Cell Signaling Technology), rabbit anti-glutamic acid
decarboxylase 65/67 (GAD65/67) antibody (1:1000; Sigma), or rabbit anti-somatostatin
antibody (1:1000; Peninsula Lab, Belmont, CA). Sections were then processed using the ABC
staining method (Vector Laboratories, Burlingame, CA). Nickel-intensified diaminobenzidine
(DAB; Vector Laboratories) was used to visualize the signal. Photomicrographs were captured
using a 16-bit digital camera (Micromax YHS 1300; Princeton Instruments, Trenton, NJ)
mounted on a Leica (Nussloch, Germany) DM IRB microscope.

For immunofluorescent labeling, sections were washed with PBS and blocked with 10%
normal goat serum in PBS, followed by overnight incubation with anti-STEP, anti-pERK, anti-
GAD65/67, anti-FosB, and/or anti-somatostatin antibody. After several washes, sections were
incubated with secondary antibodies conjugated with Alexa 488 and/or Alexa 594 (1:1000;
Invitrogen, San Diego, CA) for 2 h at room temperature and mounted with Gelmount
(Biomedia, Foster City, CA). Fluorescent images were captured using a Zeiss (Oberkochen,
Germany) 510 Meta confocal microscope (2-μm-thick optical section).

Fluoro-Jade B staining—Sections (40 μm) were initially mounted, rehydrated with 70%
ethanol, washed with distilled water, and incubated in 0.06% potassium permanganate solution
for 10 min. Next, the sections were incubated in 0.004% Fluoro-Jade B (Millipore, Bedford,
MA) solution containing 0.1% glacial acetic acid for 20 min at room temperature, washed, and
mounted with distrene plasticizer xylene (DPX; Electron Microscopy Sciences, Fort
Washington, PA). For Fluoro-Jade B double labeling, sections were initially immunostained
with mouse anti-STEP antibody (1:2000), followed by an anti-mouse antibody conjugated with
Alexa 633. Sections were then incubated with 0.006% potassium permanganate solution for 5
min, then incubated in 0.004% Fluoro-Jade B solution for 20 min, and finally mounted with
DPX.

Cresyl violet staining—In brief, sections were mounted onto gelatin-coated slides and
dried. After rehydrating in a graded alcohol series followed by water, sections were stained
with 0.3% cresyl violet solution. After destaining with 95% ethanol containing 0.1% glacial
acetic acid, sections were dehydrated and mounted with Permount.

Analysis of DNA breaks—DNA strand breaks, a marker of apoptosis (Kondratyev and
Gale, 2001), were analyzed by labeling the 3′-OH ends with terminal deoxynucleotidyl
transferase (TdT) using the ApopTag Plus Fluorescein In Situ Apoptosis detection kit
(Millipore). For this study, tissue was fixed by transcardial perfusion (as described above) 3 d
after SE. The sections (30 μm) were processed following the manufacturer’s instructions.

Microinjection of TAT-STEP or TAT-myc control peptide—Mice were placed in a
stereotaxic frame (David Kopf Instruments, Tujunga, CA) under ketamine/xylazine anesthesia.
Guide cannulas (24 gauge) were located in the primary motor cortex [stereotaxic coordinates:
anteroposterior (AP), -1.64 mm; mediolateral, +1.00 mm; dorsoventral, -0.50 mm]. Ten days
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later, 0.5 μl of TAT-STEP (100 nM) or TAT-myc (100 nM) was infused using an injector
cannula (30 gauge). Pilocarpine was injected 1.5 h later.

Western blot—Mice were killed, and hippocampi were rapidly dissected and stored at -80°
C until used. Hippocampi were resuspended and sonicated in radioimmunoprecipitation assay
buffer [50 mM Tris-HCl, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA,
1 mM sodium vanadate, and 1 mM NaF-containing protease inhibitor mixture (Roche
Diagnostics, Rotkreuz, Switzerland)], and supernatants were isolated by centrifugation (13,000
× g) for 10 min. Immediately before loading, lysates (5 μg/lane) were diluted in 6× gel-loading
buffer and electrophoresed on a 12% SDS polyacrylamide gel. Samples were transblotted onto
polyvinylidene fluoride membrane (Immobilon P; Millipore), blocked, and incubated with the
mouse anti-STEP antibody (1:4000 final dilution, in blocking solution) at 4°C overnight.
Membranes were washed and incubated (2 h at room temperature) with horseradish peroxidase
(HRP)-conjugated secondary antibody (1:2000; PerkinElmer Life Sciences, Norwalk, CT).
The signal was visualized by using a Renaissance chemiluminescent HRP substrate
(PerkinElmer Life Sciences).

Tissue culture—Hippocampi were isolated from embryonic day 19–20 Sprague Dawley rat
pups, and the tissue was processed as described by Lee et al. (2005). Cells were plated at a
density of 5 × 105 cells/cm2, and cultures were maintained at 37°C and 5% CO2 in a Napco
(Winchester, VA) 6100 incubator. Experiments were performed after 10–12 d in vitro.

