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Abstract
Although alterations in mitochondrial dynamics are associated with cellular responses to injury,
the functional role of these dynamic changes in ischemic neurons is underexplored. One of these
dynamic responses to injury includes mitochondrial biogenesis. Various sublethal preconditioning
stimuli that induce an ischemic tolerant state (e.g., lipopolysaccharide (LPS)) may also induce
mitochondrial biogenesis. Using neuron-enriched cultures, we found that sublethal LPS
preconditioning induced both ischemic tolerance and markers of mitochondrial biogenesis with
overlapping dose response temporal kinetics. Sublethal LPS transiently increased the expression
of critical components of the mitochondrial transcriptional machinery, including NRF1 and
TFAM, as well as mtDNA copy number, mitochondrial protein levels and markers of functional
mitochondria, such as increased cellular ATP content, citrate synthase activity and maximal
respiration capacity. Importantly, knockdown of TFAM abrogated both the induction of
mitochondrial biogenesis and the neuroprotective preconditioning effects of LPS. Several
signaling pathways coordinated these events. AMPK inhibition suppressed NRF1 and TFAM
expression by LPS, whereas PI3K/Akt signaling was necessary for the nuclear translocation of
NRF1 and subsequent induction of TFAM. This is the first demonstration that LPS
preconditioning initiates multiple signaling pathways leading to mitochondrial biogenesis in
neurons and that these dynamic changes contribute to ischemic tolerance.
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Introduction
Mitochondria are highly dynamic organelles capable of sensing and responding quickly to
altered cellular environments. Not surprisingly, mitochondria dysfunctions are implicated in
a wide variety of neurological disease states (Lin & Beal 2006). Until recently, their roles in
cell death and survival were described primarily in terms of the various signaling pathways
that converge on or emanate from mitochondria (Goldenthal & Marin-Garcia 2004).
Extending this concept of mitochondria as signal processing centers, recent studies indicate
that mitochondrial plasticity itself also contributes to cellular fate (Nunnari & Suomalainen
2012).

The phenomenon of ischemic tolerance was discovered over 20 years ago. Several cellular
mechanisms underlying tolerance have been identified, including heat shock protein
induction, ROS-sensitive mechanisms, and cellular signaling (Cadet & Krasnova 2009,
Correia et al. 2011, Stevens et al. 2011). Although many of these mechanisms affect
mitochondria (Busija et al. 2008, Correia et al. 2010), the response of the mitochondria as an
organelle has not been fully examined. Interestingly, many of the preconditioning stimuli
that induce tolerance may also induce mitochondrial biogenesis, or the induction of critical
mitochondrial components (Gutsaeva et al. 2008, McLeod et al. 2004, Ning et al. 1998). For
example, markers of mitochondrial biogenesis were induced following neonatal hypoxia/
ischemia in regions that survived the injury (Yin et al. 2008). Resveratrol has been used as a
preconditioning stimulus to confer ischemic tolerance (Raval et al. 2006) and has also been
correlated with markers of mitochondrial biogenesis in several cell types (Biala et al. 2010,
Zheng et al. 2012, Csiszar et al. 2009).

Non-lethal doses of lipopolysaccharide (LPS) induce markers of mitochondrial biogenesis in
isolated neonatal cardiomyocytes in the absence of cell death (Hickson-Bick et al. 2008) and
has also been used for a number of non-neuronal mechanistic studies for the induction of
mitochondrial biogenesis (Piantadosi et al. 2011, Suliman et al. 2003, Suliman et al. 2010).
In addition to effects on non-neural cells, sublethal LPS has been used as a preconditioning
stimulus for cerebral ischemic tolerance (Tasaki et al. 1997, Lin et al. 2009, Yu et al. 2010,
Vartanian et al. 2011). Most of these studies administer LPS into animals systemically and
focus on the effects of LPS on microglia via actions on toll-like receptors (TLRs). Although
microglia are well characterized as the predominant neural cell type expressing TLRs,
neurons have recently been found to also express TLRs (Tang et al. 2007) and thus may also
respond directly to LPS.

Using the model of sublethal LPS preconditioning, the present study tested the hypothesis
that neuronal mitochondrial biogenesis contributes to and is necessary for establishing the
ischemic tolerant state. We found that sublethal LPS exposure induced markers of
mitochondrial biogenesis via the convergence of multiple signaling cascades. Markers of
mitochondrial biogenesis were induced with the same temporal kinetics and dose-
responsiveness as the induction of ischemic tolerance. Furthermore, shRNA-mediated
knockdown of TFAM, a critical regulator of mitochondrial biogenesis, abolished both the
induction of mitochondrial biogenesis as well as ischemic neuroprotection afforded by LPS.
Thus, we conclude that mitochondrial biogenesis is a novel mechanism contributing to the
neuroprotection afforded by sublethal LPS preconditioning.

