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Abstract
Peroxisome proliferator-activated receptor gamma coactivator 1α (PGC-1α) co-activates a
number of transcription factors critical for mitochondrial biogenesis. Previously, we found that the
expression of PGC-1α is governed by neuronal activity, but the signaling mechanism was poorly
understood. The present study aimed at testing our hypothesis that depolarizing activation of
PGC-1α in neurons is mediated by p38 mitogen-activated protein kinase (MAPK) and calcium
channels. Cultured primary neurons and N2a cells were depolarized with 20 mM KCl for varying
times, and increases in PGC-1α mRNA and protein levels were found after 0.5 and 1 hour of
stimulation, respectively. These levels returned to those of controls after the withdrawal of KCl.
Significantly, 15 min of KCl stimulation induced an up-regulation of both p38 MAPK and
phosphorylated p38 MAPK that were suppressed by 30 minutes of pretreatment with SB203580, a
blocker of p38 MAPK that also blocked the up-regulation of PGC-1α by KCl. Likewise, 30
minutes of pretreatment with nifedipine, a calcium channel blocker, also prevented the up-
regulation of PGC-1α mRNA and proteins by KCl. Furthermore, a knockdown of p38 MAPK
with small interference hairpin RNA significantly suppressed both PGC-1α mRNA and protein
levels. Our results indicate that both p38 MAPK and calcium play important roles in mediating
signaling in depolarization-induced activation of PGC-1α at the protein and message levels in
neurons.
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INTRODUCTION
Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1α) is a
coactivator that plays a key role in regulating mitochondrial biogenesis, thermogenesis, and
responses to environmental stressors (Knutti and Kralli, 2001; Lin et al., 2005; Wright et al.,
2007a; Scarpulla, 2008). PGC-1α is induced by endurance exercise, fasting, and cold
exposure in skeletal muscle, hepatocytes, and adipocytes, respectively (Puigserver et al.,
1998; Baar et al., 2002; Irrcher et al., 2003; Rhee et al., 2003; Norrbom et al., 2004; Arany,
2008). It binds to and/or co-activates with a number of transcription factors, notably
PPARγ, nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2), as well as several hormone
receptors in regulating energy metabolism and other mitochondrial functions in a variety of
cell types (Lin et al., 2002; Scarpulla 2002; Kelly and Scarpulla 2004; Mootha et al., 2004;
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Schreiber et al., 2004; Scarpulla, 2008). Stimulation of PGC-1α gene expression during
increased muscular activity or in response to cardiac metabolic stressor is thought to involve
the p38 mitogen-activated protein kinase (MAPK) pathway (Barger et al., 2001; Akimoto et
al., 2005; Wright et al., 2007a), which, in turn, is regulated by a calcium/calmodulin-
dependent protein kinase cascade (Enslen et al., 1996). Very little was known about the
functional significance of PGC-1α in neurons, and virtually nothing was known about the
signaling pathways involved in its response to increased neuronal activity.

Previously, we have shown that PGC-1α was expressed in rat visual cortical neurons, and
functional inactivation induced a down-regulation of its mRNAs and proteins both in vivo
and in vitro (Liang and Wong-Riley 2006). Depolarization with potassium chloride
increased PGC-1α proteins in cultured neurons (Meng et al., 2007). However, it was not
known if the regulation is at the transcriptional level and if it requires specific signaling
pathways. The goal of the present study was to test our hypothesis that p38 MAPK and
calcium channels mediate signaling in depolarization-induced activation of PGC-1α in
neurons. Primary cultures of neurons were subjected to 20 mM potassium chloride, a proven
agent of mild depolarizing activation, to determine changes in message and protein levels of
PGC-1α. The essential roles of p38 MAPK and calcium channels in such an activation were
tested by means of specific inhibitors of p38 MAPK and calcium channels, as well as RNA
interference against p38 MAPK. Our results are consistent with and strongly supportive of
our hypothesis that p38 MAPK and calcium channels mediate PGC-1α activation in
depolarization-stimulated neurons.

MATERIALS AND METHODS
Primary cortical neuronal cultures

All experiments were carried out in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH Publications No. 80–23, revised 1978),
and all animal protocols were approved by the institutional animal care committee of the
Medical College of Wisconsin. All efforts were made to minimize the number of animals
and their suffering.