Reporter gene assays—Primary hippocampal neurons were plated in a 12-well dish and
transfected (4 μg of DNA per well) after 8–10 d in culture with Lipofectamine 2000
(Invitrogen). The following constructs were used: pEGFP-N3 (500 ng/well), pcDNA3 STEP
(500 ng/well), pcDNA3.1 (empty vector, 500 ng/well), GAL4-ELK (1.5 μg/well), and E1B-
luciferase (1.5 μg/well). Cells were assayed 36 h after transfection, and luciferase activity was
analyzed using the method described by Ford and Leach (1998).

Identification of cell death in cultured neurons—Primary cultured hippocampal
neurons were transfected as described above with the following constructs: pEGFP-N3 (500
ng) and either pcDNA3 STEP (3.5 μg) or pcDNA3.1 (empty vector, 3.5 μg). Two days after
transfection, cells were stimulated with NMDA (50 μM) for 15 min (Lee et al., 2005), and cell
viability was quantified 8 h later using the DNA stain Hoechst 33342 (1 μg/ml; Invitrogen).
Immunolabeling for enhanced green fluorescent protein (EGFP) was used to identify
transfected cells (Lee et al., 2005). A 16-bit digital camera (Micromax YHS 1300) connected
to an inverted epifluorescence microscope (DM IRB; Leica) was used to capture
photomicrographs. For the quantification of apoptotic cell death, the viability of transfected
EGFP-positive neurons was determined by dividing the number of transfected neurons with
fragmented or condensed nuclei (dead or dying) by the number of transfected neurons for each
condition. We examined five coverslips for each treatment and quantified cell death in
randomly selected fields. Significance was determined by using the two-tailed Student’s t test.

Cell quantitation—Photomicrographs were captured at 40× magnification using a 16-bit
digital camera, and quantitation was performed using MetaMorph software (Universal
Imaging, West Chester, PA). Cells between the upper and lower blades of the dentate gyrus
that were not within area CA3 were defined as hilar. The total number of Fluoro-Jade B-,
STEP-, JunB-, FosB- and cresyl violet-positive cells was counted bilaterally in each animal
from two dorsal hippocampal sections separated by a 200 μm interval (stereotaxic coordinate
AP, approximately -1.60 to -2.00), and the number of cells was given as mean ± SEM from
six mice in each group. For the counting of cresyl violet-positive cells, we excluded cells in
the subgranular zone because the distinction between granule cells and hilar cells could not be
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made unambiguously. With respect to STEP-positive cell quantitation, we found STEP-
expressing cells in the subgranular zone, and these cells appeared to be lost after SE. Therefore,
we decided to perform a more inclusive count of STEP-expressing cells, which included the
subgranular zone. Thus, the density of cresyl violet cells was slightly lower than the STEP-
positive cell density in Figure 3. Cell counts were analyzed statistically using Student’s t test,
and significance was accepted for p < 0.05.

Results
STEP is expressed in hilar interneurons

To examine STEP expression in the hippocampus, coronal mouse brain sections were
immunohistochemically processed with an anti-STEP antibody. As shown in Figure 1A,
relatively high levels of STEP were observed in both the deep hilus and in the border area
between the hilus and granule cell layer (GCL). Quantitative analysis of STEP expression in
the deep hilus and hilar border area can be found in supplemental Figure 1 (available at
www. jneurosci.org as supplemental material). A high-magnification micrograph revealed
strong STEP expression in the cytoplasm and cellular processes. This subcellular staining
pattern is consistent with our previous observations in the rat striatum (Boulanger et al.,
1995). Limited STEP expression was detected throughout the CA1 and CA3 regions, and
relatively high levels were observed in CA2 (data not shown) (Boulanger et al., 1995).
Expression was not detected in the GCL (Fig. 1A). Double labeling for STEP and GAD65/67
revealed that STEP was highly expressed in GABAergic interneurons of the hilus (Fig. 1B).
Within the deep hilus, both the morphology and distribution of STEP-positive interneurons is
consistent with that of somatostatin-expressing hilar interneurons (Buckmaster et al., 2002).
Indeed, double labeling for STEP and somatostatin revealed that almost all somatostatin-
positive hilar cells (>99%, 302 somatostatin-positive cells were examined from six mice)
strongly express STEP (Fig. 1C). However, a subset of STEP-positive hilar cells (23%, 393
cells were examined from six mice) did not coexpress somatostatin. A number of these
somatostatin-negative cells were positive for the putative mossy cell marker glutamate receptor
2/3 (GluR2/3; data not shown). However, this finding was complicated when we identified a
subset of GluR2/3-positive cells that also express GAD6 (36%, 213 cells were observed). STEP
was also strongly expressed in somatostatin-positive interneurons in the stratum oriens layer
of CA1 (Fig. 1C). Few STEP-positive cells were found in stratum radiatum and the molecular
layer, where virtually no somatostatin-immunoreactive cells are found (Esclapez and Houser,
1995).

Degeneration of hilar neurons expressing STEP after pilocarpine-induced SE
The muscarinic acetylcholine receptor agonist pilocarpine is commonly used to elicit SE in
rodent models of TLE. The loss of hilar interneurons is a well characterized result of
pilocarpine-induced SE and can be detected at 6 h after SE (Borges et al., 2003). To assess
whether STEP-positive hilar interneurons are vulnerable to SE, mice (C57BL/6) were given
injections of pilocarpine and killed 6 h after SE onset, and hippocampal brain sections were
processed with Fluoro-Jade B, a sensitive histochemical stain for dying cells. At this time point,
Fluoro-Jade B-labeled cells were specifically observed in the hilus (Figure. 2A). This contrasts
with the GCL, where Fluoro-Jade B staining was not detected.

