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Original Article

Mitogen- and Stress-Activated Protein
Kinase 1 Regulates Status Epilepticus-
Evoked Cell Death in the Hippocampus

Yun-Sik Choi1, Paul Horning2, Sydney Aten2, Kate Karelina2,
Diego Alzate-Correa3, J. Simon C. Arthur4, Kari R. Hoyt3, and
Karl Obrietan2

Abstract

Mitogen-activated protein kinase (MAPK) signaling has been implicated in a wide range of neuronal processes, including

development, plasticity, and viability. One of the principal downstream targets of both the extracellular signal-regulated

kinase/MAPK pathway and the p38 MAPK pathway is Mitogen- and Stress-activated protein Kinase 1 (MSK1). Here, we

sought to understand the role that MSK1 plays in neuroprotection against excitotoxic stimulation in the hippocampus. To this

end, we utilized immunohistochemical labeling, a MSK1 null mouse line, cell viability assays, and array-based profiling

approaches. Initially, we show that MSK1 is broadly expressed within the major neuronal cell layers of the hippocampus

and that status epilepticus drives acute induction of MSK1 activation. In response to the status epilepticus paradigm, MSK1

KO mice exhibited a striking increase in vulnerability to pilocarpine-evoked cell death within the CA1 and CA3 cell layers.

Further, cultured MSK1 null neurons exhibited a heighted level of N-methyl-D-aspartate-evoked excitotoxicity relative to

wild-type neurons, as assessed using the lactate dehydrogenase assay. Given these findings, we examined the hippocampal

transcriptional profile of MSK1 null mice. Affymetrix array profiling revealed that MSK1 deletion led to the significant

(>1.25-fold) downregulation of 130 genes and an upregulation of 145 genes. Notably, functional analysis indicated that a

subset of these genes contribute to neuroprotective signaling networks. Together, these data provide important new insights

into the mechanism by which the MAPK/MSK1 signaling cassette confers neuroprotection against excitotoxic insults.

Approaches designed to upregulate or mimic the functional effects of MSK1 may prove beneficial against an array of

degenerative processes resulting from excitotoxic insults.
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Introduction

The molecular signaling events that regulate
neuroprotection and excitotoxic cell death have been an
area of intensive investigation for many years. Beyond
the well-established roles of a subset of signaling path-
ways that underlie either neuroprotection (e.g., the Nrf2-
Antioxidant Response Element signaling pathway) or cell
death (e.g., the intrinsic apoptotic pathway), numerous
cell signaling events and gene networks have the capacity
to confer both protection and to enhance vulnerability to
potentially excitotoxic insults (Mattson, 2003; Calabrese
et al., 2005; Culmsee and Landshamer, 2006;
Rueda et al., 2016). Consistent with this idea, the extra-
cellular signal-regulated kinase (ERK)/MAPK pathway
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has been shown to function as both a regulator of neuro-
protective and cell death signaling pathways (reviewed in
Hetman and Xia, 2000; Zhuang and Schnellmann, 2006;
Cagnol andChambard, 2010;Martin and Pognonec, 2010;
Subramaniam and Unsicker, 2010). Along these lines, a
large number of in vitro and in vivo studies have shown that
the abrogation of ERK/MAPK signaling suppresses neur-
onal death induced by multiple apoptotic- and necrotic-
mediated mechanisms (Alessandrini et al., 1999; Kuroki
et al., 2001; Lesuisse and Martin, 2002; Pedersen et al.,
2002; Park et al., 2004). In contrast with these findings,
studies have also shown that the ERK/MAPK pathway
facilitates neuronal cell survival (reviewed in Ballif and
Blenis, 2001; Portt et al., 2011). For example, ERK/
MAPK signaling has been shown to stimulate precondi-
tioning-mediated neuroprotection (Gonzalez-Zulueta
et al., 2000; Bickler et al., 2005) and to drive the expression
of neuroprotective genes, including BCL-2 and BDNF
(Hetman et al., 1999; Cheng et al., 2013).

These profoundly discordant observations regarding
ERK/MAPK signaling and cell viability may be explained
by the route of injury, duration of activation, and the
subcellular localization of ERK (Hetman and Xia, 2000;
Zhuang and Schnellmann, 2006; Cagnol and Chambard,
2010; Martin and Pognonec, 2010). Here, we chose to fur-
ther our understanding of the role of MAPK signaling in
neuroprotection by focusing on one of its principal effector
kinases: Mitogen- and Stress-activated protein Kinase 1
(MSK1). MSK1 (and its homolog MSK2) is a serine/
threonine kinase that is formed by two distinct functional
domains: an autoregulatory C-terminal kinase and an N-
terminal substrate kinase (reviewed in Hauge and Frodin,
2006; Arthur, 2008; Reyskens and Arthur, 2016). In add-
ition to its regulation by the ERK/MAPK cascade, MSK1
is downstream of the p38/MAPK pathway (Deak et al.,
1998; McCoy et al., 2005).

MSK1 is localized to the cell nucleus and functions as a
regulator of chromatin structure and transcription factor
activation. For example, MSK1 phosphorylates histone H3
and the transcription factors ATF-1 and CREB (Wiggin
et al., 2002; Soloaga et al., 2003; and reviewed in Arthur,
2008; Vermeulen et al., 2009; Reyskens and Arthur, 2016).
Notably, via its phosphorylation of CREB at Ser133 (and
the resulting increase in CRE-mediated gene expression),
MSK1 appears to be a key route by which the ERK/
MAPK pathway triggers long-term forms of neuronal plas-
ticity. Consistent with this idea, MSK1-deficient mice exhi-
bit an array of synaptic and cognitive deficits (Chwang
et al., 2007; Karelina et al., 2012; Correa et al., 2012).
Further, MSK1 regulates progenitor cell proliferation in
the subgranular zone of the dentate gyrus (Karelina
et al., 2015), which could also contribute to the cognitive
deficits observed in MSK1 null mice.

As with signaling via the ERK/MAPK pathway (an
upstream effector of MSK1), there are divergent findings

regarding the role of MSK in cell death signaling, with
reports showing that MSK is both protective and can
enhance vulnerability to stress stimuli (Hughes et al.,
2003; Kannan-Thulasiraman et al., 2006; Lang et al.,
2015). Here, we furthered this line of inquiry and provide
data showing that the MSK1 pathway plays an important
role in conferring resistance against seizure-evoked
cell death.

