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Abstract

Background: Mitochondrial biogenesis occurs in response to chronic stresses as an adaptation to the increased energy demands and often
renders cells more refractive to subsequent injuries which is referred to as preconditioning. This phenomenon is observed in several non-
neuronal cell types, but it is not yet fully established in neurons, although it is fundamentally important for neuroprotection and could be
exploited for therapeutic purposes. Methods: This study was designed to examine whether the preconditioning treatment with hypoxia
or nitric oxide could trigger biogenesis in undifferentiated and differentiated neuronal cells (rat PC12 and human NT2 cells) as well as
in primary mouse cortical neurons. Results: The results showed that both preconditioning paradigms induced mitochondrial biogenesis
in undifferentiated cell lines, as indicated by an increase of mitochondrial mass (measured by flow cytometry of NAO fluorescence)
and increased expression of genes required for mitochondrial biogenesis (Nrf1, Nrf2, Tfam, Nfkbl) and function (Cox3, Hkl). All
these changes translated into an increase in the organelle copy number from an average of 2040 to 40—60 mitochondria per cell. The
preconditioning treatments also rendered the cells significantly less sensitive to the subsequent oxidative stress challenge brought about
by oxygen/glucose deprivation, consistent with their improved cellular energy status. Mitochondrial biogenesis was abolished when
preconditioning treatments were performed in the presence of antioxidants (vitamin E or CoQ19), indicating clearly that ROS-signaling
pathway(s) played a critical role in the induction of this phenomenon in undifferentiated cells. However, mitochondrial biogenesis could
not be re-initiated by preconditioning treatments in any of the post-mitotic neuronal cells tested, i.e., neither rat PC12 cells differentiated
with NGF, human NT2 cells differentiated with retinoic acid nor mouse primary cortical neurons. Instead, differentiated neurons had
a much higher organelle copy number per cell than their undifferentiated counterparts (100—-130 mitochondria per neuron vs. 20-40
in proliferating cells), and this feature was not altered by preconditioning. Conclusions: Our study demonstrates that mitochondrial
biogenesis occurred during the differentiation process resulting in more beneficial energy status and improved tolerance to oxidative
stress in neurons, putting in doubt whether additional enhancement of this phenomenon could be achieved and successfully exploited as
a way for better neuroprotection.
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1. Introduction dothelial cells in response to hypoxic stimulation via vascu-
lar endothelial growth factor-Akt-dependent signaling [5],

Cells regulate their energy production, which is  andin human HeLa cells in response to oxidative stress [6].

mainly carried out by the mitochondrial oxidative phospho-
rylation system (OXPHOS), according to their needs. De-
pending on the challenge, mitochondria respond to the en-
ergy demands by either subtle change in the activities of
OXPHOS enzymes, by changing the expression of enzyme
subunits or by increasing the number and size of the or-
ganelle, i.e., by biogenesis. For example, mitochondrial
proliferation occurs in skeletal muscles in response to the
increased contractile activity [1], in adipose tissue in re-
sponse to adaptive thermogenesis [2], in cardiac myocytes
in response to electrical stimulation [3] or hypothermia [4].
Mitochondrial biogenesis is also observed in human en-

In clinical settings, the proliferation of abnormal mitochon-
dria was observed in skeletal muscles of patients carrying
defective OXPHOS due to the abnormalities of the mito-
chondrial genome [7]. This implies that reactive oxygen
species (ROS), generated either exogenously or endoge-
nously by the respiratory enzymes, might play a role in mi-
tochondrial biogenesis.

Numerous studies, carried out in both heart and
brain, revealed remarkable abilities of these tissues to
adapt to stress, a phenomenon known as precondition-
ing, whereby a sublethal dose of stress induces the tol-
erance to the subsequent lethal insults [8]. A variety
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of preconditioning stimuli, including brief periods of is-
chemia, anoxia, hypothermia and pharmacological agents
known to impair mitochondrial function, i.e., iodoac-
etate (inhibitor of glyceraldehyde-3-dehydrogenase), 3-
nitropropionic acid (inhibitor of succinic dehydrogenase)
and diazoxide (a selective opener of ATP-sensitive mito-
chondrial K+ channel), have been shown to be effective in
inducing preconditioning-mediated cytoprotection [9]. In
most of these cases the process requires several days to de-
velop and it is governed by the changes in gene expression
[10]. The molecular mechanisms by which these stimuli
induce the tolerance are not fully understood. Since the
same factors known to trigger biogenesis are also capable of
inducing cytoprotection in the preconditioning paradigms,
we hypothesized that enhanced mitochondrial biogenesis
might play a role in neuroprotection.