Primary visual cortical neurons were prepared from 1–2 day old Sprague–Dawley rat pups
as described previously (Liang and Wong-Riley 2006). Neurons were plated in poly-L-
lysine-coated dishes or coverslips at a density of 1–5 × 106 cells/ml (depending on the
experimental demand). Cells were maintained in Neurobasal-A media supplemented with
B27 (Invitrogen, Carlsbad, CA). Ara-C (Sigma, St. Louis, MO) was added to the media on
the second day of plating to inhibit the proliferation of non-neuronal cells. Neuronal cultures
were maintained by replacing half of the medium every 5 days.

Murine Neuro-2a neuroblastoma (N2a) cell culture
N2a cells (ATCC, CCL-131) were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (Invitrogen).

Potassium chloride depolarization of cultured neurons
Potassium chloride (Sigma) at a final concentration of 20 mM was added to the culture
media from the 7th day after plating. Cultures of N2a cells or primary neurons were
depolarized for 0.25, 0.5, 1, 3, 5, 7 or 10 h. For KCl withdrawal studies, primary neurons
were maintained in Neurobasal medium with 20 mM KCl for 5 h, then washed with serum-
free medium, and grown in normal Neurobasal medium for 0, 0.5, 1, 3, and 5 h.
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RNA isolation and cDNA synthesis
Total RNA was isolated by RNAeasy Kits (Qiagen Inc, Valencia, CA) according to the
manufacturer’s instructions. Two μg total RNA was treated with DNase I and purified by
phenol-chloroform. cDNA was synthesized using random hexamer primers and
SuperScript™ II RNase H-Reverse Transcriptase (Invitrogen) according to the
manufacturer’s instructions.

Real-time quantitative PCR (RTqPCR)
Real-time quantitative PCRs were carried out in a Cepheid Smart Cycler Detection system
(Cepheid, Sunnyvale, CA). SyBr Green (Biowhittaker Molecular Application) and EX Taq
RTqPCR hot-start polymerase were used following the manufacturer’s protocols and as
described previously (Liang and Wong-Riley 2006). PGC-1α primer sequences are as
fellows: forward: 5′caatgaatgcagcggtctta 3′, reverse: 5′acgtctttgtggcttttgct 3′; 18S: forward:
5′ cgcggttctattttgttggt 3′, reverse: 5′ agtcggcatcgtttatggtc3′. PCR runs: hot start 2 min at
95°C, denaturation 10 sec at 95°C, annealing 15 sec according to the Tm of each primer, and
extension 10 sec at 72°C for 15–30 cycles. Melt curve analyses verified the formation of a
single, desired PCR product. Ribosomal 18S RNA was the internal control and the 2-ΔΔCT
method (Livak and Schmittgen 2001) was used for the relative amount of transcripts. The
group means were then analyzed for overall statistical significance.

Western blot assay
Control and experimental samples were loaded onto 7.5% or 10% SDS-PAGE gel and
electrophoretically transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-
Rad). Subsequent to blocking, blots were incubated in primary antibodies against PGC-1α
(Biotechnology, Inc. Santa Cruz, CA) at 1:1000; p38 MAPK, phospho-p38 MAPK and
SAPK/JNK (Cell Signaling Technology, Inc. Danevers, MA) at 1:1000; GAPDH
(Chemicon, Temecula, CA) at 1:2,000; β-actin (Sigma) at 1:3,000; and secondary goat-anti-
rabbit or goat –anti-mouse antibodies (Bio-Rad) at 1:5,000. Blots were then reacted with
ECL and exposed to autoradiographic film (Amersham, Piscataway, NJ). Quantitative
analyses of relative changes were done with an Alpha Imager (Alpha Innotech, San Leandro,
CA).

SB203580 and JNKI-1 pretreatment in cultured primary neurons and N2a cells
p38 MAPK inhibitor, SB203580 (AG Scientific, San Diego, CA) at a final concentration of
2.5 μM or 5 μM, or JNK inhibitor, JNKI-1 (AXXORA, San Diego, CA) at a final
concentration of 1 μM was added to the primary neuronal and N2a cell culture medium 30
min before KCl treatment and for 1 h in the presence of 20 mM KCl. Since N2a cells and
primary neurons gave almost identical results, only N2a cells were used for repeated JNK
inhibitor studies.