Materials and Methods

Mice

MSK1�/� mice (also referred to here as MSK1 null mice)
and MSK1þ/þ (also referred to here as MSK1 WT mice)
were provided by Dr. J. Simon C. Arthur (University of
Dundee, Dundee, Scotland) and bred at the Ohio State
University. MSK1�/� and MSK1 WT mice were geno-
typed via PCR profiling of DNA isolated from tail biop-
sies: The PCR cycling conditions and primers are
described by Wiggin et al. (2002). The MSK1�/� deletion
line was bred into a C57Bl/6 line for >10 generations. For
the experiments shown in Figures 2(d) and 3 to 7, which
constitute the cell death profiling and array assays,
experimental mice were derived from MSK1þ/� breeder
cages; hence, MSK1þ/þ (WT) and MSK1�/� littermates
with the same genetic background were used. Standard
C57Bl/6 mice, originally acquired from Jackson Labs,
were used for the MSK1, pMSK1, and pERK1/2 expres-
sion profiling assays (Figures 1 and 2(a), (b), (c), (e), and
(f)). For all studies, adult, 6- to 14-week-old mice were
used. Animals were entrained to a standard 12:12 light/
dark cycle and were allowed ad libitum access to water
and food. The studies reported here were conducted in
compliance with the Ohio State University Institutional
Animal Care and Use Committee guidelines.

Pilocarpine-Induced SE

The pilocarpine model was used to induce status epilepti-
cus (SE) (Curia et al., 2008). Initially, mice received an
intraperitoneal (IP) injection of atropine methyl nitrate
(1.3mg/kg in saline, Sigma, St Louis, MO). Thirty minutes
later, mice were IP injected with pilocarpine (310mg/kg,
Sigma) diluted in physiological saline to evoke SE. The
Racine grading scale (Racine, 1972) was used to assess
seizure magnitude and SE onset. SE was defined as mul-
tiple Stage 5 motor seizures (tonic-clonic seizures observed
in all four limbs, which resulted in a loss of balance) that
persisted for �3h. SE was not terminated with diazepam.

Immunohistochemistry

For all histological analysis, mice were sedated using
ketamine/xylazine anesthetic (ketamine: 120mg/kg of
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body weight and xylazine: 24mg/kg body weight), and
tissue was fixed using transcardial perfusion with paraf-
ormaldehyde (4%) diluted in phosphate-buffered saline
(PBS). Isolated whole brains were then postfixed in par-
aformaldehyde (4% for 4 h at 4�C) followed by cyropro-
tection using 30% sucrose. Stereotaxic coordinates from
anterior to posterior from bregma: �1.40 to �2.20mm
were used to cut 40-mm coronal sections through the
dorsal hippocampus.

Immunolabeling commenced with a series of wash
steps in PBS, followed by incubation in PBS with 0.3%
hydrogen peroxide. Next, the tissue was blocked (2 h at
room temperature) using 10% normal goat serum or 3%
normal horse serum diluted in PBS with 1% Triton X-100
(PBST). Sections were then immunolabeled (overnight at
4�C) using rabbit polyclonal anti-pMSK1 (1:1,000 dilu-
tion, Cell Signaling, Danvers, MA; catalog number: 9594)
or rabbit polyclonal anti-pERK1/2 (1:1,000 dilution, Cell
Signaling, catalog number: 9101). Next, the tissue was
processed using the ABC labeling method and then incu-
bated with horseradish peroxidase (HRP) avidin (Vector
Labs; San Carlos, CA). Visualization of the immunola-
beling was achieved by incubating the tissue with nickel-
intensified diaminobenzidine substrate (Vector Labs) for
HRP. Tissue was then mounted on gelatin-subbed slides,
cleared with xylenes and coverslipped using Permount

(Fisher Scientific). Photomicrographs were acquired
using a Leica DM IRB microscope (Nussloch, Germany).

Cresyl Violet Staining

Mice were transcardially perfused, as described earlier,
and 40-mm-thick sections through the hippocampus
were mounted on gelatin-coated slides, dehydrated in
alcohol, and stained in cresyl violet solution (0.3%).
Next, the sections were destained (0.1% glacial acetic
acid in 95% ethanol), cleared with xylenes, and finally
coverslipped with Permount. Photomicrographs were
acquired as described earlier.

Fluoro-Jade B

Fluoro-Jade B (FJB) labeling was performed using the
methods described in Choi et al. (2007). Image collection
was performed using a Zeiss 510 confocal microscope.

Cell Quantitation

Photomicrographs of cresyl violet and FJB-labeled cells
were acquired at 40� magnification, and digital images
were captured and data quantified using MetaMorph soft-
ware (Universal Imaging, West Chester, PA). Quantitation

Figure 1. MSK1 expression in the hippocampus. (a) Immunohistochemical labeling revealed MSK1 expression within the principal

hippocampal cell layers (CA1, CA3, and GCL). Bar: 400mm (low magnification image). Bar: 50 mm (high magnification image). (b)

Immunofluorescent double labeling for MSK1 and NeuN; colocalized expression was observed in the CA1, CA3, and GCL. CA1 panel:

Arrows denote a subset of cells with high MSK1 expression. CA3 panel: Arrowheads denote nonneuronal cells with high MSK1 expression.

SR: stratum radiatum. GCL panel: Boxes denote hilar interneurons with limited MSK1 expression. (c) PCR-based genotyping of the

targeted (�/�) and WT (þ/þ) MSK1 allele; tail biopsies were processed from two animals from each genotype. (d) Immunohistochemical

labeling (top panel) and Western blotting (bottom panel) were used to confirm the loss of MSK1 protein in MSK1 null mice.
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was performed on the CA1, CA3, and hilar regions of the
hippocampus. The hilus was defined as the region between
the lower and upper granule cell layer (GCL) blades. The
total number of FJB- and cresyl violet-positive cells in each
of four dorsal hippocampal sections were counted. Each
section was separated by a 200-mm interval (stereotaxic
coordinate AP, approximately �1.40 to �2.20mm). Cell
counts were averaged for each animal and then used to
generate group mean� SEM values for each condition.
For the 3-day post-SE data sets, six to eight mice were
used for each group; for the 6-week time points, four to
six animals were used for each group. Data are reported as
the mean� the SEM for each condition. Mean values were
statistically analyzed between cell layers (e.g., control vs.
experimental) using the Student’s t test, and a p< .05 was
considered significant.