We asked whether preconditioning treatments, such as
hypoxia and nitric oxide (NO), could evoke the same re-
sponse, i.e., trigger mitochondrial biogenesis and increase
tolerance to injuries, in undifferentiated and differentiated
post-mitotic neuronal cells. The answer to this question
bears relevance to designing better neuroprotective strate-
gies. We utilized two different immortalized neuronal cell
lines (rat pheochromocytoma PC12 and human teratocar-
cinoma NT2 cells) and applied well-established differenti-
ation protocols induced by nerve growth factor (NGF) and
all-trans-retinoic acid (RA), respectively, to generate termi-
nally differentiated post-mitotic neurons that were arrested
in the GO state. Rat PC12 cells were derived from adrenal
medulla and contains neuroblastic cells originating from the
neural crest [11]. Upon exposure to NGF, PC12 cells can
be differentiated into neuron-like cells with long processes
(neuritic varicosities) containing neurosecretory vesicles;
hence, these cells have been frequently used to study neu-
ronal differentiation [12]. Human NT2 cells were origi-
nally isolated from lung metastasis of primary embryonal
carcinoma of the testis. The tumor was xenografted onto
a mouse from which the NTERA-2 cells, characteristic of
a committed neuronal progenitor cell type, were obtained.
These cells can be readily differentiated by treatment with
RA into postmitotic neuron-like cells (NT2-N) of the cen-
tral nervous system [13,14]. The NT2 cells have been uti-
lized in many studies related to neurogenesis, neurotoxicity
and neuroprotection [ 13—15]. Due to their irreversible com-
mitment to a stable neuronal phenotype, the NT2-N cells
have also been tested in transplantation studies aimed to re-
pair brain damage [16].

In this study, we used undifferentiated and NGF-
differentiated rat PC12 cells, RA-differentiated human
NT2-N and primary mouse cortical neurons to study the
effects of preconditioning, induced by hypoxia and NO,
on mitochondrial biogenesis. The results showed that un-
differentiated PC12 cells responded to the precondition-
ing treatments by increasing mitochondrial copy number
per cell and better tolerance to the subsequent oxidative

stress, but the differentiated post-mitotic neurons did not
engage mitochondrial biogenesis during such precondition-
ing treatments. However, mitochondrial biogenesis was
taking place in both cell lines during their differentiation
and transition to the post-mitotic state. Consistently, post-
mitotic neurons had higher mitochondrial copy numbers per
cell, higher steady-state levels of ATP and better tolerance
to oxidative stress than their undifferentiated counterparts.
To our knowledge this is the first comprehensive study that
compared the mitochondrial biogenesis response and toler-
ance to oxidative stress in undifferentiated and differenti-
ated neuronal cells subjected to the same preconditioning
treatments.

2. Materials and Methods

2.1 Cell Cultures
2.1.1 Rat Pheochromocytoma PC12 Cell Culture

PC12 cells were purchased from American Type Cul-
ture Collection (ATCC). The cells were plated at a density
of 1 x 10° cells/well in 12-well plates coated with poly-D-
lysine and grown in Dulbecco’s modified Eagle’s medium
(DMEM, cat# 11965-092) supplemented with 10% horse
serum and 5% fetal bovine serum (FBS, Wisent Inc., St.
Bruno, QC, Canada). Differentiation of PC12 cells was
achieved by plating cells on poly-D-lysine (Sigma, cat#
P7820) and collagen (BD Biosciences, cat# 354236) coated
dishes and grown in DMEM containing 0.5% horse serum
in the presence of 50 ng/mL NGF (Alomone Labs, USA).
Cells were fed with the fresh medium containing NGF ev-
ery two days for 7 days.

2.1.2 Human NT2 Cell Culture

NT2/D1 progenitor cells (Stratagene, La Jolla, CA,
USA) were cultured in high glucose Dulbecco’s modi-
fied Eagle’s medium (HG/DMEM, cat# 11965-092) sup-
plemented with 10% FBS. Cells were seeded at a den-
sity of 2 x 10 cells per T75-cm? flask and treated three
times per week with 10 uM RA (Sigma-Aldrich, Oakville,
ON, Canada) for 4 weeks. Cells were then harvested by
trypsinization and transferred to T175-flasks and cultured
for 24-48 hr in HG/DMEM supplemented with 5% FBS in
the absence of RA. These cultures consisted of a mixed pop-
ulation of NT2 neuron-like cells (NT2-N) and astrocyte-like
cells (NT2-A). Cultures were fed twice a week for 10 days
with HG/DMEM supplemented with DNA synthesis in-
hibitors [1 M 1-3-D-arabinofuranosylcytosine, 10 uM 5-
fluoro-2’-deoxyuridine and 10 M uridine (all from Sigma-
Aldrich)] to inhibit astrocytic proliferation. Enriched NT2-
N cultures were prepared as described previously [13,14].
Briefly, NT2-N cells were collected from mixed cultures 10
days after RA treatment using 0.015% trypsin/EDTA and
seeded in 12-well dishes (5 x 10° cells/well) coated with 10
png/mL poly-D-lysine and Matrigel (Collaborative Biomed-
ical Products, Bedford, MA, USA). NT2-N cells were fed
with the conditioned medium obtained from 4-week old
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NT2-A astrocyte cultures and allowed to mature for another
10-12 days before experiment.