Nifedipine treatment of cultured primary neurons
Nifedipine (Sigma) at a concentration of 10, 50, or 100 μM was added to the culture
medium 30 min before KCl depolarization and for 5 h in the presence of 20 mM KCl.

Knockdown of p38 MAPK by means of small hairpin interference RNA (p38 shRNA)
p38 shRNA plasmid for mouse were obtained from Santa Cruz Biotechnology (Santa Cruz
Biotechnology, sc-29434-SH) as a pool of 3 target-specific lentiviral vectors with H1
promoter, green fluorescent protein reporter, and puromycin resistance. Each vector
encompassed 19–25 nt (plus hairpin) shRNAs designed to knock down gene expression of
p38 MAPK. Control shRNA plasmid-A (Santa Cruz Biotechnology, sc-108062) or
scrambled shRNA served as negative controls. N2a cells were plated in 60-mm dishes at a
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density of 5 to 8 × 105 cells/dish. They were co-transfected 3 days post-plating with p38
shRNA at 1 μg (for N2a cells) or 0.5 μg (for primary neurons) per dish via Lipofectamine
2000. Empty vectors or scrambled shRNA vectors alone were used at the same
concentrations as vectors with shRNA against p38 MAPK. Puromycin at a final
concentration of 0.5 μg/ml was added to the culture medium on the second day after
transfection to select for purely transfected cells. Green fluorescence was observed to
monitor transfection efficiency. Transfection efficiency for N2a cells ranged from 40% to
75%, and for primary neurons was from 20% to 40%. However, puromycin selection
effectively yielded 100% of transfected cells. Cells were harvested after 48 h of silencing
and lysed for either protein or for total RNA preparations.

ATP Content with Bioluminescence Assays
ATP content in primary neurons and N2a cells were tested in control and experimental
groups that were treated with KCl for 0.5 h, 1 h, and 5 h. The protocol was as described
previously (Wong-Riley et al., 2005), using components of the bioluminescent somatic cell
assay kit (Sigma). Briefly, cultured cells were rinsed with cold phosphate-buffered saline,
incubated in cold somatic cell ATP releasing reagent for 5 min on ice, and harvested by a
cell scraper. They were mixed with the luciferase ATP assay mix and assayed with a
luminometer (Berthold Detection Systems, Oak Ridge, TN). Values were expressed as
nanomolar ATP content per mg of protein.

Statistics
All experiments were repeated at least three times. ANOVA and two-tailed Student’s t-test
were used for group differences and for paired comparisons between treated and untreated
samples. A P value of 0.05 or less was considered significant.

RESULTS
Changes in PGC-1α expression in response to KCl depolarization

Quantitative real time PCR indicated that PGC-1α mRNA levels were significantly
increased by depolarizing stimulation with KCl. The increases relative to controls were
33%, 44.7%, 50.3%, 56%, and 37% after 0.5, 1, 3, 5, and 7 hours of KCl, respectively (P <
0.01–0.001) (Fig. 1A). The value at 7 hours was significantly lower than that at 5 hours (P <
0.05), and it returned to control levels after 10 hours of KCl treatment (Fig. 1A).

Western blots indicated that PGC-1α protein levels were increased significantly after 0.5
hour of depolarizing stimulation (P < 0.05) and reached a significant peak value after 1 hour
(P < 0.01). They remained high at 3 and 5 hours (P < 0.01 and P < 0.05, respectively), and
returned to control levels at 7 hours (Fig. 1B, C).

KCl depolarization increased cellular ATP content in neurons
Cellular ATP content was significantly increased in both primary neurons and N2a cells
after exposure to 20 mM KCl for 0.5 h, 1 h or 5 h (P < 0.01 – 0.001; Fig. 2A, B). For
primary neurons, the increase was 103% and 173.7% after 0.5 and 1 h of KCl, respectively,
as compared to controls (P < 0.01 for both) (Fig. 2A). For N2a cells, the increase was
109.82%, 278.79%, and 296.45% after 0.5 h, 1 h, and 5 h of KCl, respectively, as compared
to controls (P < 0.01–0.001) (Fig. 2B).