Immunofluorescent Labeling

Sections were washed with PBS and then blocked (2 h
room temperature) with 10% normal goat serum in
PBST. Next, sections were incubated overnight (at 4�C)
with a rabbit polyclonal total MSK1 antibody (1:500 dilu-
tion, Cell Signaling, catalog number: 3489) and with a
mouse monoclonal anti-NeuN antibody (1:1,000 dilution,
Millipore, Billerica, MA; catalog code: MAB377). Tissue
was then washed 5� in PBST and incubated for 2 h (at
22�C) with goat polyclonal Alexa 488- and donkey poly-
clonal Alexa 594- (1:1,000 dilution, Invitrogen, Carlsbad,
CA) conjugated secondary antibodies. Next, sections were
washed, andDNAwas labeled withHoechst (1 mg/ml: Cell
Signaling). Finally, tissue was mounted with Cytoseal
(Richard-Allan Scientific, Kalamazoo, MI), and images
were acquired with a Leica SP8 confocal microscope.

Western Blotting

Animals were sacrificed as described earlier, and hippo-
campi were dissected from whole brains. Tissue was lysed
in radioimmunoprecipitation assay buffer, and then pro-
tein extracts (5 mg/mL) were loaded onto 10% SDS-PAGE
gels and electrophoresed and then transblotted onto poly-
vinylidene difluoride membranes (Immobilon-P;
Millipore) using standard methodologies. Next, mem-
branes were blocked with 10% milk in tris-buffered
saline containing 0.1% Triton-X-100 (TBST: 1 hr) and
then incubated overnight with the noted MSK1 (1:500
dilution) or pMSK (1:1,000, dilution) antibodies. After
washing, membranes were treated (1 hr at room tempera-
ture) with an anti-rabbit IgG HRP-conjugated antibody
(1:2,000 dilution, PerkinElmer Life Sciences), and the
HRP signal was detected using the Renaissance biolumin-
escent detection system (New England Nuclear). Blots
were then stripped and probed using a mouse monoclonal
b-actin antibody (1:1,000, PhosphoSolutions Catalog

code: 125-ACT), and the signal was detected using the
noted HRP labeling and visualization steps.

RNA isolation and microarray analyses

Mice were sacrificed, and brains were isolated as described
earlier. Bilateral hippocampal tissue was removed, and
total RNA was purified using TRIzol (Invitrogen) follow-
ing the manufacturer’s protocol. RNA quantity and qual-
ity was assayed using anAgilent 2100 Bioanalyzer (Agilent
Technologies), and the RNA from three animals per geno-
type (WT andMSK1 null) was prepared for array profiling
using the GeneChip one-cycle target labeling kit
(Affymetrix). Biotinylated cRNA was profiled using the
GeneChip 430 2.0 Mouse Genome Array, running one
array per mouse: (e.g., three animals/arrays per genotype).
cRNA preparation, microarray hybridization, and profil-
ing were performed at the Ohio State University
Microarray Core Facility. Raw data (.cel files) were pro-
cessed using dChip software (http://www.hsph.harvard.
edu/cli/complab/dchip/). The resulting data sets were fil-
tered to identify genes that were significantly altered by the
deletion of MSK1; a 1.25-fold change in expression with a
p value of� .05 was considered significant. Subsequently,
Matlab R2016a (MathWorks) was used to generate the
hierarchical clustering map based on the expression
values of significantly altered genes. Finally, gene func-
tional classification and clustering were performed using
the Database for Annotation, Visualization and
Integrated Discovery (DAVID), with significant enriched
annotation terms set to p values of� .05. Graphical repre-
sentation of the analysis results was completed using the
Cytoscape software Enrichment Map plug-in. Microarray
data are available from the Gene Expression Omnibus
website (http://www.ncbi.nlm.nih.gov/geo), under acces-
sion number: GSE98751.

Neuronal Toxicity Assays

Neuronal cell death after an N-methyl-D-aspartate
(NMDA) challenge in primary hippocampal neurons
from MSK1 null and WT mice was assessed as described
in Carrier et al. (2006). Briefly, neurons were isolated
from the hippocampus of postnatal day 1 mice, disso-
ciated with trypsin, and plated on polylysine-coated
12-mm glass coverslips in a 24-well plate. The cells were
maintained in Neurobasal media supplemented with 2%
B27, 1% penicillin/streptomycin, and 0.25mM glutamine
(all culture media were from Gibco) for 10 days. NMDA
(50 mM) with 2 mM glycine (or control solution) was
added to the cultures for 20min, and the cell culture
media was collected at 4 h and 8 h for the measurement
of lactate dehydrogenase (LDH) release as a measure of
loss of membrane integrity (measured as described in
Carrier et al., 2006). Brightfield images of the cells were
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also acquired as a record of cell health/death. Finally, at
8 h after NMDA/glycine treatment, cultures were fixed
with 4% paraformaldehyde for 30min at room tempera-
ture, permeabilized with 0.4% Triton X-100 for 10min at
37�C, and blocked with 10% bovine serum albumin for
60min at 37�C. The cultures were then incubated over-
night (at 4�C) in monoclonal MAP2 antibody (1:500 dilu-
tion, HM-2 clone, Sigma, St. Louis, MO) in PBS
containing 3% bovine serum albumin/0.4% Triton X-
100. After washing (3�) with PBS, the cells were incu-
bated 60min (at 37�C) with an Alexa 488-conjugated
antibody against mouse IgG (1:1000, Molecular Probes,
Eugene, OR). Finally, the cells were stained with Hoechst
(as described above), mounted on glass slides with PBS/
glycerol (1:3), and sealed with nail polish. Fluorescence
images were captured using a CoolSnap HQ digital
camera (Roper Scientific, Tucson, AZ) connected to a
Nikon TE2000S epifluorescence microscope (Nikon
Instruments, Melville, NY). FITC excitation/emission fil-
ters were used to visualize MAP2 while DAPI filters were
used for Hoechst 33258. Data were analyzed using
MetaMorph software. Mean values were statistically ana-
lyzed between control and experimental conditions and
between cell phenotypes using the Student’s t test, and a
p< .05 was considered significant.