Methods
Primary neuronal cultures and in vitro model of ischemia

Enriched cortical neurons (>97% purity) were derived from embryos of SD rats and
maintained 10–12 d in vitro before experiments. To model ischemia-like conditions in vitro,
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primary cultures were exposed to transient oxygen and glucose deprivation (OGD) for 60
min as described previously (Stetler et al. 2010). Control glucose-containing cultures were
incubated for the same periods of time in humidified 95% air and 5% CO2. LPS was added
to cultures 24 h prior to OGD to induce a preconditioned state. Fluorescence of alamar blue,
an indicator that changes from blue to red and fluoresces when reduced by cellular
metabolic activity, was used to measure the viability of the cultured neurons at 24–48 h after
OGD as described (Stetler et al. 2010). OGD-induced cell death was quantified by
measuring lactate dehydrogenase (LDH) release from damaged cells into the culture
medium as described previously (Stetler et al. 2010). In select experiments, cell death was
also evaluated after OGD using Hoechst 33258 nuclear staining. The percentages of cells
showing chromatin condensation or DNA damage were quantified by counting at least 3000
cells under each experimental condition (three randomly selected fields per well, four to six
wells per condition per experiment, and three independent experiments). In inhibition
studies, one of the kinase inhibitors SB203580 (10μM), polymyxin B (20U/ml), N-acetyl
cysteine (NAC, 1mM), Compound C (20μM), LY294002 (10μM), U0126 (10μM), KN62
(10μM) and L-NAME (1mM) was applied to cultures 1 h prior to and during the course of
LPS treatment.

Viral vectors
Lentiviral vectors carrying the TFAM-targeting shRNA or the scramble control shRNA
were purchased (Santa Cruz Biotechnology Inc). Lentiviral vectors overexpressing human
full-length TFAM were constructed using the procedures as described previously (Stetler et
al. 2012). In brief, the cDNA (HA tagged) was inserted into the lentiviral transfer vector
FSW under the control of neuron-specific Synapsin I promoter. A plasmid mixture
containing 435 μg of pCMVΔR8.9 (packaging construct), 237 μg of pVSVG (envelope
plasmid) and 675 μg of FSW (transfer vector) was suspended in 34.2 ml of CaCl2 (250 mM)
and co-transfected into human kidney 293 FT cells. The supernatant was collected 72 h after
transfection, filtered through the 0.45 μm filter flask and centrifuged at 21,000 rpm for 2 h
using the SW28 rotor (Beckman Coulter). Viruses were further purified by sucrose gradient
ultracentrifuge.

Adeno-associated virus (AAV) vectors carrying human cDNA for AKT or dominant
negative AKT (AKTdn) were constructed using the procedures as previously described
(Stetler et al. 2012). For neuronal transfection, cultures were infected with the AAV-AKT or
AAV-AKTdn, or the control vector (AAV-GFP or empty AAV) for 6 h and then incubated
in vector-free normal media for 48-72 h. The overexpression of AKT or AKTdn in neurons
was confirmed by immunocytochemistry and Western blot, respectively, using the anti-
hemagglutinin (HA) antibody. For gene transfection using lentivirus vectors, the neuronal
cultures were infected for 3 d with the lenti-TFAMt, lenti-TFAMsc, and/or lenti-TFAM or
the control vector (Lenti-GFP). Knockdown of TFAM in neurons by lentivirus vectors was
assessed using Western blot.

Long fragment PCR and mtDNA quantification
Long fragment PCR was used to quantify the relative abundance of intact mtDNA as
previously described (Yin et al. 2008). Total DNA was purified using the genomic DNA
isolation kit (Qiagen, Valencia, CA), and linearized by digestion with the restriction enzyme
SacII (Promega, Madison, WI). An equal amount (0.4 ng) of total DNA was added to the
polymerase chain reaction (PCR) reaction mixture to serve as an internal standard. The
primers used for the amplification of 14.3 kbp mitochondrial genomes were:

59-ATATTTTCACTGCTGAGTCCCGTGG-39 (forward)

59-AATTTCGGTTGGGGTGACCTCGGAG-39 (reverse)
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The PCR cycle proceeded by denaturation for 1 minute at 94°C followed by 26 cycles of
denaturation at 94°C for 10 seconds, annealing and extension at 68°C for 15 minutes, and a
final extension at 72°C for 10 minutes. The PCR products were then digested with the
restriction enzyme NcoI (Promega). The reaction yielded DNA fragments of 14.3 kbp,
representing the amplified rat mtDNA. The bands were semi-quantitatively measured using
MCID Elite Image Analysis system (Image Research, Linton, England). Rat b-globin DNA
was amplified as an internal control.

Real time RT-PCR
Total RNA was isolated from cell lysates using the RNeasy Mini kit according to the
manufacturer’s instructions (Qiagen). The first strand of cDNA used random hexamer
primers and the Superscript™ First-strand synthesis system for RT-PCR (Invitrogen,
Carlsbad, CA). PCR was performed using SYBR green PCR Master Mix (Applied
Biosystems, Foster City, CA). Fluorescence was quantified using SDS v1.2x system
software (Applied Biosystems). The forward and reverse primers used were:

TFAM: GAAAGCACAAATCAAGAGGAG, CTGCTTTTCATCATGAGACAG.

NRF-1: TTACTCTGCTGTGGCTGATGG, CCTCTGATGCTTGCGTCGTCT.

PGC-1a: GTGCAGCCAAGACTCTGTATGG,
GTCCAGGTCATTCACATCAAGTTC.

β-actin: GGGTCAGAAGGATTCCTATG, GGTCTCAAACATGATCTGGG.

Western blot analysis
Western blot was performed using the standard method and enhanced chemiluminescence
detection reagents (GE Healthcare). The following antibodies were used: mouse monoclonal
antibodies against HSP60 (H-1), NRF-1 and TFAM (from Santa Cruz Biotechnology Inc);
COXIV, VDAC and TOM20 (from Molecular Probes, Invitrogen); rabbit monoclonal
antibodies p-Akt (Ser473) (clone 193H12), total AKT and p-AMPKα(Thr172) (clone 40H9)
from Cell Signaling.