Changes in PGC-1α mRNA and protein levels after KCl withdrawal
To determine if the withdrawal of KCl would lead to a down-regulation of PGC-1α
expression, neurons were exposed to 20 mM KCl for 5 hours (at which time there was a
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significant increase in PGC-1α expression as compared to controls; P < 0.05) before
switching to the normal medium for 0.5, 1, 3, and 5 hours. The removal of KCl resulted in a
significant reduction in PGC-1α mRNA to control levels after only 0.5 hour (P < 0.001).
However, there appeared to be a compensatory increase at 3 hours (P < 0.01 compared to
controls) before returning to control levels again at 5 hours (Fig. 3A). PGC-1α protein levels
were also significantly reduced after 0.5 hour of KCl withdrawal (P < 0.05), and returned to
control levels after 1 hour, remaining low through 5 hours of recovery (Fig. 3B and C).

Depolarization induced p38 MAPK activation
To determine the signaling pathway involved in the activation of PGC-1α in primary
neurons, the levels of both p38 MAPK and phospho-p38 MAPK proteins were monitored by
western blots. KCl depolarization significantly up-regulated both p38 MAPK and phospho-
p38 MAPK protein as early as 15 minutes after treatment (P < 0.01) and remained high
through 1 hour of stimulation (P < 0.001) (Fig. 4A–D).

SB203580 pretreatment prevented the up-regulation of both p38 MAPK and
phosphorylated p38 MAPK by KCl depolarization in primary neurons and N2a cells

To determine if KCl directly activates p38 MAPK in neurons, both primary neurons and
N2a cells were pretreated with 2.5 or 5 μM of SB203580, an inhibitor of p38 MAPK, before
being stimulated for 1 hour with KCl. As shown in Fig. 3, 1 hour of KCl significantly
increased p38 MAPK and phospho-p38 MAPK levels above those of controls (P < 0.001).
However, 30 minutes of pretreatment with either concentration of SB203580 prevented such
an up-regulation by KCl. Moreover, 5 μM of SB203580 brought the level of phospho-p38
MAPK even below that of controls (P < 0.05) (Fig. 5A–D). To test for the specificity of
SB203580 in inhibiting p38 MAPK, an inhibitor of JNK (JNKI-1) was used for comparison.
After 30 minutes of SB203580 pretreatment, phospho-p38 MAPK protein level was
dramatically reduced as compared to non-treated controls (P < 0.001) (Fig. 5E, G).
However, the JNK inhibitor JNKI-1 could only decrease phospho-p38 MAPK protein level
slightly (P < 0.05) (Fig. 5E, G). Surprisingly, the total JNK protein level was also reduced
by SB203580 (P < 0.01), but the reduction was much greater with 30 minutes of
pretreatment with the JNK inhibitor JNKI-1 (P < 0.001) (Fig. 5F, H).

SB203580 pretreatment blocked PGC-1α up-regulation induced by KCl depolarization
To determine if the inhibition of p38 MAPK would prevent KCl-induced up-regulation of
PGC-1α, primary neurons and N2a cells were pretreated with 2.5 or 5 μM of SB203580 for
30 minutes before stimulation for 1 hour with KCl. As shown in Fig. 6, both doses of
SB203580 averted the increase of PGC-1α protein by KCl (Fig. 6A–D). In the absence of
KCl, PGC-1α protein level was significantly reduced by SB203580 (P < 0.001), but only
slightly reduced by JNKI-1 (P < 0.05) (Fig. 6E, F).

Nifedipine pretreatment blocked PGC-1α up-regulation induced by KCl depolarization
To determine the role of calcium channels in the activation of PGC-1α expression, primary
neurons were pretreated with 10, 50, and 100 μM of nifedipine, a calcium channel blocker,
for 30 minutes and then exposed to 20 mM KCl for 5 hours (at which time the PGC-1
mRNA level had reached its peak; see Fig. 1A). As shown in Fig. 7, nifedipine at all
concentrations effectively suppressed the up-regulation of PGC-1α message (Fig. 7A) and
proteins (Fig. 7B, C) induced by 5 hours of KCl stimulation.