2.1.3 Mouse Cortical Neuronal Culture

Primary cultures of mouse cortical neurons were pre-
pared from CDI1 mice (Charles River, St. Constant, QC,
Canada) in accordance with Canadian Council on Animal
Care and the procedures approved by the Institutional Ani-
mal Care Committee. Briefly, CD1 mice (postnatal day 3)
were sacrificed by COs inhalation, brains were aseptically
removed and transferred to 6-cm plates containing calcium-
and magnesium-free Hank’s balanced salt solution (HBSS,
Invitrogen, Burlington, ON, Canada). Under a dissecting
microscope, meninges were completely removed, cortices
were isolated and transferred to 6-cm dishes containing
DMEM supplemented with 10% FBS. Brain tissue was me-
chanically dissociated into single cells and cell viability was
determined using trypan blue exclusion. Approximately
1 x 10° cells/mL were seeded in 12-well poly-L-lysine
coated plates and incubated at 37 °C for 6 hr. Cultures were
examined under a microscope and medium was replenished
with fresh DMEM containing 10% FBS. After 48 hr of in-
cubation, cortical neurons were generated by reducing the
serum concentration to 0.5% FBS and adding 1 uM 1-8-
D-arabinofuranosylcytosine (Sigma-Aldrich Chemical Co.,
Oakville, ON, Canada) to limit the proliferation of astro-
cytes. Cortical neuronal cultures were used for experiments
after 2 weeks of in vitro growth.

2.2 Experimental Treatments
2.2.1 Hypoxic Preconditioning

The cells were plated and grown in complete medium
for 24 hr under normoxic conditions. For hypoxic precon-
ditioning (HP), cells were incubated for 24 hr at 37 °C in a
GasPak 100 chamber containing GasPak Plus gas generator
envelopes (BD Biosciences, Franklin Lakes, NJ, USA). The
generator envelopes catalytically reduce the oxygen con-
centration to <1% within 1.0 hr while providing a humidi-
fied atmosphere with 5% CO- as per manufacturer’s infor-
mation. The generator envelopes contained methylene blue
indicator that turns colorless in the absence of oxygen, con-
firming the generation of an anaerobic environment inside
the chamber. The cells were removed from the chamber,
placed under normoxia and allowed to recover for 72 hr.

2.2.2 Nitric Oxide Preconditioning

For nitric oxide (NO) preconditioning (NP), cells were
treated for 6 days with 50 uM DETA/NO (diethylene tri-
amine/nitric oxide adduct) added fresh daily. DETA/NO is
a NO donor that spontaneously dissociates with a half-life
of 20 hrat 37 °C, pH 7.4 to liberate 2 moles of NO per mole
of the parent compound [17].
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In some experiments, the preconditioning was per-
formed in the presence of antioxidants: PTS (poly-
oxyethanyl a-tocopheryl sebacate, the prodrug of vitamin
E) at 30 pug/mL or Ubisol-Qq¢ (containing 10 ug CoQqo
and 30 pug PTS/mL) [18,19]. At the end of preconditioning
treatment, the antioxidants were removed by washing the
cells twice with PBS and replenishing with fresh DMEM
medium.

2.2.3 Oxygen and Glucose Deprivation

For the induction of oxygen and glucose depriva-
tion (OGD), cells were washed with PBS and switched to
DMEM without glucose and supplemented with 10% horse
serum and 5% FBS and incubated in the GasPak chamber
for 16 hr as described above. The cells were then cultured
again in the growth medium for 24 hr before subsequent
analysis.

2.3 Analytical Methods
2.3.1 Cell Viability

The CFDA (5-carboxyfluorescein diacetate) assay
was used to measure cell viability as described previ-
ously [14,20]. CFDA is a cell-permeant dye that can be
taken up by live cells. Once inside the cells, hydroly-
sis by non-specific esterases results in the formation of a
highly charged and fluorescent compound that leaks out
of the cells slowly. Cells were incubated with 2.5 ug/mL
CFDA (Molecular Probes, Eugene, OR, USA) in Earle’s
Balanced Salt Solution (Sigma-Aldrich, St. Louis, MO,
USA) at 37 °C for 30 min and fluorescence was quan-
tified using a CytoFluor™ 2300/2350 system (Millipore,
MA, USA) with ., = 480 + 20 nm and A.,, = 530 £
25 nm. Alternatively, cell viability was assessed by stain-
ing with Hoechst 33258, a DNA labeling dye. Briefly,
cells were grown on poly-D-lysine-coated glass coverslips
in 12-well plates and treated as described above. The
cells were fixed with 3% paraformaldehyde, washed and
mounted in the DAKO mounting medium (DAKO Diag-
nostics Canada Inc., Burlington, ON, Canada) spiked with
5 pg/mL Hoechst 33258 and observed under a Carl Zeiss
Axiovert 200M microscope. Approximately 300 cells were
counted in three randomly selected fields, and the per-
centage of cells with condensed and shrunken nuclei were
scored as apoptotic cells [14].

2.3.2 Flow Cytometry

Cells were harvested by trypsinization, resuspended in
PBS with 1% BSA and 50 ng/mL 10-nonyl acridine orange
(NAO, Molecular Probes), and incubated at 37 °C for 10
min. NAO was excited at 488 nm and the emitted fluores-
cence was analyzed at 525 nm using a Coulter Elite ESP
flow cytometer (Beckman Coulter, Brea, CA, USA) and
EXPO32™ software version 1.0 (Applied Cytometry Sys-
tems, Sheffield, UK).
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Table 1. Gene-specific oligonucleotide sequences of the rat primers used for qPCR.