Intracellular Calcium Measurement

Hippocampal neurons cultured on 12 mm coverslips were
loaded with 5mM Fura-2 AM (Molecular Probes) for
45min at room temperature in a HEPES-based buffer
(HBSS) containing the following (in mM): 137 NaCl, 5.6
glucose, 20 HEPES, 5 KCl, 0.6 Na2HPO4, 0.6 KH2PO4, 10
NaHCO3, 0.9 MgSO4, and 1.4 CaCl2, pH 7.4. Coverslips
were then placed in a laminar flow chamber and mounted
on the stage of a Nikon TE2000S epifluorescence micro-
scope. Single-cell ratiometric (alternating 340nm/380 nm
excitation wavelengths and 510nm emission wavelength)
fluorescence traces were acquired at 10-s intervals using
MetaFluor software controlling a CoolSnap digital
camera. Neurons were identified bymorphology as assessed
from bright-field images. Results are presented as back-
ground subtracted 340nm/380 nm ratios. All NMDA-con-
taining solutions were made inHBSS and contained 0.5mM
tetrodotoxin. NMDA solutions included 1mM glycine and
omitted MgSO4. Mean-evoked response values were statis-
tically analyzed between cell phenotypes using the Student’s
t test, and a p< .05 was considered significant.

Electroencephalogram Recording

Electroencephalogram (EEG) electrode placement,
recordings, and analysis were performed as described in
our previous study (Lee et al., 2009). Briefly, animals
were surgically implanted with bipolar recording

electrodes (Plastics One, Roanoke, VA): one within hip-
pocampal area CA1 (anterior �1.8mm from bregma; lat-
eral 1.1mm; and dorsoventral 1.2mm) and the other
within the cortex (anterior �2.8mm from bregma; lateral
1.1mm; and dorsoventral 1.2mm). Animals were then
allowed to recover from the electrode implantation pro-
cedure for 10 days prior to the initiation of the SE para-
digm (described earlier). EEG recording was started
10min prior to pilocarpine injection, and data were rec-
orded for approximately 120min post-SE onset. The
MP150 data acquisition system (Biopac Systems, Santa
Barbara, CA) was used to record polysomnographic sig-
nals, and data analysis was performed using
Acknowledge 3.9.0 software (Biopac Systems). EEG
data were analyzed at 10-min intervals, and the average
peak-to-peak values were generated from 20-s EEG
traces. Four WT and 4 MSK1 null mice were profiled
for this study. Mean peak-to-peak response values were
statistically analyzed between mouse lines using the
Student’s t test, and a p< .05 was considered significant.

Results

MSK1 Expression and Activation in the
Hippocampus

As a starting point for our analysis, we used immunohis-
tochemical labeling to examine MSK1 expression in the
hippocampus. Consistent with prior reports (Choi et al.,
2012; Karelina et al., 2012), MSK1 was detected in all
major neuronal cell layers, including the CA1, CA3,
and the GCL (Figure 1(a)). MSK1 expression was low
in the CA1 relative to expression in the CA3 and the
GCL. Double immunofluorescent labeling for MSK1
and for the neuronal-specific marker NeuN (Figure
1(b)) confirmed the neuronal expression of MSK1, and
double labeling with the DNA stain Hoechst showed that
MSK1 was concentrated in cellular nuclei. Interestingly,
although the vast majority of CA1 neurons exhibited a
low level of MSK1, there was a subset of neurons that
expressed high levels of the kinase (Figure 1(b): CA1
panel; arrows denote high-expressing cells). In the hilus,
limited MSK1 expression was detected in NeuN-positive
neurons, indicating low-level MSK1 expression in inter-
neuron cell populations (Figure 1(b): GCL panel; boxed
regions denote hilar neurons with limited MSK1 expres-
sion). MSK1 was also detected in nonneuronal cells, as
noted in the CA3 panel of Figure 1(b) (arrowheads
denote MSK1-positive, NeuN-negative, cells within the
stratum radiatum). Finally, a MSK1 null mouse line
(Figure 1(c)) was used to test the specificity of the
MSK1 immunolabeling; importantly, MSK1-like immu-
noreactivity (using both immunohistochemistry and
Western blotting) was not detected in tissue from the
MSK1 null mouse line (Figure 1(d)).

Choi et al. 5



Next, we examined MSK1 activation resulting from
pilocarpine-evoked (310mg/kg: IP injection) SE. Of
note, the SE model system has been widely used to exam-
ine mechanisms of excitotoxic and neuroprotective
response processes and mechanisms underlying epilepto-
genesis (White, 2002; Curia et al., 2008; Curia et al.,
2014). Initially, mice were sacrificed 15 to 30min after
the induction of Stage 5 seizure activity, and hippocam-
pal tissue was probed with an antibody against the
Ser-360 phosphorylated form of MSK (pMSK), a
marker of MSK activation (McCoy et al., 2005). Of
note, this antibody does not distinguish between MSK1

and MSK2. In control, vehicle-injected mice, very limited
pMSK was detected within the principal cell layers of the
hippocampus, although high background staining was
observed in the hippocampal subfields and fiber tracks
(Figure 2(a)). In contrast, SE evoked marked MSK phos-
phorylation in the major hippocampal cell layers (CA1,
GCL: Figure 2(b)) and in the CA3 (data not shown); this
expression pattern is consistent with the nuclear expres-
sion pattern that was observed for total MSK1 expression
(see Figure 1(b)). Immunohistochemistry was comple-
mented with pMSKWestern analysis of hippocampal lys-
ates (probed with the same pMSK antibody used for