Effect of p38 MAPK knockdown on PGC-1α expression
To determine if p38 MAPK knockdown directly reduces PGC-1α (a downstream target of
MAPK pathway), p38 shRNA plasmids were used in N2a cells and primary neurons.
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shRNA against p38 MAPK significantly decreased the mRNA levels of p38 MAPK and
PGC-1α, as monitored by real time quantitative PCR (P < 0.001) (Fig. 8A, B). The
reduction was by 73% and 82 %, respectively, in N2a cells and by 76% and 84%,
respectively, in primary neurons, as compared to empty vector controls. Scrambled shRNA
yielded results comparable to those of empty vector controls (Fig. 8A, B). On the other
hand, protein levels of total p38, phospho-p38 MAPK, as well as PGC-1α as revealed by
western blots were significantly reduced by the silencing of p38 MAPK (P < 0.001, Fig. 8C,
D).

DISCUSSION
The present study documents that p38 MAPK and calcium channels mediate the signaling
mechanism in activating PGC-1α in neurons. The close correlation between message and
protein levels indicates that the regulation of PGC-1α expression in neurons is primarily at
the transcriptional levels.

As an inducible transcription co-activator, PGC-1α is involved in the regulation of oxidative
metabolism associated with mitochondrial biogenesis (Baar et al., 2002; Knutti and Kralli
2001; Wright et al., 2007a; Scarpulla 2008). Previous studies on PGC-1α expression
focused mainly on skeletal muscles and other non-neuronal tissues. Our current data suggest
that KCl depolarization rapidly induces PGC-1α up-regulation in neurons at both the
message and protein levels. The early response in PGC-1α mRNA and proteins strongly
suggests that PGC-1α participates in sensing an increase in energy demand associated with a
rise in neuronal activity. NRF-1, NRF-2, and cytochrome c oxidase (COX) are down-stream
targets of PGC-1α in neurons (reviewed in Wong-Riley et al., 2008), and depolarization
induces an up-regulation of these targets as well (Zhang and Wong-Riley 2000; Bai and
Wong-Riley 2003; Liang et al., 2006; Yang et al., 2004; 2006). When depolarizing
stimulation is withdrawn, PGC-1α expression returns to normal (present study). Thus, the
expression of PGC-1α is activity-dependent in neurons.

In non-neural tissues, PGC-1α is reportedly activated either directly by p38 MAPK through
phosphorylation (Knutti et al., 2001; Puigserver et al., 2001; Puigserver and Spiegelman
2003) or indirectly via its binding to cAMP-response element, which may be activated by
p38 MAPK (Cao et al., 2004; Akimoto et al., 2005). The signaling pathway in neurons was
entirely unknown. The current study documents for the first time that depolarizing
stimulation initially induces p38 and phosphorylated p38 MAPK activation, followed by an
up-regulation of PGC-1α expression in neurons. SB203580 selectively inhibits the catalytic
activity of p38 MAPK by competitively binding to the ATP pocket and prevents the
phosphorylation of downstream targets (Raingeaud et al., 1995; Young et al., 1997).
Pretreatment with this p38 MAPK inhibitor prevents the up-regulation of PGC-1α by KCl
stimulation. SB203580 most likely inhibits both p38 MAPK and its phosphorylated form,
resulting in the blockade of PGC-1α activation. Although p38 MAPK was not completely
inhibited by SB203580 at the current dosage (a dosage that kept the neurons viable), it was
inhibited to a much greater extent than by an inhibitor of JNK (JNKI-1). Furthermore, a
knockdown of p38 MAPK with shRNA significantly reduced the expression of PGC-1α.
Thus, p38 MAPK is a vital upstream regulator in signaling the activation of PGC-1α in
neurons.