Gene Forward primer (5’ to 3') Reverse primer (5 to 3")

Tfam TCATGACGAGTTCTGCCGTTT AACAATTCACCACTGCATGCA
Nfkbl GAAATTCCTGATCCCGACAAGA TGTTCAATATCCCCAGACCTAACTT
Hifl-« ACACGAGCTGCCTCTTCGA CAGCCGCTGGAGCTAGCA
Nrfl GCTCAGCTTCGGGCATTTAT TCCCCCAGCCTGGTTTTC
Nrf2 TCCGAGCCGGTGTAAGTAGAGAT TACTGGCATGGCCCTCAGAA
Cox3 ACGAGATATCATCCGTGAAGGAA TTCCGTATCGGAGGCCTTTT
Hkl CTCGCCTGGACCCCTAATC TTCACTCATGGGCAATGCAT

Abbreviations of genes: Tfam, mitochondrial transcription factor A; Nficb I, nuclear factor kappa

B1; Hifl-a, hypoxia inducible factor 1 subunit alpha; Nrfl, nuclear respiratory factor 1; Nrf2,

nuclear respiratory factor 2; Cox3, cytochrome ¢ oxidase subunit 3; Hk/, hexokinase 1.

2.3.3 ATP Content

Cells were harvested in Tris-acetate buffer (pH 7.75)
and the ATP content was analyzed using the luciferase-
luciferin solution (Thermo Labsystems, Helsinki, Finland)
as described previously [20]. The intensity of the emitted
light was measured using a Fluostar optima plate reader
(BMG Lab Technologies, Germany). ATP concentration
was determined from a standard curve ranging from 10—
100 pmole ATP. Protein content was determined with the
bicinchoninic acid assay (Pierce Chemical Co., TX, USA).

2.3.4 Real-Time Quantitative PCR

Total cellular RNA was extracted using TriZol
(Molecular Research Center, Inc., Cincinnati, OH, USA)
according to the manufacturer’s instructions. The ex-
tracted RNA was treated with DNase I (Ambion DNA-
free DNA removal kit, Invitrogen, Waltham, MA, USA)
for 20 min at 37 °C . RNA was reverse transcribed using
Superscript II Reverse Transcriptase (Invitrogen, Burling-
ton, ON, Canada). The RNA templates were hydrolyzed
in 0.5 N NaOH solution at 65 °C for 20 min. The cDNA
was further purified using a QIAquick PCR purification kit
(Qiagen Mississauga, ON, Canada) and quantified using
the OliGreen ssDNA Quantitation Kit (Invitrogen, Burling-
ton, ON, Canada). Equal amounts of cDNA (2.5 ng each)
per sample, in triplicate, were used for real-time PCR, per-
formed by using primers specific for the mitochondrial bio-
genesis genes (Table 1) and the QuantiTect SYBR Green
quantitative PCR Kit (Qiagen, Mississauga, ON, Canada)
in the ABI PRISM® 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). Fluorescent
products were detected using a GeneAmp 5700 Sequence
Detection System (PE Applied Biosystems, Foster City,
CA, USA).

2.3.5 Transmission Electron Microscopy

Cells were processed for transmission electron mi-
croscopy (TEM) as described previously [20,21]. Briefly,
cells were fixed with 2.5% (v/v) glutaraldehyde in 100 mM
sodium phosphate (pH 7.4), centrifuged and embedded in

22% (w/v) BSA. After washing with 100 mM sodium ca-
codylate (pH 7.2), the cells were post-fixed with 1% os-
mium tetroxide in 100 mM sodium cacodylate (pH 7.2) for
1 hrat4 °C. Cell pellets were stained en bloc with 2% (v/v)
aqueous uranyl acetate, dehydrated in ethanol and acetone
and then embedded in Spurr epoxy resin. PC12 cells were
grown on glass coverslips and differentiated into neuronal
cells by treatment with 50 ng/mL NGF. NT2 cells were dif-
ferentiated into NT2-N with 10 4M RA and seeded on glass
coverslips coated with poly-D-lysine and Matrigel. After
the completion of experiments, all samples were processed
for TEM as described above. Ultrathin sections were cut
and stained with lead citrate and images were digitally cap-
tured on a JEOL 1230 transmission electron microscope
(JEOL Ltd., Tokyo, Japan) using the ATM imaging soft-
ware.

2.3.6 Quantification of Mitochondria in TEM Micrographs

The number of mitochondria per cell was counted in at
least 25-50 cells in each group of undifferentiated and dif-
ferentiated PC12 or NT2 cells subjected to preconditioning
paradigms (hypoxia and NO treatments). Each count was
verified by at least 2 observers blinded to the experimental
treatments.

2.4 Data Analysis

All results are presented as the mean + SEM of data
obtained from 3—4 separate experiments carried out in trip-
licate, except for the primary mouse neuron experiments
where data was obtained from 2 separate experiments per-
formed in duplicate. Differences between two groups were
analyzed by unpaired Student’s 7-test. Differences between
three or more groups were analyzed by one-way analysis
of variance (ANOVA), followed by Dunnett’s, Newman-
Keuls or Bonferroni’s multiple-comparison post-hoc tests
in GraphPad Prism version 5.02 (GraphPad Software, San
Diego, CA, USA). A value of p < 0.05 (*) is considered
as statistically significant and p < 0.01 (**or *) and p <
0.001 (*** or ) as highly significant.
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3. Results
3.1 Cytostatic Effects of Preconditioning Treatments