Double labeling with an anti-STEP antibody and Fluoro-Jade B revealed that 96% of Fluoro-
Jade B-positive cells in the hilus were also STEP positive (268 cells were examined from three
mice) (Fig. 2B). In addition, Fluoro-Jade B-positive cells in the stratum oriens, another region
of the hippocampus where interneuron cell death occurs, were also STEP positive (Fig. 2B).
TdT-mediated biotinylated UTP nick end labeling (TUNEL) staining was used to confirm that
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STEP-positive cells died after SE (Fig. 2C). Collectively, these data reveal that STEP-positive
hilar interneurons are highly vulnerable to the excitotoxic effects of SE.

STEP inhibition decreases SE-induced hilar interneuron cell death
Accumulating evidence suggests that activation of the MAPK pathway is important for
neuroprotection against several kinds of injury (Hetman and Xia, 2000). Because STEP is a
negative regulator of the ERK/MAPK pathway, we tested whether inhibiting STEP would
reduce hilar interneuron cell death caused by SE. To this end, mice were given injections of
the calcineurin inhibitor FK506. Calcineurin is an upstream activator of STEP (Paul et al.,
2003), and blocking calcineurin inhibits STEP activity. We chose FK506 to target calcineurin
because there are no specific inhibitors of STEP. A 1 mg/kg intraperitoneal injection of FK506
has been shown to cross the blood—brain barrier and attenuate ischemia-induced
neuropathology (Uchino et al., 2002; Furuichi et al., 2003; Noto et al., 2004). Systemic injection
of FK506 (1 mg/kg) 15 min after pilocarpine injection (∼30 min before SE onset) significantly
reduced cell death in the hilus 6 h after SE (Fig. 3A,B). The efficacy of FK506 was examined
by using an immunoblotting assay that detects an activation state-dependent shift in the
migration rate of STEP (Paul et al., 2003). This shift in migration has been ascribed to
calcineurin-dependent dephosphorylation of STEP61 at Ser-221 (Paul et al., 2003).
Hippocampal tissue was processed from control mice and from mice with SE (15 min after SE
onset). Under both conditions, STEP61, the major STEP isoform in the hippocampus, migrated
as a single band (Fig. 3E). The injection of FK506 (1 mg/kg) caused STEP to run as a higher-
molecular-weight species. This shift in the migration rate of STEP indicates that FK506 blocks
the activation of STEP in vivo and that STEP is constitutively active under control conditions.

We also examined the viability of STEP-expressing hilar interneurons and the neuroprotective
effects of FK506 7 d after SE onset (Fig. 3C,D). Consistent with the Fluoro-Jade B staining
pattern observed 6 h after SE, there was a total loss of STEP expression at the 7 d time point.
In marked contrast, STEP-positive neurons were observed throughout the hilar region of mice
given injections of FK506 before SE onset. Cresyl violet staining was also used to verify that
FK506 protected hilar cells from SE-induced death (Fig. 3C,D). As noted in Materials and
Methods, cresyl violet-positive cells were only counted within the deep hilus, whereas STEP-
positive cells were counted in both the deep hilus and GCL border area. Thus, the density of
cresyl violet-positive cells shown in Figure 3D was lower than that of STEP-positive cells.
These data indicate that a single injection of FK506 did not simply delay SE-induced cell death
but, rather, prevented the death of STEP-positive hilar interneurons. To determine whether the
neuroprotective effects of FK506 were dependent on the expression of STEP, we compared
the effects of FK506 on SE-induced cell death in the hilus and endopiriform nucleus. We
selected the endopiriform nucleus because it does not express high levels of STEP. In contrast
to the hilus, systemic injection of FK506 did not protect neurons of the endopiriform nucleus
from SE-induced cell death (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). This lack of FK506-mediated neuroprotection supports the hypothesis
that FK506 attenuates cell death via a calcineurin/STEP-dependent mechanism. Consistent
with this idea and a previous report (Moriwaki et al., 1998), FK506 had only modest effects
on seizure latency and severity (Table 1). Importantly, we did not detect a difference in the
severity of SE between two groups examined 3 h after SE. Likewise, animals from both groups
showed continuous myoclonus for at least an additional 3 h or longer, although FK506-injected
mice showed a slightly milder form of myoclonus at 6 h after SE. We also found that FK506
decreased the percentage of mice experiencing seizures (22% decline for stage 4–5 seizures
and 11% for stage 6 seizures) and reduced mortality by 15%. An additional set of experiments
in which FK506 was microinfused into the hilus is described below.
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STEP and the MAPK cascade
The finding that blocking STEP activity enhanced neuronal survival suggested that FK506
treatment combined with SE stimulated an otherwise dormant MAPK pathway in the dentate
gyrus. To test this possibility, we examined activation of ERK with an antibody against the
active, dually phosphorylated form of ERK (pERK). Under control conditions, little pERK
expression was observed in both the GCL and hilus (Fig. 4A). Pilocarpine triggered strong
ERK activation in the GCL 15 min after SE onset. In contrast, SE did not stimulate pERK
expression in the hilus, consistent with the role of STEP as a negative regulator of ERK
activation.