Electron microscopy
Primary cortical neurons grown in 35-mm tissue culture dishes were fixed for 60 minutes in
2.5% gluteraldehyde at 4°C and postfixed in aqueous 1% OsO4 and 1% K3Fe(CN)6 for 1
hour. The cultures were dehydrated through a graded series of 30 to 100% ethanol and
embedded in Polybed 812 epoxy resin (Polysciences, Warrington, PA). Ultra thin (60 nm)
sections were collected on copper grids and stained with 2% uranyl acetate in 50% methanol
for 10 minutes, followed by 1% lead citrate for 7 minutes. Sections were photographed
using a Zeiss transmission electron microscope (Zeiss Inc., Thornwood, NY, USA) at 80
kV.

In vitro kinase activity
Akt kinase activity was assessed using an in vitro kinase activity kit as previously described
(Stetler et al. 2012). Cell lysates were prepared under non-denaturing conditions. To assess
Akt activity, an anti-Akt antibody was added to 150 μg of protein and then incubated with
recombinant GSK3β in the presence of [γ-32P]ATP. GSK3β phosphorylation was
visualized using electrophoresis and autoradiogram.

Oxygen consumption rate (OCR) measurements
Cellular respiration was analyzed using the Seahorse XF24 Extracellular Flux Analyzer as
described (Dagda et al. 2011). OCR was assessed in living cells that were analyzed at

Stetler et al. Page 4

J Neurochem. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



baseline and following the sequential addition of culture medium, oligomycin and FCCP,
according to the manufacturer’s protocol.

ATP measurements
ATP cellular content was assessed as previously described (Van Laar et al. 2011). Cultures
were washed and harvested by scraping into ice-cold PBS, pelleted by centrifugation at
2000g for 5 min, resuspended in urea/CHAPS lysis buffer, cleared by centrifugation and
stored at −80°C until analysis. Intracellular ATP levels were determined using an ATP
Determination Kit (Molecular Probes) based on the reaction of luciferase with luciferin and
measured using a luminometer, according to the procedure provided by the manufacturer.
Data were normalized to the sample protein concentration as determined by the Bradford
protein assay.

Citrate synthase activity
Citrate synthase activity was measured using the Citrate Synthase Assay Kit (Sigma).
Arbitrary activity units were calculated per manufacturer’s instruction.

Mitochondrial length and movement
Cortical cultures were transfected using Lipofectamine2000 with dsRed2, which labels
mitochondria, and eGFP for visualization of axonal and dendritic morphology.
Mitochondrial length and movement was assessed using SimplePCI as described (Chang et
al. 2006, Rintoul et al. 2003). Briefly, length was calculated from skeletonized projections.
For movement, rectangular regions of interest (ROIs) were placed along the axonal or
dendritic regions and the number of mitochondria moving past or remaining stopped in each
ROI was counted over the entire course of each 2 min movie.

Statistical analyses
Each measurement was made in quadruplicate wells of a single culture dish, and each
experiment was repeated at least three times using cultures prepared from different dams.
All data were presented as mean ± standard error (SE). The difference in means between 2
groups was assessed by 2-tailed Student’s t test. Differences in means among multiple
groups were analyzed using ANOVA with time or treatment as the independent factors.
When ANOVA showed significant differences, pair-wise comparisons between means were
tested by post hoc Bonferroni/Dunn tests. In all analyses, p < 0.05 was considered
statistically significant.

Results
LPS preconditioning protects cultured neurons from ischemic insults

Neurons have recently been found to express TLRs (Tang et al. 2007). Thus, in order to
examine whether LPS preconditioning induces alterations of mitochondrial dynamics in
neurons, we used primary cortical neuron-enriched cultures pretreated with LPS prior to the
induction of OGD. One hour of OGD induced robust cell death as measured by alamar blue
uptake (a measure of cell viability), LDH release (a measure of loss of plasma membrane
integrity), and condensation of nuclei (morphology typically associated with apoptotic cell
death). Exposure to high concentrations of LPS (1-3ug/mL) 24 h prior to OGD significantly
improved neuronal survival. Furthermore, using the lowest effective concentration in all cell
death and viability assays (1ug/mL, Fig. 1A-C), we determined that the effective tolerance
window ranged between 15-48 hours (Fig. 1D-F). Based on these results, we wished to
determine if alterations in mitochondrial dynamics occurred within 24 h following a 1ug/mL
LPS preconditioning stimulus.
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LPS preconditioning stimulus induces molecular markers of mitochondrial biogenesis in
neurons

We next wished to examine if LPS is capable of inducing hallmarks of mitochondrial
biogenesis when delivered at a concentration and in a timeframe that confers ischemic
tolerance. The field of assessing mitochondrial biogenesis is still in its infancy. Therefore,
we examined several aspects of mitochondria that have been associated with the induction of
biogenesis. The coordinated upregulation of critical nuclear- and mitochondrial-encoded
genes is necessary for both the maintenance and biogenesis of mitochondria (Garesse &
Vallejo 2001, Scarpulla 2008). For example, NRF1 is a nuclear-encoded nuclear
transcription factor, which can bind to and transactivate the TFAM promoter region upon
translocation to the nucleus (Scarpulla 2008). TFAM is a nuclear-encoded mitochondrial
transcription/replication factor. The TFAM protein is imported into mitochondria and leads
to increased transcription of the mitochondrial genome (Scarpulla 2008). TFAM is also
positively correlated and appears to contribute to the control of mtDNA copy number
(Scarpulla 2008). We found that the mRNA content of the critical transcriptional factors
NRF1 and TFAM rapidly increased 3-6 h following LPS exposure (Fig. 2A). Interestingly,
PGC1-α, a major upstream transcription factor for NRF1 promoter transactivation, was not
significantly upregulated at the mRNA level until 24h following LPS exposure (Fig. 2A).
However, the function of PGC1-α is controlled by a wide variety of post-translational
modifications and has overlapping function with PGC1-β (Wareski et al. 2009). Thus, the
delayed induction of PGC1-α mRNA may represent a secondary transcriptional feedback
response to LPS, and may not be necessary in the establishment of ischemic tolerance.