Another mediator of PGC-1α activation in neurons is Ca2+ channels. Nifedipine
pretreatment in the present study completely blocked the up-regulation of PGC-1α induced
by KCl depolarization. This is consistent with depolarization-induced influx of Ca2+ via L-
type voltage-sensitive Ca2+ channels (Hirota et al., 2003; Striessnig et al., 2006), a necessary
step for increased neuronal activity before the up-regulation of PGC-1α transcripts and
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proteins in neurons. Our results are also consistent with previous reports that depolarization-
induced calcium ions influx activates a number of transcription factors in neurons and other
cell types (Rosen et al., 1994; Ghosh and Greenberg 1995; Ojuka et al., 2003; Li et al.,
2004). This is a major mechanism that couples neuronal activity and intracellular
biochemical processes to culminate in increased gene expression by the activation of an
intricate signaling network (Rosen et al., 1994; Impey et al., 1998; Baldassa et al., 2003). In
non-neuronal cells, cytosolic increase in Ca2+ triggers a calcium/calmodulin dependent
protein kinase signaling pathway that may or may not involve p38 MAPK (Knutti et al.,
2001; Puigserver et al., 2001; Irrcher et al., 2003; Akimoto et al., 2005; Wright, 2007;
Wright et al., 2007b). Increases in Ca2+ concentration induce mitochondrial biogenesis
(Ojuka et al., 2003). Thus, the activation of Ca2+ channels plays an important role in
increasing PGC-1α expression either in parallel or through p38 MAPK phosphorylation in
neurons. Furthermore, PGC-1α represents a molecular target that directly links cytokines to
the stimulation of energy expenditure and cellular respiration through NRF-1, NRF-2, and/or
other nuclear receptors (Puigserver et al., 2001; Arany, 2008). Thus, decreased ATP/ADP
ratio induced by membrane depolarization may be an additional stimulator in inducing
PGC-1α activation through the activation of p38 MAPK (Puigserver et al., 2001; Arany et
al., 2005; Wright et al., 2007a and b).