Next, we tested whether STEP inhibits ERK activation in the hilus. Initially, in a control
experiment, we tested whether blocking STEP activity (in the absence of SE) would trigger
ERK activation. To this end, mice were given injections of FK506 (1 mg/kg) and killed 15 min
later. FK506 injection alone triggered ERK activation in the hilus but not in the GCL (Fig.
4A, Panel 3). Given that STEP is expressed specifically in hilar cells and is tonically active,
this result indicates that STEP is a potent negative regulator of ERK activation under control,
unstimulated conditions. In the hilus, the level of ERK activation after SE and FK506 injection
appeared to be greater than the level of ERK activation resulting from FK506 injection alone
(Fig. 4A, Panel 4), indicating that SE stimulates ERK activation. To determine whether ERK
activation occurred within STEP-positive neurons, hippocampal sections from mice that
received injections of FK506 and pilocarpine were double labeled for STEP and pERK. Figure
4B shows that SE induced ERK phosphorylation in STEP-positive cells. Furthermore, double
immunolabeling revealed that FK506 elicited pERK expression within somatostatin-positive
hilar interneurons (Fig. 4C). These results reveal that STEP functions as a potent negative
regulator of the MAPK pathway in the hilus.

MAPK signaling has been shown to exert a neuroprotective response via a transcriptionally
dependent mechanism (Criswell et al., 2005). To assess whether disruption of STEP stimulates
the expression of MAPK-regulated genes, we monitored the induction of FosB and JunB
(Coffer et al., 1994; Inoue et al., 2004). In control mice, JunB and FosB expression was low
in the hilus and the GCL (Fig. 5A). At 1.5 h after SE onset, robust JunB and FosB expression
was observed in the GCL, whereas little expression was observed in the hilus. In contrast,
FK506 injection significantly increased the number of JunB- and FosB-positive cells in the
hilus ( p < 0.004 for JunB and p < 0.009 for FosB) (Fig. 5C). To verify that gene expression
occurred in STEP-positive interneurons, tissue was double labeled for FosB and STEP. As
shown in Figure 5B, marked FosB expression was observed in STEP-positive hilar
interneurons. These data raise the possibility that the disruption of STEP activity results in the
emergence of a latent, neuroprotective, MAPK-dependent transcriptional response in hilar
interneurons.

Ectopic STEP increases cell death
To more rigorously test the role of STEP as a regulator of SE-induced cell death, we used an
enzymatically inactive mutant of STEP46 (TAT-STEP), in which the essential cysteine in the
catalytic domain was converted to a serine (Pelkey et al., 2002; Paul et al., 2007). A TAT-
peptide sequence was added to the N terminus of the construct to allow STEP to penetrate cells
(Green and Loewenstein, 1988), and myc and His epitopes were added to allow TAT-STEP to
be distinguished from endogenous STEP. TAT-STEP still binds to ERK but cannot
dephosphorylate it. Thus, TAT-STEP functions by sequestering ERK in the cytosol and, in
turn, disrupting signaling via the MAPK cascade (Paul et al., 2007). In the motor cortex, TAT-
STEP infusion (100 nM, 0.5 μl) effectively reduced nuclear translocation of pERK after SE
(supplemental Fig. 3A, available at www.jneurosci.org as supplemental material). This
contrasts with nuclear translocation of pERK in the contralateral cortex. In addition, TAT-
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STEP did not significantly alter the phosphatase activity of wild-type STEP (supplemental Fig.
3B, available at www.jneurosci.org as supplemental material). Because TAT-STEP blocks the
nuclear translocation of pERK and thereby prevents the activation of a putative neuroprotective
transcriptional response, we reasoned that misexpression of TAT-STEP might increase
vulnerability to SE-induced injury and cell death. To this end, we infused TAT-STEP (100
nM, 0.5 μl) into the motor cortex. This brain region was chosen because we found that a
relatively small percentage of cells normally die in this area after SE. Thus, given the low level
of SE-induced cell death in the motor cortex, a potential STEP-dependent increase in cell
vulnerability should be readily detected. Initially, the expression pattern of TAT-STEP was
examined 8 h after microinfusion. Immunofluorescence using an anti-His antibody confirmed
that TAT-STEP was taken up in the cortical region surrounding the site of injection (Fig.
6A).

TAT-STEP-positive cells were highly vulnerable to pilocarpine-induced SE. Double labeling
for TAT-STEP and Fluoro-Jade B revealed a marked increase in dead and dying cells in the
infused hemisphere (Fig. 6C). This contrasts with the rather low level of Fluoro-Jade B labeling
observed in the contralateral control hemisphere (Fig. 6B). Consistent with the effects of
endogenous STEP in the hilus, TAT-STEP blocked the expression of JunB in the cortex (Fig.
6D). Importantly, in the absence of SE, microinjection of TAT-STEP did not induce cell death
in the motor cortex. Likewise, the injection of the control peptide TAT-myc (100 nM, 0.5 μl)
alone did not increase SE-induced cell death. These findings are consistent with the work of
Aarts et al. (2002) that reported that nanomolar concentrations of TAT-fusion proteins were
not toxic. However, in slice culture, Prendergast et al. (2002) did observe TAT-mediated
toxicity.