One major function of increased NRF1 and TFAM in mitochondrial biogenesis is the
upregulation of the mitochondrial respiratory chain (MRC), such as COXIV, and other
proteins critical for mitochondrial function, such as the voltage-dependent anion channel
VDAC and TOM20 (Dhar et al. 2008). Consistent with the upregulation of NRF1 and
TFAM, we found that both COXIV and VDAC protein products were significantly
increased 24 h following LPS exposure (Fig. 2C, D). Likewise, TOM20, an essential protein
in the mitochondrial protein import system, and HSP60, a mitochondrial-associated heat
shock protein, were also upregulated following LPS exposure. Consistent with the
upregulation of VDAC and the nuclear-encoded COXIV, we found an increase in the
abundance of MRC complexes following 24 h of LPS exposure (Suppl. Fig. 1). These data
indicate that the sublethal LPS preconditioning stimulus increases critical components of the
transcriptional machinery and functional downstream MRC proteins, consistent with an
increase in mitochondrial biogenesis in cortical neurons. Importantly, the timeframe of the
increased expression of mitochondrial proteins correlates with the timing of the
neuroprotective effects of LPS against OGD.

Induction of mtDNA has often been used as a marker of mitochondrial biogenesis. Using
long fragment PCR, we found a significant increase in mtDNA 6 to 24 h following exposure
to 1ug/mL LPS (Fig. 2B). mtDNA levels returned to control levels within 72 h following
LPS exposure, suggesting the induction of control mechanisms targeting either mtDNA
copy number or mitochondrial quantity. The early induction of mtDNA is consistent with
the early induction of TFAM, which functions not only as a major mtDNA transcription
factor, but also simultaneously controls the replication and copy number of mtDNA
(Scarpulla 2008). Furthermore, we examined whether the concentrations of LPS required to
induce ischemic tolerance correlated with the concentrations required to increase mtDNA
copy number. Supporting a correlation between neuroprotective concentrations of LPS
preconditioning and induction of mitochondrial biogenesis, the same concentrations that
conferred ischemic tolerance effectively increased mtDNA copy number (data not shown).
To correlate the observation of increased mitochondrial proteins and mtDNA with increased
mitochondrial mass within cells, we evaluated electron microscopic images and semi-
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quantified the mitochondria as the percent of area of cytosol. Following 24 h of LPS
exposure, a significant increase in the mitochondrial content in the cytosol was detected
(Fig. 2E,F). Taken together, these data indicate that exposure of neuron-enriched cortical
cultures to LPS induces multiple molecular hallmarks of mitochondrial biogenesis in a
timeframe and with a dose-response curve consistent with LPS-induced ischemic tolerance.

LPS preconditioning increases hallmarks of functional mitochondria
Although increased gene products essential to mitochondrial function may indicate
mitochondrial biogenesis, we wished to further investigate whether LPS preconditioning
could affect the overall capacity and/or function of mitochondria in neurons. Critical
indicators of functional mitochondria include the capacity to generate ATP and maintain
their membrane potential. To assess energetic function following LPS exposure, we first
measured cellular ATP using luciferase activity in cell lysates. Cellular ATP levels were
significantly increased 12-24 h following LPS exposure (Fig. 3A). In order to further
explore whether the increased ATP could be associated with increased activity of the Krebs
cycle, the major aerobic cycle that generates ATP within the mitochondrial matrix and feeds
into the MRC, we assessed the activity of citrate synthase, the initiating enzyme in the Krebs
cycle whose activity is closely linked to the output of ATP and indicates the presence of
intact mitochondria. As expected, citrate synthase activity was significantly increased 12-24
h following LPS exposure (Fig. 3B), which closely correlated with our observations that
protein expression of MRC subunits and ATP were both increased within 24h following
LPS exposure.

Although increased ATP content and citrate synthase activity are indicators of increased
mitochondrial function, a more direct assessment of mitochondrial functional capacity is the
measurement of the oxygen consumption rate (OCR). Using a direct method of assessing
mitochondrial respiration, we measured OCR in the presence of FCCP, an uncoupler of
electron transport and oxidative phosphorylation, in live cultures. Application of FCCP
reveals the maximal respiration in a given sample. In LPS-treated cultured neurons, a
significant increase in the OCR following FCCP application was observed (Fig. 3C, D).
These results indicate not only that mitochondrial protein expression and ATP content is
increased in LPS-treated neurons, but also that LPS-treated neurons have a higher capacity
for oxygen respiration. In sum, LPS appears to increase both mitochondrial content and
subsequently, mitochondrial function.

LPS affects mitochondrial organelle movement
Both mitochondrial movement and length have been used in determinations of
mitochondrial morphology and associated health. For example, mitochondrial movement
within the cell may be related to membrane potential and sensitivity to stress (Miller &
Sheetz 2004). We therefore examined both the movement of labeled mitochondria across
defined regions of interest over time (flux) and length of mitochondria in the axon and
dendrites of neurons exposed to LPS for 24 h. We found that mitochondrial flux along axons
was increased 24 h following LPS exposure (Fig. 3E, F). In contrast, movement in dendrites
and overall mitochondrial length remained unchanged.