Two experimental preconditioning paradigms (hy-
poxia and NO treatment) were standardized on undifferen-
tiated PC12 cells to make sure that the applied conditions
did not trigger cell death, and ensured cell survival. The hy-
poxic preconditioning was achieved by placing cells in an
anoxic chamber for 24 hr and subsequently allowing them
to recover for 72 hr under normal tissue culture conditions.
For NO preconditioning we treated cells with DETA/NO,
a NO donor, known to spontaneously dissociate and liber-
ate 2 moles of NO per mole of the parent compound [17].
This treatment required 50 M DETA/NO supplied daily
for 6 days. Both preconditioning paradigms resulted in a
statistically significant reduction in cell numbers at the end
of the treatments in comparison to untreated control cells
(Fig. 1B,C, p < 0.05, unpaired #-test). As compared to un-
treated control cells, no increase in the number of cells with
shrunken and condensed nuclei was seen following hypoxic
or NO preconditioning, possibly due to analysis performed
at the end of the treatments. Approximately 3—4% apop-
totic cells were seen in treated cells. Consistently, micro-
scopic examination of the preconditioned cell cultures re-
vealed fewer numbers of mitotic figures (Fig. 1 A, hypoxic
treatment).

3.2 Effects of Preconditioning Treatments on
Mitochondrial Biogenesis

Highly aerobic tissues, such as the heart, are known
to adapt to hypoxia by increasing mitochondrial mass and
therefore respiratory capacity [22]. We stained the pre-
conditioned PC12 cells with a fluorescent dye 10-nonyl
acridine orange (NAO), known to bind to mitochondria-
specific cardiolipin, which is widely used as a marker of
mitochondrial mass in living cells. The cell samples were
analyzed for NAO staining by flow cytometry (Fig. 2). In
the hypoxic preconditioning, a time-dependent elevation of
the NAO signal was observed during the 72 hr post-anoxia
recovery period (Fig. 2A—C, grey vs. black histograms).
Similar results were seen in cells exposed to NO precon-
ditioning (Fig. 2D, grey vs. black histogram). The NAO
staining signal increased by ~15% in the hypoxia-treated
cells and by ~30% in response to the NO preconditioning
(Fig. 2E, p < 0.001, Dunnett’s multiple-comparison test).
Thus, both treatments resulted in a higher NAO signal, in-
dicating increased mitochondrial mass, possibly due to en-
hanced mitochondrial biogenesis.

Mitochondrial biogenesis is a highly regulated pro-
cess requiring a coordinated transcription of several genes
in the nucleus as well as in the mitochondria [23]. Here
we were presented with a question whether the above ob-
served changes in the mitochondrial mass could be linked to
the relevant changes in gene expression. Accordingly, we
evaluated the mRNA expression levels of key transcription
factors known to participate in the regulation of mitochon-
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Fig. 1. Cytostatic effects of preconditioning paradigms. PC12
cells were incubated for 24 hr in a chamber containing GasPak
Plus envelopes followed by a 72 hr recovery under normal cul-
ture conditions (A,B; HP) or were treated for 6 days with 50 uM
DETA/NO (C; NP) as described in the Materials and Methods sec-
tion. (A) Microscopic evaluation of PC12 cultures. Cells were
stained with Hoechst 33258 and imaged on a Zeiss Axiovert mi-
croscope. Shown are Hoechst (a,c) and phase contrast (b,d) im-
ages of control cells (a,b) and hypoxia preconditioned cells (c,d).
Arrows indicate mitotic figures. Magnifications 200x. (B,C)
Quantitative cell counts of hypoxia (B) and DETA/NO (C) pre-
conditioned cultures. Cells were harvested by trypsinization and
the cell numbers were determined using a haemocytometer and
trypan blue exclusion method. Shown are cell counts represented
as mean + SEM from three experiments from control untreated
cultures (Ctrl; white), hypoxia preconditioned (HP; grey) and NO
preconditioned cultures (NP; black).

drial biogenesis, such as nuclear respiratory factors NRF-1
and NRF-2, mitochondrial transcription factor A (Tfam),
oxidative stress response proteins NF-xB and HIF1-« and
two enzyme proteins, hexokinase I (HK1) and cytochrome
¢ oxidase subunit 3 (COX3), which are encoded by nu-
clear and mitochondrial genomes, respectively, in PC12
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conditioning treatments. PC12 cells were either subjected to hy-
poxia or DETA/NO preconditioning as described in the Materi-
als and Methods. The cells were stained with NAO (50 ng/mL)
and analyzed by flow cytometry using a Coulter Elite ESP flow
cytometer and EXPO32™ software. Shown in A—C are overlay
histograms of NAO fluorescence for control (grey peaks) and hy-
poxia preconditioned (black peaks) PC12 cells. Cells were ana-
lyzed following recovery under normoxic conditions for 24 hr (A),
48 hr (B), and 72 hr (C), respectively. Shown in D is the overlay
histograms of NAO fluorescence for control (grey peak) and 6-day
DETA/NO preconditioned PC12 cells (black peak). The bar graph
in E shows quantification of NAO fluorescence in preconditioned
cells. The increases in NAO mean fluorescence intensity (MFI)
values in hypoxia preconditioned (HP; grey), NO preconditioned
(NP; black) PC12 cells are expressed as percentages of controls
(Crtl; white). Bars show mean + SEM from three separate exper-
iments performed in duplicate.