Figure 2. Seizure activity stimulates MSK activation. WT mice were injected with vehicle (control) or with pilocarpine and sacrificed 15

to 30 min after the induction of Stage 5 seizure activity. (a) Immunohistochemical labeling revealed limited MSK phosphorylation in the CA1

and GCL of control mice. (b) Marked phosphorylation in the CA1 and GCL was detected following seizure activity. Boxed regions in the

left panels in (a) and (b) are magnified and presented to the right. Bar: 50 mm. (c) Western analysis of hippocampal lysates (from WT mice)

were also used to profile MSK phosphorylation (pMSK) following seizure activity: Note that the increased band intensity in lysates isolated

from pilocarpine (seizure)-treated animals. As a loading control, the blot was also probed for b-actin expression. Each lane represents

lysate from an individual animal. Data are representative of three separate trials. (d) EEG analysis of pilocarpine-evoked SE. Top: repre-

sentative traces from a WT and MSK1 null mouse. Recordings are from the start of motor seizure activity and continue to SE. Arrows

denote the approximate onset of SE. Bottom: Mean SE-evoked EEG activity amplitude (peak-to-peak: P–P) for WT and MSK1 null mice.

Significant P–P differences were not detected between the genotypes at any of the time points. Data were averaged from four animals from

each genotype. Immunohistochemical labeling for ERK1/2 activation in WT (e) and MSK1 null mice (f). Animals were sacrificed 30 min after

vehicle injection (top panels) or �15 min after pilocarpine-evoked Stage 5 seizure activity (bottom panels). Note the marked increase in

seizure-evoked hippocampal ERK1/2 activation in both WT and MSK1 null mice. Data are representative of triplicate determinations.
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immunolabeling). Relative to control tissue, SE trigged
an increase in the expression of an �90 kDa band, con-
sistent with the molecular weight of MSK1 (and MSK2).
As a control, the blot was also probed for total b-actin
expression. Together, these data reveal that MSK1 is
expressed in hippocampal neurons, and that its activation
is coupled to seizure activity.

MSK1 Confers Neuroprotection Against Excitotoxic
Cell Death

Next, we examined the potential role of MSK1 signaling
in the excitotoxic response induced by SE. This line of
inquiry was predicated on a large body of work showing
that the MSK1 effector pathways (ERK/MAPK and
P38/MAPK) affect cell viability. To address this ques-
tion, we used a MSK1 null mouse line (MSK1�/�:
Figure 1(c) and (d)), in which the MSK1 allele was select-
ively deleted using homologous recombination (Arthur
and Cohen, 2000). In our two prior studies (Choi et al.,
2012; Karelina et al., 2012), we provided a detailed
description of the line, noting that MSK1 null mice are
fertile, and that no health issues were detected. Further,
compared with the WT mice, gross morphological differ-
ences in the hippocampus were not detected in MSK1
null mice. Of note, degeneration has been described
within the striatum of aged (9 months) MSK1 null mice
(Martin et al., 2011). However, within the 6- to 14-week
age range used in our study, hippocampal neurodegen-
eration was not detected (described later). Further, with
respect to the SE paradigm, WT mice and MSK1 null
mice showed similar seizure onset times following pilo-
carpine injection, and there were no marked differences
in the motor manifestations, and the progression of seiz-
ure severity. Using the Racine scale (Racine, 1972) both
lines exhibited the stepwise progression from Stage 1 to
Stage 5 seizure activity. A subset of MSK1 null (35%) and
WT (40%) mice transitioned to SE; SE-evoked mortality
rates between the two lines were similar, with MSK1 nulls
exhibiting a slightly higher rate than WT mice (45% vs.
40%, respectively, N¼ 20/per genotype). EEG recording
revealed high-amplitude electrical discharges, and peak-to-
peak analysis detected a similar level of SE-evoked elec-
trical activity in WT and MSK1 null mice (Figure 2(d)).
Finally, immunohistochemical labeling for the activated,
dual phosphorylated, form of ERK1/2 was used to test
whether seizure activity drives an expected increase in
ERK/MAPK pathway activation. In both WT (Figure
2(e)) and MSK1 null (Figure 2(f)) lines, 15min of Stage
5 seizure activity led to a robust, hippocampal wide,
increase in ERK phosphorylation. Together, these data
indicate that MSK1 null and WT mice exhibit similar
sensitivities and response properties to pilocarpine.
Further, when combined with the data described later,
these results indicate that the MSK1 null cell death

phenotype is likely not the result of an enhanced sensitiv-
ity to pilocarpine, but rather can be ascribed to an ele-
vated cellular-level vulnerability to the excitatory insult.

To analyze the potential role of MSK1 in SE-evoked
excitotoxic cell death, WT (referred to as MSK1þ/þ mice
in the figure) and MSK1 null mice were sacrificed 3 days
after pilocarpine-evoked SE, and hippocampal tissue was
examined for cell death via FJB labeling. Initially, under
control conditions (no pilocarpine injection), FJB-posi-
tive cells were not detected in the WT or MSK1 null
mice (Figure 3(a)–(d)). In WT mice, SE led to cell death
within the CA1, CA3, and hilar region, whereas limited
cell death was detected in the GCL (Figure 3(a)).
Interestingly, compared to WT mice, MSK1 null mice
exhibited a significant increase in SE-evoked cell death
within the CA1 and CA3 cell layers (Figure 3(a)–(c)).
However, within the hilus, similar high levels of cell
death were detected in WT and MSK1 null mice
(Figure 3(a) and (d)).