Mitochondrial biogenesis contributes to ischemic neuroprotection afforded by LPS
According to our data, the transcriptional control of mitochondrial biogenesis by LPS is
correlated with its protective effects. As mentioned above, TFAM leads to increased
transcription and replication of the mitochondrial genome. To address the functional role of
the TFAM pathway in LPS preconditioning, we transduced cultured neurons with lentivirus
encoding shRNA constructs targeting TFAM (shRNAt) or a control scramble sequence
(shRNAc), and/or in combination with a construct overexpressing human TFAM cDNA.

Stetler et al. Page 7

J Neurochem. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Neurons were transduced 3 d prior to LPS exposure and assessed for targeted knockdown
(Fig. 4A), hallmarks of mitochondrial biogenesis (Fig. 4B,C) and ischemic tolerance (Fig.
4D,E). Knockdown of TFAM significantly attenuated the rise in mtDNA content observed
following LPS exposure, as well as the rise in ATP production and citrate synthase activity
(Fig. 4C). Co-transduction with the human TFAM construct, which is resistant to the
shRNA targeting rat TFAM, restored the ability of LPS to increase mtDNA and ATP
content and citrate synthase activity.

We next determined the functional significance of mitochondrial biogenesis in LPS-induced
ischemic tolerance. ShRNA knockdown of TFAM significantly decreased the ischemic
neuroprotection afforded by LPS preconditioning, as measured by two independent assays
of cellular viability (Fig. 4D). Importantly, no loss of cell viability was observed in shRNA-
transfected cells under basal, untreated conditions (Fig. 4D), nor were any decreases in
mtDNA, ATP content or citrate synthase activity observed when compared to control levels
in untreated conditions (Fig. 4C). Overexpression of TFAM itself did not improve neuronal
survival following OGD with or without LPS preconditioning (Fig. 4E). This suggests that
LPS preconditioning likely elicits a coordinated program by multiple players to induce
biogenesis-related neuroprotection and that TFAM appears to be only one of such critical
factors in this program. In other words, TFAM overexpression alone cannot improve
neuronal survival against OGD because other elements involved in related processes (e.g.,
mitochondrial transport) may be equally essential. Furthermore, due to the absence of
synergy when LPS stimulation was combined with TFAM overexpression, it is likely that
LPS stimulates the maximal response available for ischemic tolerance that can be derived
from TFAM induction. Taken together, these data suggest that TFAM regulates LPS-
induced mitochondrial biogenesis in cultured cortical neurons, and that TFAM-dependent
mitochondrial biogenesis contributes to ischemic neuroprotection afforded by LPS
preconditioning.

AMPK contributes to the induction of the transcriptional program related to mitochondrial
biogenesis

The signaling pathways leading to changes in mitochondrial biogenesis are still unclear and
appear to be highly cell type and context specific. Using a panel of inhibitors, we thus
explored the potential upstream signaling pathways that may be involved in our model of
LPS-stimulated mitochondrial biogenesis in neurons, using TFAM mRNA induction as an
endpoint. The increase in both TFAM expression (Suppl. Fig. 2A) and mtDNA (Suppl. Fig.
2B) was significantly attenuated by inhibitors of TLR4 (polymixin B), ROS (N-acetyl
cysteine, NAC), AMPK (Compound C) and PI3K/Akt (LY294002) at non-neurotoxic
concentration of each of these compounds (data not shown). In contrast, inhibitors of p38
(SB203580), MEK1/2 (U0126), CamKII (KN62) and NOS (L-NAME) were ineffective at
inhibiting either the induction of TFAM mRNA expression or increased mtDNA following
LPS (Suppl. Fig. 2A,B).

AMPK is an upstream kinase that can lead to the activation of PGC1α and the induction of
mitochondrial biogenesis in some cellular contexts (Mihaylova & Shaw 2011). Indeed, we
found a significant increase in the phosphorylation of AMPK following LPS stimulus
(Suppl. Fig. 2C). Inhibition of AMPK phosphorylation with the pharmacological inhibitor
Compound C was effective at blocking both the induction of NRF1 and TFAM mRNA and
protein, suggesting that AMPK lies upstream of the transcriptional activation of
mitochondrial biogenesis (Fig. 5A,B). Interestingly, inhibition of TLR4 receptor or ROS
(using polymixin B or NAC, respectively) suppressed the activation of AMPK following
LPS exposure, but inhibition of PI3K/Akt (using LY294002) had no effect on the activation
of AMPK (Fig. 5C). These results suggest that the activation of AMPK is dependent on
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classical LPS TLR activation and ROS generation, and is either upstream or independent of
PI3K/Akt activity.

PI3K/Akt is required for nuclear translocation of NRF1
We were particularly interested in exploring the role of PI3K/Akt in mitochondrial
biogenesis. Several reports have reported a role for Akt at various points in this process
(Carraway et al. 2010, Echave et al. 2009), and Akt has been largely found to be
neuroprotective in terms of cell survival. Because LPS stimulates both markers of
mitochondrial biogenesis as well as neuroprotection against OGD (Figs. 1-3), we
hypothesized that in this model, Akt would be required for induction of mitochondrial
biogenesis. As expected, Akt was rapidly phosphorylated following LPS exposure, with
significantly increased levels of p-Akt (Fig. 6A, Suppl. Fig. 2D,E) and Akt activity (Fig. 6B)
within 3 h following LPS exposure. Using an AAV construct encoding a dominant-negative
version of Akt (Akt-dn), neurons were transduced prior to the addition of LPS. Akt-dn
effectively blocked the activity of Akt, and overexpression of human Akt in the presence of
the Akt-dn construct was able to restore Akt activity levels following LPS exposure (Fig.
6B). Interestingly, the inhibition of Akt by Akt-dn overexpression inhibited the induction of
mtDNA by LPS. However, overexpression of human Akt by itself was insufficient to induce
mtDNA. Thus, the expression of Akt alone cannot recapitulate the effects of LPS in
inducing mitochondrial biogenesis, consistent with the hypothesis that multiple signaling
pathways must be concurrently activated to achieve mitochondrial biogenesis. To further
support the concept that multiple signaling pathways must be coordinated for LPS to induce
biogenesis, the activation of Akt was independent of AMPK activity, as inhibition of AMPK
with Compound C had no effect on the phosphorylation of Akt (Suppl. Fig. 3).