We next examined whether injection of TAT-STEP into the hilus would block the
neuroprotective effects of FK506. Hence, if FK506 is conferring neuroprotection via the
inhibition of calcineurin-mediated STEP activation, then ectopic TAT-STEP should override
this effect and increase SE-induced cell death. In this experiment, TAT-STEP was infused into
the hilus, and 1.5 h later, FK506 was infused into the hilus, followed by an intraperitoneal
injection of pilocarpine. We provide representative and quantitative data showing that hilar
cells were transduced with TAT-STEP and that TAT-STEP blocked the neuroprotective effects
of FK506 (supplemental Figs. 4, 5, available at www.jneurosci.org as supplemental material).
In addition, infusion of the MEK1/2 (MAP/ERK kinase 1/2) inhibitor U0126 (1,4-diamino-2,3-
dicyano-1,4-bis[2-amino-phenylthio]butadiene) blocked the neuroprotective effects of FK506
(supplemental Figs. 4, 5, available at www.jneurosci.org as supplemental material).
Differences in SE onset and duration were not detected across any of the microinfusion
experimental groups. Collectively, these data provide a link between STEP, the MAPK
pathway, and SE-induced hilar interneuron cell death.

STEP overexpression increases cell death after NMDA stimulation
Last, we examined the effect of STEP on excitotoxic cell death in primary hippocampal
neuronal cultures. For this study, we isolated neurons from embryonic day 20 rat pups and
maintained them in culture for 10–12 d. The cultures were then transfected with EGFP
(transfection marker) and either wild-type STEP or empty vector (pcDNA). Forty-eight hours
later, cells were stimulated with NMDA (50 μM for 15 min), and the effects on cell viability
were assayed 8 h later using Hoechst labeling (Fig. 7A). Relative to control vector-transfected
neurons, STEP overexpression significantly increased the excitotoxicity of NMDA (Fig. 7B).

To determine whether STEP overexpression blocks MAPK-dependent transcription, neurons
were transfected with the MAPK reporter constructs GAL4-ELK/E1B (Chung et al., 1999) and
stimulated with phorbol ester 12-O-tetradecanoyl-phorbol-13-acetate (TPA; 1 μM for 30 min)
or NMDA (20 μM for 15 min). Cotransfection of STEP blocked the capacity of TPA and
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NMDA to stimulate MAPK-dependent transcription. Importantly, pretreatment (15 min) with
FK506 (1 μM) blocked STEP repression of TPA- and NMDA-mediated transcription (Fig.
7C). These data demonstrate that STEP acts as a potent negative regulator of the MAPK
pathway and confirm the in vivo results showing that STEP increases neuronal vulnerability
to potentially excitotoxic stimuli.

Discussion
Here, we have identified a central role for STEP in SE-induced, somatostatinergic hilar
interneuron cell death. Principal among our findings is that the high level of tonic STEP activity
in hilar interneurons represses a potentially neuroprotective ERK/MAPK signaling cascade.
The connection between STEP and increased vulnerability to excitotoxic death was supported
by the results of the ectopic STEP expression assays and the data showing that the disruption
of STEP activity with FK506 is neuroprotective. Together, these data delineate a set of
signaling events that render hilar interneurons highly vulnerable to SE-induced cell
excitotoxicity.

Anatomical studies have shown that hilar interneurons receive excitatory input from granule
cells and the perforant pathway (Leranth et al., 1990; Buckmaster and Schwartzkroin, 1995;
Acsády et al., 1998) and project axon collaterals to granule cell apical dendrites in the outer
molecular layer (Leranth et al., 1990; Han et al., 1993). This feedback circuit from the hilus to
the GCL has been suggested to function as a negative regulator of GCL excitability (Leranth
et al., 1990; Han et al., 1993). Recently, it was reported that granule cells of epileptic rats had
<50% of the level of evoked, monosynaptic IPSP conductance and GABAA receptor-mediated
spontaneous and miniature IPSCs compared with controls (Kobayashi and Buckmaster,
2003). In the case of epileptic patients, reduced evoked IPSPs in granule cells were also reported
(Williamson et al., 1999). Thus, the selective loss of inhibitory input to the GCL has been
suggested to enhance hippocampal excitability. However, it should also be noted that a number
of studies have found that inhibitory drive to the GCL is enhanced in animal models of TLE
(Tuff et al., 1983; Haas et al., 1996; Buckmaster and Dudek, 1997).

A striking finding of our study was the marked increase in pERK expression in the GCL 15
min after pilocarpine-induced SE but the lack of pERK induction in the hilus. Given that hilar
interneurons receive excitatory synaptic input from the GCL mossy fiber collaterals and that
pERK is induced in CA3, another target of the mossy fibers, it was our prediction that SE
would induce robust MAPK pathway activation. This lack of induction is likely not the result
of a weak excitatory input to the hilus. Rather, neuroanatomical studies have shown that hilar
cells receive robust glutamatergic input from the GCL (Leranth et al., 1990; Acsády et al.,
1998). These findings suggested that there is a negative regulatory mechanism that blocks
activity-dependent MAPK stimulation in the hilus.