Nissl staining was used to complement the 3-day post-
SE FJB labeling and extend the analysis of cell death out
to 6-week post-SE (Figure 4)—a time point when animals
exhibit spontaneous seizure activity. Nissl staining of
tissue at the 3-day post-SE time point confirmed the find-
ings using FJB: A significant increase in CA1 and CA3
cell death in MSK1 null mice relative to WT mice
(Figure 4(a) and (c)). Interestingly, marked degeneration
of the GCL was observed in 1 MSK1 null mice (Figure
4(a), bottom panel), which represents �6% of the MSK1
null mice profiled (n¼ 18 in total); GCL degeneration
was not detected in WT mice (n¼ 20 in total).
Representative data and quantitative analysis for the
6-week time point revealed a significantly higher level of
cell death in the MSK1 null line (Figure 4(b)–(d)).
Together, these data indicate that MSK1 confers potent
neuroprotection against SE-evoked excitotoxicity.
Further, these data indicate that the abrogation of
MSK1 signaling does not affect cell viability under
normal, nonpathophysiological conditions. Here, it is
worth noting that a prior study reported that MSK1
enhances neuronal cell death (Hughes et al., 2003).
Clearly, this result is inconsistent with our work reported
here. Possible explanations for these divergent results
could be related to either the experimental methods used
to stimulate an excitotoxic challenge or the different
experimental methods used to disrupt MSK1 signaling
(the work of Hughes et al. largely utilized small molecular
inhibitor-based approaches). As noted in the Introduction
section, signaling via the ERK/MAPK pathway can confer
neuroprotection or facilitate neuronal cell death, depend-
ing on the stimulus conditions: Given that MSK1 is down-
stream of ERK/MAPK, it may also play a similar,
context-specific, role.

The increase in evoked cell death observed in MSK1
null mice could be due to a number of factors, including
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an increase in SE-evoked excitatory drive and a decrease
in cellular neuroprotection. To address these two possi-
bilities, we prepared primary hippocampal neuronal cul-
tures from postnatal day 1 MSK1 null and WT mice and
tested their response profiles to NMDA stimulation. We
initially tested NMDA-induced cell death in neurons cul-
tured for 10 days using the LDH assay. For these studies,
neurons were stimulated (20min) with 50 mM NMDA
(supplemented with 2-mM glycine), and LDH release
was examined 4 h and 8 h later. Relative to WT neurons,
NMDA-evoked cell death was markedly increased in
MSK1 null cultures at both time points (Figure 5(a)).

Photomicrographs of MSK1 null cultures at 8 h post-
NMDA stimulation revealed a large number of shrunken
cells with fragmented processes; in contrast, the cellular
morphology of WT neurons was largely intact, with only
a relatively small number of cells exhibiting signs of
necrosis (Figure 5(b)). To confirm that cell death
occurred in neurons, cultures were also labeled for the
neuronal-specific cytoskeletal protein MAP2, which has
been used to profile excitotoxic cell death in culture
(Carrier et al., 2006). Consistent with the LDH data set,
MSK1 null cultures treated with NMDA showed a reduc-
tion in MAP2 labeling relative to the control MSK1 null

Figure 3. SE-evoked cell death phenotype in MSK1 null mice. (a) MSK1 null mice (MSK1�/�) and WT (MSK1þ/þ) mice were challenged

with pilocarpine-evoked SE (or saline vehicle), sacrificed 3 days later, and coronal sections through the hippocampus were labeled with FJB.

In WT mice, SE evoked a stereotypical pattern of cell death in the hilus, CA3, and CA1 cell layers. Interestingly, in MSK1 null animals, there

was a marked, relative, increase in cell death within the CA3 and CA1 cell layers. ((b)–(d)) Quantitative analysis of FJB-positive cells in the

CA1 (b), CA3 (c), and hilus (d). *p< .01. Of note, in control mice (saline injection), cell death was not detected in either MSK1 null or WT

mice.
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cultures (mock stimulation) and compared to WT cul-
tures treated with NMDA (Figure 5(c)). Together, these
data indicate that MSK1 contributes to cell-autonomous
neuroprotective response mechanisms.

To extend this line of work, we also examined NMDA-
evoked calcium responses of MSK1 null neurons. For
these studies, neurons were cultured for 10 days, loaded
with the calcium-sensitive fluorophore Fura-2, and the
response profiles of individual neurons were monitored
following brief (�30 s) treatments with NMDA (10–
100 mM). Surprisingly, the peak-evoked responses to
NMDA were significantly lower in the MSK1 null neu-
rons than in WT neurons (Figure 6(a) and (b)). Near the
end of the experiment (Figure 6(a)), neurons were
exposed to 100 mM NMDA for 5min; this long stimulus
paradigm was used to assess whether the response profiles
to chronically elevated Ca2þ levels were affected by
MSK1 deletion. Compared to the WT cells, MSK1 null
neurons exhibited a significantly reduced average
response profile to the chronic Ca2þ load (Figure 6(c)).
Of note, basal calcium levels were significantly higher in
MSK1 null neurons compared to WT neurons

(Figure 6(d)). Collectively, the cellular level analysis pre-
sented here indicates that the disruption of MSK1 signal-
ing reduces excitatory drive, while increasing
vulnerability to potentially excitotoxic stimuli.

MSK1 Deletion Alters the Hippocampal
Transcriptome

Finally, the complex nature of the MSK1 cell death
phenotype (reduced excitatory drive, elevated excitotoxic
response to NMDA, and elevated SE-evoked cell death)
led us to explore the contribution of MSK1 to the hippo-
campal transcriptional profile. To this end, hippocampal
RNA was isolated fromWT andMSK1 null mice and pro-
filed via Affymetrix array (all array data are presented in a
Supplemental Excel Spreadsheet). Using a 1.25-fold cutoff,
and a p value of< .05, our data set revealed that the disrup-
tion of MSK1 reduced the expression of 130 genes and
increased the expression of 145 genes (Figure 7(a) and
Table 1). Gene ontology (GO) functional clustering analysis
via the Database for Annotation, Visualization and
Integrated Discovery (DAVID) revealed that

Figure 4. Cell death at 3 days and 6 weeks post-SE. Nissl staining was used to profile SE-induced cell death in WT (MSK1þ/þ) and MSK1

null (MSK1�/�) mice. (a) Consistent with the cell death profile generated using FJB labeling (Figure 3), an elevated level of cell death was

detected in the CA1 and CA3 cell layers of MSK1 null mice at the 3-day post-SE time point. Interestingly, marked cell death was

occasionally observed in the GCL layer of MSK1 null mice. (b) Representative Nissl staining at 6 weeks post-SE in WTand MSK1 null mice;

note the marked cell death within the CA1 and CA3 cell layers of MSK1 null mouse Quantitation of cell density in the CA1 and CA3 (c)

and the hilar (d) cell layers at both the 3-day and 6-week post-SE time points. *p< .01.
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MSK1 deletion had significant effects on the expression of
several classes of genes associated with membrane receptor
signaling, cytoskeletal organization, and redox chemistry
(Figure 7(b)). The GO term Neuronal Apoptosis exhibited
clustering, although significance was just below the p< .05
cutoff (Figure 7(b)). Together, these data indicate that
MSK1 regulates the expression of a large number of
genes that underlie basic cellular biochemistry and neuro-
nal-specific cellular signaling.