cells subjected to both preconditioning paradigms (Fig. 3).
The results showed that by the end of 24 hr hypoxic treat-
ment the mRNA expression levels of all examined tran-
scription factors were significantly increased in compari-
son to the untreated control cells, i.e., Nrfl and Nrf2 by
~40-50%, Hifl-a ~60%, Tfam ~80%, and Nfkbl ~400%.
The mRNA expression levels of the genes Cox3 and Hkl

were also elevated by ~40% and 100%, respectively, at the
end of the hypoxia (Fig. 3A). The observed changes were
transient as the mRNA expression levels of all these genes
returned to baseline levels during the subsequent 72 hr re-
covery phase (data not shown). Similarly, transient changes
in the mRNA expression levels of the analyzed genes were
observed during DETA/NO preconditioning (Fig. 3B). Sig-
nificant transient increases in the mRNA expression lev-
els of Nrfl, Nrf2, Tfam, Nfkbl, Hk1, and Cox3 genes were
found in cells treated with DETA/NO for 3 days (Fig. 3B;
changes ranged between 60% and 120%) with the expres-
sion levels returning to the control levels by 6 days of the
treatment (data not shown). No change in the mRNA ex-
pression level of Hif1-a was found here, indicating that the
DETA/NO treatment had no effect on the expression of this
gene (data not shown).
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Fig. 3. Upregulation of mitochondrial biogenesis relevant
genes in preconditioned cells. Total cellular RNA was extracted
from 24 hr hypoxia (A) or 72 hr DETA/NO (B) preconditioned
PC12 cells. cDNA was synthesized and real time quantitative RT-
PCR analysis was performed by using rat gene specific primers
(Table 1) as described in the Materials and Methods. The mRNA
expression levels of Nrfl, Nrf2, Tfam, Nfkbl, Hkl, Hifl-o, and
Cox3 genes in preconditioned cells were normalized to the con-
trols, and the plotted bars show the mean percent increase == SEM

for three separate samples analyzed in triplicate.
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Thus, both preconditioning paradigms transiently ac-
tivated the gene expression of transcription factors NRF1,
NRF2 and Tfam as well as the NF-xB signaling pathway,
which led to the increased gene expression of metabolic
enzymes HK1 and COX3 in undifferentiated PC12 cells.
These changes are consistent with the increase of mito-
chondrial biogenesis induced by preconditioning treatment.
No significant differences were observed in the expres-
sion levels of peroxisome proliferator-activated receptor ~y
coactivator-1a (PGC-1«) following hypoxia or NO precon-
ditioning, suggesting that the endogenous stress levels were
sufficient to control the process of mitochondrial biogene-
sis.

Subsequently, we assessed the mitochondrial mor-
phology of the cells by transmission electron microscopy
(Fig. 4). The electron micrographs of cells treated with hy-
poxia (Fig. 4B) as well as DETA/NO (Fig. 4C) revealed
dynamic intracellular tubular networks of numerous mi-
tochondria with heterogeneous morphology and clear ev-
idence of fission and fusion (Fig. 4B,C and enlarged in-
sets) of mitochondria that are scattered throughout the cy-
toplasm. These images were strikingly different from those
observed in the untreated control cells (Fig. 4A) in which a
smaller number of mitochondria with normal rounded mor-
phology was observed (Fig. 4A—C insets).

3.3 Increased Tolerance of Preconditioned Cells to OGD

Preconditioned PCI12 cells were challenged with
oxygen-glucose deprivation (OGD), a well-established in
vitro model of ischemia-reperfusion injury of the brain
[24]. Morphological examination of Hoechst-stained cul-
tures indicated that cell viability was higher in the precon-
ditioned cells challenged with OGD (Fig. 5A,b, hypoxia;
Fig. 5A,d, DETA/NO) than control cells without precondi-
tioning (Fig. 5A,a,c). Whereas cell death was evident in
control cultures after 24 hr of OGD (Fig. 5A,a,c, numerous
pyknotic nuclei), the preconditioned cell cultures appeared
far less affected by OGD (Fig. 5A,b,d, normal diffuse chro-
matin distribution in the majority of nuclei). CFDA live
cell assay confirmed the above observations (Fig. 5B). Ap-
proximately 50% of OGD-treated control cells lost viabil-
ity (p < 0.0001, Newman Keuls multiple-comparison test),
but the hypoxic preconditioning almost significantly atten-
uated the OGD-induced cell death (p < 0.0001, Newman
Keuls multiple-comparison test). These results were also
confirmed by counting the cells stained with trypan blue
and Hoechst 33258.

3.4 Effect of Antioxidants on Mitochondrial Biogenesis in
Undifferentiated Cells

Low levels of ROS act as signaling molecules and
stimulate mitochondrial biogenesis in diverse cell types
[25]. We then investigated whether intracellularly gener-
ated ROS played any role in the observed mitochondrial
biogenesis during the preconditioning treatments (Fig. 6).
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Accordingly, the preconditioning was performed in the
presence of antioxidants, CoQ1g (Ubisol-Q;() or the pro-
drug form of a-tocopherol (PTS), and the changes in mi-
tochondrial mass (NAO staining) were assessed (Fig. 6A).
As shown above in Fig. 2, hypoxic preconditioning of un-
differentiated PC12 cells resulted in a clear increase in the
NAO staining signal; however, when preconditioning was
performed in cells in the presence of PTS or Ubisol-Qqg
(formulation of CoQ1g and PTS) the previous increase in
NAO staining was abolished. As summarized in Fig. 6A,
the increases in NAO staining generated during either of
the two preconditioning (~15% in hypoxia and ~30% in
DETA/NO) were not detected in the presence of antioxi-
dants. These findings suggest clearly that ROS acted as a
trigger and/or a mediator of the mitochondrial biogenesis
induced by preconditioning.