The identification of STEP in hilar neurons provides the mechanistic link needed to explain
the lack of SE-induced MAPK pathway activation. STEP, which was initially characterized in
the striatum, is also expressed in a number of other brain regions, including the hippocampus,
nucleus accumbens, and septal nucleus (Boulanger et al., 1995). However, our study is the first
to examine STEP in the hilus. STEP expression was found in the cytoplasm and cell processes
of hilar interneurons. Double labeling for somatostatin revealed that STEP was enriched in
somatostatinergic hilar interneurons. As noted above, this subclass of interneurons is highly
vulnerable to SE-induced excitotoxicity (Robbins et al., 1991; Buckmaster and Jongen-Rélo,
1999). We found that acute SE-induced cell death was correlated with STEP expression in the
hilus. However, it is important to state that the effects of STEP on excitotoxicity are context
specific. Along these lines, area CA2 expresses high levels of STEP (Boulanger et al., 1995);
yet, unlike the hilus, it is relatively resistant to excitotoxic cell death (Zhang et al., 1997; El
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Bahh et al., 1999). Mechanistically, it is not known why CA2 neurons are resistant, although
numerous studies have shown that CA2 pyramidal neurons are enriched in an array of receptors
and trophic factors (Tucker et al., 1993; Ochiishi et al., 1999; Lein et al., 2005) that may affect
excitability and/or provide trophic support and thus decrease susceptibility to excitotoxic
stimuli. Likewise, divergence also holds at the level of synaptic afferents (Haglund et al.,
1984; Köhler et al., 1985). Thus, for CA2 neurons, the expression of STEP may not supplant
an inherent level of excitability, synaptic input, or trophic support, which are all key regulators
that contribute to vulnerability. In addition, SE-induced cell death occurs in cell populations
that do not have high levels of STEP, such as the GCL (Sloviter et al., 1996; Roux et al.,
1999).

Given our data showing the correlation between STEP expression and cell death, it is tempting
to hypothesize that STEP is a determinant of whether a neuron is acutely sensitive to
excitotoxicity. In line with this idea, overexpression of STEP in cultured hippocampal neurons
increased NMDA-induced cell toxicity, and in vivo membrane- permeable TAT-STEP
increased the vulnerability of cortical neurons to SE-induced cell death. The connection
between STEP and excitotoxicity was further examined by using the calcineurin antagonist
FK506. Previously, Paul et al. (2003) reported that calcineurin-dependent dephosphorylation
of STEP leads to its binding to and dephosphorylation of ERK. By blocking the activation of
STEP, FK506 led to a significant decrease in SE-induced hilar interneuron cell death. The
specificity of FK506-mediated neuroprotection was assessed by comparing cell death in two
vulnerable brain regions: the hilus, which expresses high levels of STEP, and the endopiriform
nucleus, which has limited STEP expression. In contrast to the neuroprotective effects
conferred to hilar cells, the level of endopiriform cell death was unaffected by systemic
injection of FK506. Together, these data support the idea that FK506 confers neuroprotection
via a calcineurin/STEP-dependent mechanism.

The association between disrupted STEP activation and attenuated cell death suggests that a
latent MAPK-dependent response was engaged in hilar interneurons. Indeed, we found that
the MAPK pathway was activated in the hilus after FK506 injection. This effect of FK506 was
specific to hilar cells; FK506 did not stimulate ERK activation in the GCL. Given that STEP
is expressed in the hilus, but not in the GCL, these data indicate the effect of FK506 was the
specific result of STEP inhibition. It should be noted that FK506 has been shown to have
neuroprotective effects in a number of brain injury models (Butcher et al., 1997; Singleton et
al., 2001). However, the mechanism by which FK506 provides protection has not been
established. Given the results reported here, it will be interesting to assess whether alterations
in STEP/MAPK signaling may be a common mechanism by which FK506 affords
neuroprotection.