Interestingly, we found that overexpression of Akt-dn suppressed TFAM protein expression,
but had no effect on the expression of its upstream transcription factor NRF1 (Fig. 6E-G).
NRF1 must translocate to the nucleus following translation to induce expression of TFAM
(Scarpulla 2008). Accordingly, we examined the intracellular localization of NRF1 in the
presence of Akt-dn. Overexpression of Akt-dn effectively inhibited NRF1 translocation out
of the cytosol into the nucleus following LPS stimulation (Fig. 6H-J). These data support a
role for Akt in the transcriptional induction of mitochondrial biogenesis following LPS
preconditioning, and describe a novel role for Akt in the control of the nuclear translocation
of NRF1 in neuronal cells.

Discussion
Previous to the present report, the mechanisms of preconditioning against cerebral ischemia
and the phenomenon of mitochondrial dynamics were both well documented, but the
relationship between the two was not defined. Therefore, we explored the impact of
mitochondrial biogenesis on ischemic tolerance in neurons. In doing so, we demonstrated
several novel findings. First, a sublethal LPS preconditioning stimulus that can elicit an
ischemic tolerant state in enriched neuronal cultures also induces hallmarks of mitochondrial
biogenesis in a concurrent timeframe and concentration associated with ischemic
neuroprotection. Secondly, the activation of mitochondrial biogenesis by LPS occurs
through the coordinated activity of multiple signaling pathways, and none of which alone act
as a “master switch.” Finally, suppression of mitochondrial biogenesis significantly
attenuates the protective effects of LPS preconditioning. These data provide novel evidence
for a critical role of mitochondrial biogenesis in protection against neuronal ischemic injury.

In addition to identifying a functional role for mitochondrial biogenesis in ischemic
neuroprotection, we further identified several signaling pathways in the transcriptional
regulation of mitochondrial biogenesis. AMPK activation was critical for both the induction
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of NRF1 and TFAM, whereas Akt was not necessary for the upstream initiation of a
biogenesis cascade. Rather, Akt activity was required for downstream NRF-1 translocation
to the nucleus in preconditioned neurons and for subsequent TFAM expression. Consistent
with these results but in a different cellular context, NRF1 nuclear translocation under
oxidative conditions was dependent upon Akt (Piantadosi & Suliman 2006). Akt has also
been implicated in the upregulation of NRF1 transcription by the activation of Nfe2l2
(Piantadosi et al. 2011). However, we did not observe significant changes in NRF1 protein
levels in the presence of Akt-dn. Despite this, Nfe2l2 could still be implicated in the current
model, as the induction of mitochondrial biogenesis was also dependent on reactive oxygen
species. The divergence of mechanisms that appear to exist between cell and model systems
underscores the multifaceted nature of mitochondrial dynamics. Further investigation into
the molecular regulation of NRF1 nuclear translocation and its dependence on Akt
activation might expand the well-known role of Akt in ischemic neuroprotection.

Importantly, the overexpression of either TFAM or Akt alone (in the absence of LPS) was
insufficient to induce mitochondrial biogenesis, as assessed by mtDNA content. This finding
underscores the probability that several processes, including but not limited to the induction
of the transcriptional cascade, lead to mitochondrial biogenesis. These processes are likely
to include mitochondrial flux and fission or fusion events or synthesis of other critical
factors leading to the full induction of mitochondrial biogenesis. The coordination of these
processes with the NRF1/TFAM transcriptional cascade will lead to further insights on the
biogenesis process itself, as well as the necessary pathways needed to target for a therapeutic
effect.

Although the current study provides support for the concept that mitochondrial biogenesis
contributes to ischemic neuroprotection, the means by which newly generated mitochondria
promote cell survival remain unclear. We demonstrated that ATP content and citrate
synthase activity are increased within the tolerant timeframe, which could provide additional
energetic reserves for surviving an ischemic challenge. We also demonstrate that exposure
to the LPS preconditioning stimulus increases mitochondrial flux specifically in axons.
Mitochondria with lower potential were noted to undergo retrograde transport back toward
the soma (Miller & Sheetz 2004), although in another report this was not observed (Verburg
& Hollenbeck 2008). In addition, anterograde transport has been hypothesized to be required
to shuttle newly synthesized mitochondrial elements to distal regions along the axon for
replacement. However, given the recent findings of axonal mitochondrial mRNAs and
localized translation, the requirement for transport in mitochondrial biogenesis is still
unresolved (Saxton & Hollenbeck 2012).