3.5 Effects of Preconditioning Treatments on
Mitochondrial Biogenesis in Differentiated Neurons

NGF-differentiated PC12 cells [11] and human NT2-
derived neurons [13,26] were used in this set of experi-
ments. The differentiated cells expressed neuronal markers,
B-111 tubulin and microtubule-associated protein (MAP-2)
and had exited the cell cycle, confirmed by the absence
of Ki67-positive immunoreactivity. These cells were sub-
jected to the same preconditioning treatments (24 hr hy-
poxia plus 72 hr recovery or 6-day exposure to DETA/NO)
and neuronal tolerance to the subsequent OGD treatment
was tested. The data obtained for PC12 cells are shown
in Fig. 7A. Exposure of PC12 neurons to OGD resulted in
nearly 30% loss of cell viability (» < 0.05) and neither hy-
poxianor NO preconditioning brought about any significant
neuroprotection. Similar results were obtained in experi-
ments using NT2 neurons (Fig. 7B).

The PC12- and NT2-derived neurons were also ana-
lyzed by NAO staining to establish whether any changes in
the neuronal mitochondrial mass occurred after precondi-
tioning. The results showed no increase in NAO fluores-
cence with respect to controls, neither in hypoxia precon-
ditioned PC12 neurons (Fig. 7C) nor in hypoxia precondi-
tioned NT2 neurons (Fig. 7F), nor in DETA/NO pre-treated
neurons (data not shown). These findings indicate that mi-
tochondrial mass was not increased in neurons by these pre-
conditioning treatments.

Analysis of the transcriptional machinery involved in
mitochondrial biogenesis by RT-PCR also failed to show
any changes in the mRNA levels of the relevant transcrip-
tion factors (NRF-1, NRF-2, Tfam, NF-xB) in precon-
ditioned neurons in comparison to the controls (data not
shown), which support the notion that the preconditioning
treatments did not activate mitochondrial biogenesis in dif-
ferentiated neurons. These findings were further corrobo-
rated by electron microscopy (Fig. 7E,H). The micrographs
revealed a dense network of heterogeneous mitochondria in
cytoplasmic space with numerous events of fission and fu-
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Fig. 4. Mitochondrial distribution and counts in preconditioned cells. PC12 cells (control — A; preconditioned B and C) were
processed for electron microscopy as described in the Materials and Methods. Ultrathin sections were cut and stained with lead citrate
and images were digitally captured on a JEOL 1230 transmission electron microscope. (A—C) Electron micrographs of a typical control
PC12 cell (A), a hypoxia preconditioned PC12 cell (B) and a DETA/NO preconditioned PC12 cell (C). TEM images of PC12 cells
(scale bar = 2 pum). Insets show typical mitochondrial morphologies in the control and preconditioned samples. (D-E) Distribution of
mitochondria in PC12 cells. Cell sections with similar cytoplasmic volumes, magnified at 1000 x, were used for counting of mitochondria.
For each experimental condition 80 cells were analyzed. Distribution of mitochondria in hypoxia preconditioned (D) and DETA/NO
preconditioned cells (E) are plotted. White bars represent control untreated; grey bars hypoxia indicate preconditioned and black bars
DETA/NO preconditioned cell populations. Electron micrographs of cell sections with similar cytoplasmic volumes were used to count
the number of mitochondria per cell and, in total, 80 cells per treatment were assessed (Fig. 4D,E). The data indicate a marked increase
in the number of mitochondria per cell in both treatments (hypoxia and DETA/NO, Fig. 4D,E, respectively) and a significant shift in
distribution towards a higher number of mitochondria per cell. For example, whereas the majority of untreated cells (~80%) contained
20-40 mitochondria/cell, a similar percentage of preconditioned cells contained between 30—60 mitochondria/cell (Fig. 4D,E). Indeed,
many preconditioned cells had >50 mitochondria while such high numbers of mitochondria were not seen in the control cells. Thus,
consistent with the data presented in Figs. 3,4, mitochondrial biogenesis occurred during the preconditioning of undifferentiated PC12
cells and resulted in significantly higher numbers of mitochondria per cell.
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Fig. 5. Increased tolerance of preconditioned cells to subse-
quent OGD stress. PC12 cells, untreated and preconditioned
by HP or NP, were subsequently challenged with 16 hr OGD
followed by 24 hr of recovery. (A) Microscopic evaluation of
PC12 cells challenged with OGD. Cells were stained with Hoechst
33258 and imaged on a Carl Zeiss Axiovert microscope. Shown
are untreated control cells (a) and (c), hypoxia preconditioned cells
(b) and NO preconditioned cells (d). (B) Cell viability was ana-
lyzed by CFDA assay as described in the Materials and Methods.
Bars show the mean + SEM of data obtained from three separate

experiments.