Western analysis of hippocampi from control or pilocarpine-treated mice revealed that STEP
was active even under control conditions. As a depolarization/calcium-activated phosphatase,
this finding suggests that hilar interneurons receive a tonic level of excitatory activity that is
sufficient to stimulate STEP. In line with this finding, a number of studies have shown that the
perforant pathway and GCL, two principal inputs to hilar interneurons, have spontaneous firing
rates of 7.12 ± 9.0 Hz and 0.05–0.13 Hz, respectively (Quirk et al., 1992; Howard et al.,
1998; Vogt and Regehr, 2001), and thus may provide the excitatory stimulus necessary to drive
tonic STEP activation. The chronic repression of ERK activation would likely have profound
effects on the gene profile of hilar interneurons under both normal and SE conditions. Along
these lines, we found that blocking STEP activity allowed SE to stimulate the expression of
the ERK-regulated genes FosB and JunB. In addition, cAMP response element-binding
protein-dependent transcription was also derepressed by disruption of STEP activity (Y.-S.
Choi and K. Obrietan, unpublished observations).
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The MAPK pathway consists of the kinases Raf, Mek, and ERK. With a stimulus of sufficient
intensity and duration, the activated form of ERK translocates to the nucleus and stimulates
transcription factors such as ELK-1 (Treisman, 1996; Cobb, 1999; Grewal et al., 1999). In
addition, ERK targets a number of kinases such as MSK1/2 and RSK2 (Deak et al., 1998;
McDonald et al., 1998; Soloaga et al., 2003) that stimulate gene transactivation. The induction
of MAPK-dependent transcription has been shown to confer neuroprotection against
excitotoxic stimuli. For example, BDNF-dependent neuroprotection is dependent on the
MAPK cascade (Hetman et al., 1999). Interestingly, BDNF is released in an activity-dependent
manner (Goodman et al., 1996), thus raising the possibility that potentially neuroprotective
effects of SE-induced BDNF release may not be imparted to STEP-positive cells as a result of
repressed MAPK activation. Furthermore ERK activation may afford protection against c-Jun
N-terminal kinase (JNK)-mediated cell death (Xia et al., 1995). Interestingly, JNK is stimulated
by seizure activity in the hippocampus (Jeon et al., 2000), and thus repressed ERK activity
may increase the vulnerability of hilar interneurons to excitotoxic cell death via JNK-
dependent signaling. In this context, it is interesting to note that somatostatinergic hilar
interneurons are highly vulnerable to a number of excitatory insults, including ischemia and
trauma, as well as SE (Lowenstein et al., 1992; Matsuyama et al., 1993). Given the profound
neuroprotective effects of the MAPK pathway, these findings suggest that STEP-mediated
repression of ERK activity may be a common element in the inherent vulnerability of these
cells to excitotoxic stimuli. Future experiments will test this idea.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
STEP is expressed in GABAergic hilar interneurons. A, DAB-based immunohistochemical
labeling revealed marked STEP expression in the hilus (Hil). Note the lack of STEP staining
in the GCL. The boxed region is magnified and shown on the right. B, Top row,
Immunofluorescent double labeling for STEP and GAD65/67 revealed that STEP is expressed
in GABAergic hilar interneurons. Bottom row, STEP is also expressed in GAD65/67-positive
neurons in the stratum oriens of CA1. Arrows indicate cells expressing STEP but not
GAD65/67. C, Double labeling shows that somatostatinergic interneurons express STEP in the
hilus (top row) as well as in the stratum oriens of CA1 (bottom row). Arrow denotes a
somatostatin-negative cell weakly expressing STEP. Scale bars: A, 100 μm (low-magnification
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image) and 25 μm (high-magnification image); B, C, 20 μm. SO, Stratum oriens; PCL,
pyramidal cell layer.
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Figure 2.
Pilocarpine-induced SE elicits cell death in the hilus. A, Mice were given injections of either
pilocarpine (325 mg/kg, i.p.) or saline (control), and brain sections were stained with Fluoro-
Jade B, a fluorescent marker of dead and dying cells. Mice were killed 6 h after SE onset.
Fluoro-Jade B labeling was observed specifically in the hilus (Hil). In contrast, cell death was
not observed in the GCL. Boxed regions are shown magnified on the right. Arrows denote
dead/dying cells. B, Double labeling revealed that Fluoro-Jade B (FJB) -labeled cells in the
hilus express STEP. In stratum oriens of CA1, cell death was specifically observed in STEP-
positive cells. CC, Corpus callosum; SO, stratum oriens. Scale bars, 20 μm. C, Results of double
labeling in the hilus for STEP and TUNEL, a marker of apoptotic cell death, were consistent
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with the Fluoro-Jade B staining data; TUNEL-labeled cells were STEP positive. For TUNEL
labeling, animals were killed 3 d after SE. Scale bars: A, 100 μm (low-magnification image)
and 25 μm (high-magnification image); B, 20 μm; C, 10 μm.