The concept of mitochondrial replacement rather than a sustained increase in number is an
important distinction. Given the return of critical mitochondrial endpoints (e.g., TFAM
mRNA expression, COXIV and VDAC protein expression, mtDNA content, ATP content
and citrate synthase activity) to baseline levels at later timepoints following LPS exposure
(e.g., 72 h), quantity control mechanisms are likely to be activated by a transient induction
of mitochondrial biogenesis. It is likely that the induction of mitochondrial biogenesis –
producing newer, healthier mitochondria – occurs in concert with the clearance of older
mitochondria, such as those that remain depolarized under sublethal stress. Indeed, both the
observations of increased mitochondrial flux along the axon as well as increased markers of
autophagic processes in the current model (data not shown) suggest that mitochondrial
clearance (mitophagy) may be a critical element of ischemic neuroprotection. These findings
warrant further investigation of mitochondrial replacement in the preconditioned state.

Mechanisms of LPS preconditioning in neuron-enriched cultures may differ significantly
from brain. LPS is best characterized for its action on TLR4 receptors. Indeed, our data
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demonstrate that polymyxin B, a TLR4 antagonist, effectively inhibits markers of
mitochondrial biogenesis (e.g., TFAM upregulation and increases in mtDNA) following
LPS exposure. These findings support the concept that LPS relies on the presence of
functional TLR4 receptors in our model. TLRs are predominantly expressed in glial
populations, and the concentration of LPS required to induce ischemic tolerance in our
enriched neuronal model is significantly higher than the dose required stimulate cultured
microglia (personal observation). The requirement for a higher concentration in the enriched
neuronal culture may be because the minor fraction of glia present (2%) in the neuron-
enriched cultures needs to be overstimulated to elicit an effect on the neurons. Alternatively,
LPS may exert a direct effect on neurons themselves, as recent reports suggest that TLR4
(and other TLRs) are also expressed in neurons (Okun et al. 2009). However, the binding
affinity of neuronal TLRs and the downstream mechanisms have not been investigated, and
would be interesting to determine in light of the present study.

A schematic of our major findings is depicted in Figure 7. In neuron-enriched cortical
cultures, LPS acts on TLR4 and elicits sublethal oxidative stress. The reactive oxygen
species in turn contributes to the activation of AMPK. Phosphorylated AMPK, perhaps
indirectly through other mediators, leads to the increased transcription of NRF1. NRF1
protein is then translocated into the nucleus via the activation of Akt. Once in the nucleus,
Nrf1 increases transcription of the TFAM gene. TFAM protein is subsequently synthesized
in the cytoplasm and then enters mitochondria to contribute to the overall effect of
mitochondrial biogenesis. Our hypothesis is thus that a healthier mitochondrial population
may possess greater energy reserves or other buffering capacity and effectively combat the
ischemic challenge that follows LPS preconditioning. Future studies are needed to address
the role of mitochondrial biogenesis in cerebral ischemic tolerance using in vivo models,
where the functional effects of mitochondrial biogenesis in establishing ischemic tolerance
are still unknown. Furthermore, the induction of mitochondrial biogenesis as a
neuroprotective strategy in and of itself may lead to potentially safer prophylactic treatments
compared to LPS stimulation. However, the range of molecular events involved in and
exerting control over the mitochondrial organellar response needs to be further explored
under different contexts and stimuli.