Conclusion
The present study demonstrates that depolarization-induced up-regulation of PGC-1α in
neurons is mediated by both p38 MAPK and calcium channel activation. Withdrawal of
depolarization, calcium channel blocker, silencing of p38 MAPK, and p38 MAPK inhibitors
all suppressed PGC-1α expression. These are all tightly regulated by neuronal activity in
response to functional demands.
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Fig. 1.
A. Real-time quantitative PCR (RTqPCR) analysis of changes in PGC-1α mRNA levels in
primary neurons in response to KCl depolarization. The message level was significantly
increased by KCl after 0.5 h, peaked at 5 h, and decreased significantly after 7 h, returning
to control levels after 10 h. B. Western blots of PGC-1α proteins after 0.5, 1, 3, 5, and 7 h of
KCl depolarization. β-actin was the loading control. C. Quantitative analysis of changes in
PGC-1α proteins as shown in B. The increase was evident at 0.5 h, peaked at 1 h, remained
high at 3 h and 5 h, and returning to control levels after 7 h. * P < 0.05, ** P < 0.01, *** P <
0.001, as compared to controls. # P < 0.05, as compared to 5 h of KCl depolarization.
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Fig. 2.
Cellular ATP content in primary neurons (A) and N2a cells (B). KCl depolarization
significantly increased cellular ATP levels after 0.5, 1, and 5 h of KCl stimulation. ** P <
0.01, *** P < 0.001, as compared to controls.
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Fig. 3.
A. RTqPCR analysis of changes in PGC-1α mRNA levels in primary neurons in response to
KCl withdrawal. At 0 h, the neurons had been subjected to 5 h of KCl stimulation, at which
point the level of PGC-1α was significantly higher than that of controls (P < 0.001). At 0.5 h
after KCl withdrawal, the message was drastically reduced. It remained low through 5 h of
recovery. B. Western blots of PGC-1α proteins after KCl withdrawal. β-actin was the
loading control. C. Quantitative analysis of changes in PGC-1α proteins as shown in B. * P
< 0.05, ** P < 0.01, *** P < 0.001 as compared to controls. # P < 0.05, ### P < 0.001, as
compared to the starting point (0 h), which is equivalent to 5 h of KCl depolarization.
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Fig. 4.
Western blots of p38 MAPK (A) and phospho-p38 MAPK (C) proteins in primary neurons
after 15, 30, and 60 min of KCl depolarization. B and D. Quantitative analysis of relative
changes in p38 MAPK and phospho-p38 MAPK proteins as shown in A and C. Both p38
MAPK and phospho-p38 MAPK levels were significantly increased after 15 min of KCl
depolarization and remained high through 1 h of stimulation. ** P < 0.01, *** P < 0.001 as
compared to controls.
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Fig. 5.
Western blots of p38 MAPK and phospho-p38 MAPK proteins in N2a cells (A) and primary
neurons (B) after 30 min of pretreatment with 2.5 μM or 5 μM of SB203580 followed by 1
h of KCl depolarization. C and D. Quantitative analysis of relative changes in p38 MAPK
and phospho-p38 MAPK proteins as shown in A and B. Whereas 1 h of KCl stimulation
induced a significant rise in both p38 MAPK and phospho-p38 MAPK protein expression,
pretreatment with either 2.5 μM or 5 μM of SB203580 prevented the up-regulation of both
p38 MAPK and phospho-p38 MAPK induced by 1 h of KCl. Five μM of SB203580
significantly reduced phospho-38 MAPK to below control levels. E and F. Western blots of
phospho-p38 MAPK and JNK proteins, respectively, in N2a cells after 30 min of 5 μM
SB203580 or 1 μM of JNKI-1 treatment. G and H. Quantitative analysis of relative changes
in phospho-p38 MAPK and JNK, respectively, as shown in E and F. Both phospho-p38
MAPK and JNK proteins were significantly decreased by either SB203580 or JNKI-1, but
phospho-p38 MAPK was reduced more by SB203580, and total JNK was greatly reduced by
JNKI-1. * P < 0.05, ** P < 0.01, *** P < 0.001 as compared to controls. # P < 0.05, ## P <
0.01 as compared to KCl treatment alone.
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Fig. 6.
Western blots of PGC-1α proteins in N2a cells (A) and primary neurons (B) after 1 h of KCl
or 30 min of SB203580 (2.5 μM and 5 μM) pretreatment prior to 1 h of KCl treatment. E.
Western blots of PGC-1α proteins in N2a cells after 30 min of 5 μM SB203580 or 1 μM
JNKI-1 treatment. C, D, F. Quantitative analysis of changes in PGC-1α proteins as shown
in A, B, and E, respectively. PGC-1α protein levels were significantly increased by 1 h of
KCl depolarization, but this increase was suppressed by 2.5 μM or 5 μM of SB203580
pretreatment. PGC-1α protein was slightly reduced by JNKI-1, but it was greatly reduced by
SB203580. * P < 0.05, ***, P < 0.001 as compared to controls. # P < 0.05, ## P < 0.01 as
compared to KCl treatment alone.
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Fig. 7.
A. RTqPCR analysis of PGC-1α mRNA levels in control, KCl-stimulated for 5 h, and
nifedipine-pretreated for 30 min before 5 h of KCl depolarization in primary neurons. Note
that PGC-1α mRNA levels were significantly increased by 5 h of KCl, but the increase was
blocked by 10, 50, or 100 μM of nifedipine pretreatment. B. Western blots of PGC-1α
proteins in neurons after 5 h of KCl depolarization and after pretreatment with various
concentrations of nifedipine before 5 h of KCl. C. Quantitative analysis of changes in
PGC-1α proteins as shown in B. Nifedipine at all concentrations tested blocked the up-
regulation of PGC-1α proteins in the presence of KCl for 5 h. * P < 0.05, *** P < 0.001 as
compared to controls. # P < 0.05 as compared to KCl treatment alone.
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Fig. 8.
RTqPCR analysis of p38 MAPK and PGC-1α mRNA levels in N2a cells (A) and primary
neurons (B) in response to p38 MAPK silencing with RNA interference. Both p38 MAPK
and PGC-1α mRNAs were significantly decreased by p38 shRNA. C. Western blots of total
p38 MAPK, phosho-p38 MAPK, and PGC-1α proteins after p38 silencing in N2a cells. β-
actin was the loading control. D. Quantitative analysis of total p38 MAPK, phospho-p38
MAPK, and PGC-1α proteins indicated that all three were significantly reduced after 48 h of
p38 MAPK silencing. *** P < 0.001, as compared to controls.
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