Discussion

Here, we provide evidence supporting a role for MSK1 as
a critical component of a neuroprotective response path-
way that limits cell death resulting from SE. Using a 3-day
post-SE time point, we observed extensive cell death in the
CA1, CA3, and hilar regions of the hippocampus and rela-
tively modest cell death in the GCL. This cell death pattern
is consistent with an extensive literature on pilocarpine-
evoked cell death (Olney et al., 1983; Freund et al., 1992;
Borges et al., 2003; Zhang et al., 2009; Tang and Loke,

2010). Further, this pattern of cell death was largely intact
in MSK1 null mice; hence, MSK1 did not consistently
confer vulnerability to any additional cell types; rather,
the loss of MSK1 exacerbated cell death in inherently vul-
nerable cell populations (i.e., pyramidal neurons of CA1
and CA3 cell layers). Interestingly, cell death in the hilus
was not affected in MSK1 null mice. One possible explan-
ation for this is that SE has been shown to trigger very high
levels of hilar interneuron cell death (Buckmaster and
Dudek, 1997; Choi et al., 2007; Sun et al., 2007), and
thus, this high degree of cell death could preclude any
effects of MSK1 deletion. However, it is also worth
noting that our immunofluorescent labeling revealed lim-
ited MSK1 expression in hilar neurons. Could this limited
expression of MSK1 in hilar neurons contribute to their
inherently high level of sensitivity to SE? Clearly, further
studies that focus on hilar interneurons andMSK1 signal-
ing will be needed to address this idea. As noted above, the
GCL is relatively resistant to the excitotoxic effects of
pilocarpine-evoked SE (Olney et al., 1983; Freund et al.,
1992; Cavazos et al., 1994; Mori et al., 2004). Given the

Figure 5. NMDA-evoked cell death in cultured hippocampal neurons. (a) Primary hippocampal neuronal cultures of MSK1�/� null and

MSK1 WT (MSK1þ/þ) tissue were maintained for 10 days and then stimulated with NMDA (50mM with 2mM glycine added: 20 min), and

LDH release was profiled 4 h and 8 h later. Relative to no stimulation, NMDA evoked a modest increase in LDH release in WT neurons. In

contrast, marked cell death was detected in MSK1 null neurons. *p< .05 relative to the control, no stimulation, condition; **p< .01 relative

to the control, no stimulation, condition; #p< .01 comparing LDH release between the MSK1 null and WT cultures for each time point.

Mean data points were generated from quadruplicate determinations. (b) Representative images of cultured neurons under control

conditions (no stimulation) and 8 h after NMDA stimulation. For the NMDA-treated condition, note the relatively large number of MSK1

null neurons with condensed cell bodies and fragmented processes. (c) Cell viability following NMDA receptor stimulation was also assayed

via MAP2 immunolabeling and nuclear staining with Hoechst. Again, note the relative increase in the number of condensed nuclei and the

loss of MAP2 labeling in MSK1 null neurons at 8 h after NMDA treatment.
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high level of MSK1 expressed in the GCL, we speculated
that MSK1 null mice could exhibit GCL vulnerability to
SE. However, the data presented here showed that MSK1
deletion did not consistently enhance GCL neuronal sen-
sitivity to SE (of note, we did observe that one out of 18
MSK1 null animals showed marked SE-evoked GCL
degeneration, see Figure 4(a)). These data coupled with
the data from the CA1 and CA3 cell layers indicate that
factors working independently of theMSK1 signaling net-
work regulate SE-evoked cell death in the GCL layer of
the hippocampus.

Here, we detected robust inducible MSK1 phospho-
activation in response to seizure activity, and that under
control conditions, MSK1 activation was relatively low
throughout the hippocampus. This pattern of robust SE-
evoked MSK1 activity is consistent with work showing
that the ERK/MAPK and P38 pathways (the two
upstream effectors of MSK1) are activated following mul-
tiple seizure induction paradigms in the hippocampus
(Baraban et al., 1993; Gass et al., 1993; Kim et al.,
1994; Garrido et al., 1998; Jiang et al., 2005; Choi
et al., 2007; Lopes et al., 2012). This dynamic, inducible,
activation of MSK1 raises a question: Is SE-evoked
MSK1 activity required to confer neuroprotection or is
the tonic, basal level of MSK1 activity sufficient to drive
neuroprotection. As noted earlier, Martin et al. (2011)

reported striatal deterioration in aged MSK1 null mice.
This finding could be used to support the idea that the
disruption of basal MSK1 activity is sufficient to drive
vulnerability to stressful stimuli. However, it is also
worth noting that a number of studies have shown that
the disruption of basal ERK/MAPK activity does not
affect cell health, but rather leads to the abrogation of
an evoked neuroprotective response (Han and
Holtzman, 2000; Kuroki et al., 2001; Pedersen et al.,
2002; Park et al., 2004; Nguyen et al., 2005). Hence, it is
likely that both basal and stress-evoked MSK1 signaling
contribute to the neuroprotective response. Here, it is also
worth noting thatMSK1 deletion did not affect hippocam-
pal neuronal cell viability under normal physiological con-
ditions. Rather, the MSK1 null cell death phenotype was
only revealed under stress conditions. In some respects,
this is consistent with studies showing that the disruption
of CREB (a downstreamMSK1 target) does not, by itself,
trigger cell death, but does increase neuronal vulnerability
to excitatory insults (Lee et al., 2005; Lee et al., 2009).
Notably, as with CREB, MSK1 has been implicated in a
range of plasticity-dependent processes, including learning
and memory, and activity dependent synapse formation
(Chwang et al., 2007; Corrêa SA et al., 2012; Karelina
et al., 2012). Together, these data indicate that MSK1
plays at least two distinct roles in the central nervous