In summary, our present study argues that induction of mitochondrial biogenesis is highly
correlated with and serves as a critical mediator in LPS-induced ischemic tolerance.
Furthermore, the induction of mitochondrial biogenesis in this model is mediated by the
coordinated action of multiple signaling pathways that affect a range of processes, including
but not limited to transcriptional induction of NRF1 and TFAM. The endogenous induction
of mitochondrial biogenesis may thus be a pluripotent novel mechanism to confer ischemic
neuroprotection.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LPS confers ischemic tolerance in neuron cultures in a dose- and time-dependent
fashion
The dose-response effects (0.1-3ug/mL LPS applied prior to 1 h of OGD, A-C) and time
window efficacy (1 μg/mL LPS applied 6 to 72 h prior to the induction of OGD, D-F) for
LPS preconditioning afforded neuroprotection in neuron enriched cultures were established
using cell viability assay (alamar blue uptake, A, D), plasma membrane permeability as a
measure of cell death (LDH release, B, E), and assessment of nuclear morphology
associated with apoptosis (condensed nuclei visualized by Hoescht staining, C, F). All data
are mean±SE, from 3 independent experiments using cultures prepared from different dams,
and each experiment was done in quadruplicate wells. *p<0.05; #p<0.01 versus vehicle
controls of OGD neurons.
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Figure 2. Preconditioning by LPS induces molecular markers of mitochondrial biogenesis in
neuron cultures
A. The mRNA levels of critical transcription factors (PGC-1a, NRF-1 and TFAM) involved
in mitochondrial biogenesis were assessed by real-time PCR over 24 h following 1ug/mL of
LPS addition to cultures. B. Mitochondrial DNA (mtDNA) content was assessed by long
chain PCR following exposure to 1μg/mL of LPS. Bands were semiquantified and
expressed as fold increase over controls. C. Representative Western blots showing increased
protein expression of VDAC, COXIV, HPS60 and TOM20 after LPS exposure in a time-
dependent manner. D. The semi-quantified results (fold increase over controls) of C are
illustrated in the graphs. All quantitative data (A-D) are mean±SE, from 3-4 independent
experiments using cultures of different dams. *p<0.05, **p<0.01 compared to controls
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(timepoint “0”). E. Representative electron microscopic images (EM) from neurons exposed
to vehicle and 1ug/mL LPS for 24 h, respectively, showing structures for mitochondria (M)
and nucleus (N). F. Semiquantitative analysis of mitochondrial mass by assessing the
percentages of cytosol occupied by mitochondrial structures in randomly selected EM
images. Data were derived from 5 consecutive sections per cell, using a minimum of 3 cells
per condition and 3 independent experiments. Statistical analysis was based on a paired
student t-test, *p<0.05 versus vehicle.
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Figure 3. LPS preconditioning increases mitochondrial functional capacity and axonal
movement
Cellular ATP content (A) and citrate synthase activity (B) were assessed in lysates obtained
from neuronal cultures exposed to 1ug/mL LPS at the given timepoints. Data were obtained
from 3 separate cultures and statistically analyzed using ANOVA and post hoc Bonferroni/
Dunn tests. *p<0.05, **p<0.01 versus controls (0). C. Mitochondrial respiration was
measured in live cultures using the Seahorse analyzer. Cultures were treated with medium as
a vehicle control, FCCP or oligomycin at the indicated time and the rate of oxygen
consumption was recorded. D. The data were normalized in vehicle controls and statistically
compared using two-tail Student’s t-test, *p<0.05 versus vehicle. E-F. Mitochondrial
movement along axonal and dendritic regions was assessed in live cultures under time-lapse
imaging. Data were from 3 separate cultures and each experiment was done in quadruplicate
wells. *p<0.05 between the indicated groups; n.s., not significant.
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Figure 4. TFAM is required LPS preconditioning afforded neuroprotection
Enriched cortical cultures were transduced with lentiviral vectors containing either shRNA
constructs or a human TFAM cDNA 3 days prior to exposure to LPS or vehicle. A. The
TFAM-targeting shRNA (t), but not the scrambled control shRNA (sc), effectively
suppressed TFAM protein expression without or with LPS (1μg/mL) challenge (6h).
Overexpression of human TFAM (resistant to the rat-targeted shRNA) effectively restored
TFAM expression, and was detected by the TFAM or HA antibody (B). C. Targeted
knockdown of TFAM (TFAMt) but not the scrambled control (TFAMsc) blocked the
induction of mitochondrial biogenesis (increased mtDNA, ATP content and citrate synthase
activity) following LPS exposure (1μg/mL, 24h). Overexpression of the human TFAM
effectively restored the induction of mitochondrial biogenesis in LPS-treated cultures. D.
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Targeted knockdown of TFAM significantly attenuated the neuroprotective effect of LPS
preconditioning against OGD. E. Overexpression of TFAM alone was insufficient to protect
neurons against OGD. All data were mean±SEM, from 3 independent experiments using
cultures prepared from different dams, and each experiment was done in quadruplicate
wells. *p<0.05; #p<0.01 between the indicated groups.
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Figure 5. Activation of AMPK contributes to LPS-induced biogenesis
A,B. LPS induced mRNA (A) and protein (B) expression of NRF1 and TFAM in the
presence or absence of the AMPK inhibitor, Compound C (20 μM). V=cultures exposed to
vehicle. Semiquantitative data of protein expression are illustrated in the graph (right panel
of B). C. Inhibition of TLR (polymixin B, polyB, 10μM) and ROS (NAC, 1mM) block LPS-
stimulated AMPK activation. Semiquantitative data of p-AMPKα are illustrated in the graph
(right panel of C). Data were from 3-4 independent cultures, expressed as fold change versus
vehicle (non-LPS) treated cultures, and statistically analyzed using ANOVA and post hoc
Bonferroni/Dunn tests. *p<0.05, **p<0.01 compared to vehicle, #p<0.5 compared to LPS-
only challenged cultures.
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Figure 6. AKT activity is critical for NRF1 nuclear translocation, TFAM expression and mtDNA
increase following LPS preconditioning
A. LPS preconditioning leads to a rapid increase in Akt phosphorylation (p-AKT) in
neurons. Data was from 3 independent cultures, and normalized to total Akt (t-AKT) levels.
B. Akt activity, as determined by an in vitro kinase activity assay, was rapidly increased in
cell lysates from LPS treated-cultures, and was inhibited by overexpression of the dominant
negative AKT (AKTdn). Overexpression of AKT cDNA further increased AKT activity
following LPS exposure. C. Overexpression of AKTdn, but not the empty AAV (AAV),
suppressed the induction of mtDNA following LPS exposure for 12 or 24 hr. D.
Overexpression of AKT alone (without LPS) was insufficient to increase mtDNA content.
E-G. Suppression of AKT by AKTdn (but not the empty AAV) overexpression failed to
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affect NRF1 protein expression (E, F), but significantly reduced TFAM protein expression
(E, G) following LPS exposure. H-J. Subcellular fractionation and Western blotting for
NFR1 show that inhibition of AKT by AKTdn prevented LPS-induced NRF1 protein levels
in the nucleus (H, I) with a concomitant increase of NRF1 protein in the cytosol (H, J). Data
were from 3-4 independent cultures, expressed as fold change versus vehicle (non-LPS)
treated cultures, and statistically analyzed using ANOVA and post hoc Bonferroni/Dunn
tests. *p<0.05, **p<0.01 compared to empty AAV (AAV) or between the indicated groups.
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Figure 7. Schematic of LPS-induced mitochondrial biogenesis
LPS activates TLR and ROS, which lead to the activation of AMPK. p-AMPK stimulates
the upregulation of NRF1 and TFAM mRNA expression. Akt is also activated by LPS
stimulation, independently of AMPK activation. p-Akt facilitates the nuclear translocation
of NRF1 from the cytosol and subsequent upregulation of TFAM mRNA expression. These
events are coordinated to induce mitochondrial biogenesis and contribute to ischemic
tolerance.
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