Choi et al. Page 19

J Neurosci. Author manuscript; available in PMC 2009 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
FK506 attenuates SE-induced cell death in the hilus. FK506 (1 mg/kg) or vehicle (20% DMSO
in saline) was injected intraperitoneally 15 min after pilocarpine injection. Mice were killed 6
h after SE, and cell death was identified by Fluoro-Jade B staining. A, Representative images
reveal Fluoro-Jade B-positive cells in the hilus. Scale bar, 100 μm. B, Cell counts of Fluoro-
Jade B (FJB)-positive cells reveal that FK506 significantly reduced SE-induced cell death.
***p < 0.001. C, FK506 conferred lasting protection to STEP-expressing hilar (Hil)
interneurons. Representative images of STEP immunolabeling in the dentate gyrus from
animals killed 7 d after SE are shown. Note the large number of STEP-positive cells in the
hilus of mice given injections of FK506 (bottom). In contrast, in the absence of FK506
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treatment, STEP-positive cells were not observed in SE-induced mice (middle). Cresyl violet
staining (right) is consistent with STEP immunostaining; FK506 attenuated SE-induced cell
loss in the hilus. Scale bars: low-magnification images, 100 μm; high-magnification images,
25 μm. D, Quantitation of STEP- and cresyl violet-positive cells 7 d after pilocarpine-induced
SE. **p < 0.01. E, Western blotting was used to detect the active (dephosphorylated) and
inactive (phosphorylated) form of STEP (p-STEP). Under both control conditions (lane 1) and
after pilocarpine injection (lane 3) (15 min after SE onset), STEP migrated in its lower-
molecular-weight (dephosphorylated) active form. After FK506 (1 mg/kg) injection alone (lane
2) or with pilocarpine (lane 4), STEP migrated in its higher-molecular-weight (phosphorylated)
inactive form. Error bars indicate SEM.
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Figure 4.
STEP and seizure-induced ERK activation. A, Immunolabeling for the activated form of ERK.
Under both the control condition [Saline (Sal) + Vehicle (Veh), Panel1] and 15 min after SE
[Pilocarpine (Pilo) + Veh, Panel2] onset, ERK activity was not observed in the hilus. In contrast,
SE triggered a robust increase in ERK activation in the GCL. FK506 alone (1 mg/kg) triggered
ERK activation in the hilus (Sal + FK506, Panel 3). ERK activation was also observed in the
hilus after SE in mice given injections of FK506 (Pilo + FK506, Panel4). The boxed regions
are magnified images shown to the right of each panel. Arrows denote cells with marked pERK
expression. B, Double labeling for pERK and STEP demonstrates that FK506 injection
activated ERK signaling in two of the three STEP-positive hilar interneurons. Representative
images were taken from animals killed 15 min after SE onset. C, Double labeling demonstrates
that FK506 triggered the expression of pERK in somatostatin-positive cells of the hilus.
Animals were killed 15 min after SE onset. Arrows denote somatostatinergic cells. Scale bars:
A, 100 μm (low-magnification image) and 25 μm (high-magnification image); B, 10 μm; C,
25 μm.
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Figure 5.
Blocking STEP activation triggers immediate-early gene expression. A, SE stimulated FosB
(left) and JunB (right) expression in the GCL but not in the hilus. FK506 injection (1 mg/kg,
15 min after pilocarpine injection) significantly increased SE-induced FosB and JunB
expression in the hilus. Mice were killed 1.5 h after SE onset. Boxed regions are magnified
and shown on the right. Arrows denote cells with immediate-early gene expression. B, Double
labeling with FosB and STEP revealed that immediate-early gene expression occurred in
STEP-positive hilar cells. C, Quantitative analysis of FosB- or JunB-positive cells in the hilus
under the different treatment conditions. Data from six animals were examined for each
condition and expressed as the mean ± SEM. **p < 0.01. Error bars indicate SEM. Scale bars:
A, 100 μm (low-magnification image) and 25 μm (high-magnification image); B, 10 μm; C,
25 μm.
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Figure 6.
TAT-STEP increases SE-induced cell death and decreases immediate-early gene expression
in the cortex. In A—C, His-tagged TAT-STEP was microinjected into the motor cortex via an
indwelling guide cannula. SE was induced 2 h later, and mice were killed 6 h after SE onset.
A, TAT-STEP was visualized with an anti-His antibody, followed by Alexa 488-conjugated
secondary antibody (color-coded red for clarity). The high-magnification image (taken from
the boxed region in the left panel) identifies individual cells that had taken up TAT-STEP. B,
Cell death was determined using Fluoro-Jade B staining. Compared with the contralateral
hemi-sphere or with the injection of TAT-myc, TAT-STEP increased SE-induced cell death.
In saline (Sal)-injected mice, TAT-STEP did not induce cell death. C, Double labeling for
Fluoro-Jade B (FJB; left) and TAT-STEP (anti-His; middle) revealed that SE-induced death
occurred in TAT-STEP-expressing cells. D, Representative data showing that SE-induced
JunB expression was decreased in the TAT-STEP-infused hemisphere compared with the
contralateral hemisphere or to TAT-myc infusion. Animals were killed 2 h after SE onset. Scale
bars: A, 500 μm (low-magnification image) and 50 μm (high-magnification image); B, 200
μm (low-magnification image) and 50 μm (high-magnification image); B, 10 μm; C, 10 μm;
D, 50 μm.
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Figure 7.
STEP increases neuronal vulnerability to excitotoxic cell death. A, Hippocampal neurons
isolated from embryonic rat pups were transfected with EGFP expression vector and either a
STEP expression vector or an empty expression vector (pcDNA). Two days after transfection,
cells were stimulated with NMDA (50 μM) for 15 min, and cell viability was quantified 8 h
later using Hoechst staining. A total of 326 pcDNA- and 366 STEP-transfected cells were
examined. Arrows identify representative transfected cells that are dying (condensed nuclei);
arrowheads denote healthy cells. Scale bar, 50 μm. B, Quantitation of the percentage of
transfected neurons undergoing cell death. Relative to control vector transfection, transfection
with STEP increased the toxic effects of NMDA (***p < 0.001, significantly different from
control vector transfection). C, STEP attenuates MAPK-dependent gene expression. Neurons
were transfected with Gal4-ELK and E1B-luciferase reporter and either the STEP expression
vector or empty expression vector (pcDNA). Cells were stimulated (15 min) with NMDA (20
μM) or TPA (1 μM) and lysed 6 h later. Both NMDA and TPA stimulated a significant increase
in MAPK-dependent reporter gene expression. STEP overexpression blocked both NMDA-
and TPA-mediated gene expression. Pretreatment (30 min) with FK506 (1 μM) blocked the
repressive effects of STEP. The values are means ± SEM of quadruplicate determinations and
are expressed as fold stimulation normalized to the unstimulated pcDNA control, which was
set equal to one. ***p < 0.001, significant difference relative to control buffer treatment.
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