Figure 6. Evoked Ca2þ influx is reduced in MSK1 null neurons. (a) Primary neuronal cultures were maintained for 10 days, loaded with

Fura-2, and evoked Ca2þ influx was profiled following sequential administrations of NMDA (10, 30, and 100 mM: 30 s each; followed by

100 mM for 5 min). (b) Data represent the mean and SEM of WT (MSK1þ/þ) cultures and MSK1�/� null cultures. (c) Average Ca2þ response

evoked with 100 mM NMDA exposure for 5 min expressed as the mean area under the curve (AUC) for each genotype. (d) Mean resting

Ca2þ level recorded at the beginning of the experiment. *p< .05. Data were averaged from 29 neurons from the MSK1 null cultures and 43

neurons from the MSK1 WT cultures.
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system: one that couples synaptic activity to changes in
functional plasticity and a second role as an effector of
neuroprotective signaling. Further work will be required
to determine the relative contribution of CREB to the
neuroprotective effects elicited by MSK1 signaling.

Given the enhanced cell death phenotype, it was sur-
prising to find that MSK1 null neurons exhibited weaker
NMDA-evoked excitatory drive compared to WT neu-
rons, as assessed using Ca2þ imaging. Interestingly,
reduced excitability may be consistent with studies show-
ing that MSK1 null mice exhibit reduced functional plas-
ticity, including activity-dependent spine formation,
synaptic scaling, and cognition (Chwang et al., 2007;
Corrêa SA et al., 2012; Karelina et al., 2012). Further,
the weak-evoked Ca2þ response in MSK1 null neurons
indicates that the enhanced cell death phenotype likely
cannot be ascribed to aberrant excitatory drive. Rather,

these data point to the compromised expression of neuro-
protective genes and gene networks inMSK1 null neurons.

Could the enhanced SE-evoked cell death inMSK1 null
mice result from dysregulated apoptotic and necrotic cell
death mechanisms? With respect to apoptosis, extensive
work in nonneuronal cells has shown that MSK regulates
cell survival via the regulation of antiapoptotic cell death
mechanisms (Mu et al., 2005; Kannan-Thulasiraman et al.,
2006; Dumka et al., 2009; Joo and Jetten, 2010; Odgerel
et al., 2010; Healy et al., 2012; Moens and Kostenko,
2013), including the regulation of NF-kB, BAD, and cas-
pase activation (She et al., 2002; El Mchichi et al., 2007).
Further, the CREB/CRE transcriptional pathway, a prin-
cipal target of MSK1, has also been shown to regulate
apoptotic cell death (reviewed in Sakamoto et al., 2011).

In contrast to the extensive work on MSK and apop-
totic cell death, to our knowledge, limited work has

Figure 7. Hippocampal gene expression profile of MSK1 null mice. (a) Hierarchical cluster analysis comparing differentially expressed

genes between MSK1 WTand MSK1 null mice. A total of 275 genes showed significant changes (�1.25-fold) in expression, with 145 genes

upregulated and 130 genes downregulated. ((b), Top) DAVID functional annotation chart showing enriched gene ontology categories. Top,

Categories are sorted based on the EASE score (p< .05). ((b), Bottom) Functional annotation clustering output from DAVID is repre-

sented using the Enrichment Map application from Cytoscape. The Enrichment Score (ES) and the number of genes are specified for each

cluster. (c) List of genes corresponding to the DAVID Oxidation Reduction Annotation Cluster. As a confirmation of the effectiveness of

the Array profiling, the fold-reduction in MSK1 expression is noted using red font.
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explored the potential contribution of MSK signaling to
necrotic cell death. Necrotic cell death is typically asso-
ciated with elevated intracellular Ca2þ levels, rapid ATP
depletion, and mitochondrial swelling; these and other
events lead to the collapse of the membrane potential
and the rupturing of the plasma membrane. Although
our data did not identify an effect of MSK1 deletion on
Ca2þ homeostatic, or evoked responses, our array data
indicate that MSK1 regulates the expression of several
genes that could affect neuronal vulnerability. Many of
these genes are associated with oxidation/reduction
chemistry (alcohol dehydrogenase, phenylalanine hydroxy-
lase, NOS2, sulfide quinone reductase) and membrane
receptor signaling (epidermal growth factor receptor,
GABA-A receptor subunit alpha 2) and cellular transport
(e.g., alpha-synuclein, EHD2, coronin).

Interestingly, one of the strongest effects of MSK1
deletion was on the expression of galactosylceramidase
(Galc): �14-fold decrease in expression. Galc is highly
expressed in both neurons and oligodendrocytes and
serves as a key enzyme in the metabolism of galactoli-
pids. Loss-of-function mutations in Galc underlie the
development of Krabbe disease in humans (Wenger
et al., 2000). Interestingly, the Twitcher mouse line (a
model of Krabbe disease) bred onto a C57BL/6 J and
129SvEv mixed background shows spontaneous neur-
onal cell death within the hippocampus (Tominaga
et al., 2004). These observations raise the prospect that
reduced Galc expression in MSK1 null mice may also
contribute to the cell death phenotype reported here.
However, it is worth noting that the developmental
and motor phenotypes associated with the Twitcher
line (i.e., stunted growth, twitching and limb weakness
reported by Duchen et al. (1980)) were not observed in
the MSK1 null line. Clearly, the list of genes that are
regulated by MSK1 is extensive, and as such, the cell
death phenotype observed here could have resulted
from a complex interplay of affected genes and gene
networks. It is also worth noting that the effects of
MSK1 deletion on cell type-specific neuroprotective
genes may have evaded detection, given that the whole
hippocampus was used for our array profiling.

In conclusion, the data reported here reveal that
MSK1 regulates neuroprotective signaling in the CA1
and CA3 sublayers of the hippocampus. This effect
occurs on a cellular level and is not associated with
increased cellular excitability. These findings justify fur-
ther work examining the potential role of MSK1 in other
mechanisms of cell stress and neuroprotection, including
ischemia and preconditioning. Finally, the elevated levels
of cell death observed in MSK1 null mice raise the pro-
spect that approaches designed to enhance MSK1 activity
could abrogate some of the pathophysiological effects
associated with, and potentially underlying, the develop-
ment of epilepsy.
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