sion (Fig. 7E,H plus insets). Quantitative analysis of mito-
chondria did not reveal any differences between precondi-
tioned and control neurons. As shown in Fig. 7D,G sim-
ilar distributions of mitochondria within the cell popula-
tions were seen in PC12 neurons (Fig. 7D) and human NT2-
derived (Fig. 7G) neurons regardless whether they were ex-
posed to hypoxia or NO preconditioning. Unexpectedly,
differentiated neurons contained a higher number of mito-
chondria per cell, and between 50 and 100 organelles were
counted in each of the great majority of cells (Fig. 7D,G).
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Fig. 6. Effects of antioxidants on mitochondrial biogenesis and
the tolerance of PC12 cells to OGD. PC12 cells were precondi-
tioned either by hypoxia (HP) or NO (NP) in the absence or pres-
ence of antioxidant PTS (water-soluble derivatized vitamin E) or
Ubisol-Q1¢ (water-soluble CoQ1o). (A) Preconditioned cells were
stained with NAO and analyzed by flow cytometry. Bars show
NAO mean fluorescence intensity (MFI) values expressed as per-
cent of untreated control from 3 separate experiments performed
in duplicate (mean + SEM). The data are normalized to control
values and the bars show the mean + SEM of data from three sep-
arate experiments performed in duplicate. White bar, control; grey
bars, hypoxia preconditioned cells; black bars, DETA/NO precon-
ditioned cells. The addition of antioxidants is marked as PTS or
Ubisol-Q10. (B) Cells were subjected to hypoxic precondition-
ing in the absence or presence of antioxidants (PTS or Ubisol-
Q10) and subsequently challenged with 16 hr of OGD. Following
a recovery of 24 hr, cell viability was analyzed by the CFDA as-
say as described in the Materials and Methods. Although inclu-
sion of antioxidants (either PTS or Ubisol-Q10) during the pre-
conditioning treatments abolished the changes in the mitochon-
drial mass (Fig. 6A), their presence was evidently cytoprotective
against OGD (Fig. 6B, p < 0.0001, Newman Keuls multiple-
comparison test), suggesting the involvement of ROS signaling

pathways in this response.
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Fig. 7. Effects of preconditioning on differentiated neuronal cells. NT2 cells were differentiated by retinoic acid (A,F—H) and PC12
cells by NGF (B,C-E) as described in the Materials and Methods section. (A,B) The differentiated neurons (NT2/N -A and PC12
neurons -B) were subjected to either hypoxia (HP) or NO (NP) preconditioning and were subsequently challenged with 16 hr OGD. Cell
viability was analyzed by the CFDA assay as described in the Materials and Methods. Bars show the mean + SEM of data from three
separate experiments performed in duplicate. (C,F) The differentiated and preconditioned neurons (C- PC12 neurons; F- NT2/N) were
stained with NAO and analyzed by flow cytometry using a Coulter Elite ESP flow cytometer and EXPO32™ software. Bars show the
percent increase in mean fluorescence intensity over control cells of data of three separate experiments performed in duplicate. (E,H)
Electron micrographs of NO (NP) preconditioned PC12 neurons (E and enlarged inset) and NT2/N (H and enlarged inset) cells. Cells
were processed for electron microscopy and images were digitally captured on a JEOL 1230 electron microscope as described in the
Materials and Methods. Scale bar = 2 ym. Shown in D and G is the distribution of mitochondria in untreated vs. DETA/NO (NP)
preconditioned PC12 neurons (D) and NT2/N (G) neurons. Cell sections with similar cytoplasmic volumes, magnified at 1000 x, were
used for the counting of mitochondria. For each experimental condition 80 cells were analyzed. White bars represent untreated and black

bars indicate preconditioned neuronal cell populations.
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3.6 Mitochondrial Biogenesis during Neuronal
Differentiation

Mitochondrial density is regulated by a continuous cy-
cle of fusion and fission [27]. These events allow the or-
ganelle to exchange content such as mtDNA, membranes
and various metabolites to maintain a healthy and functional
mitochondrion. These events were clearly revealed in the
TEM micrographs of cell cross sections (Figs. 4,7). Com-
parison of electron microscopy images (Fig. 4A—C,7E-H)
and quantitative mitochondrial counts (Fig. 4D,E,7D-G)
revealed that differentiated neurons contained an increased
number of mitochondria per cell than their undifferenti-
ated counterparts, suggesting that mitochondrial biogenesis
must have occurred during the neuronal differentiation pro-
cesses. The data that support this conclusion are presented
in Fig. 8. Whereas the great majority of undifferentiated
cells (both PC12 and NT2 cells; Fig. 4D,E) contained be-
tween 20 and 40 mitochondria, the number of mitochon-
dria in the great majority of neurons reached 70—130 per
cell (Fig. 8A). Accordingly, the NAO staining in PC12 neu-
rons, for example, was nearly 2-times higher (Fig. 8B) and
a steady-state content of ATP was 50% higher than those
of undifferentiated PC12 cells (Fig. 8C). Overall, the dif-
ferentiated cultures responded much less severely to OGD,
with only about 20% cell death 24 hr after the OGD insult
(Fig. 7B) as compared to 50% death after OGD for undiffer-
entiated cultures (Fig. 5B). These observations confirmed
once again the significant role of mitochondria in maintain-
ing cell viability, especially under oxidative stress.

We also asked whether intracellular ROS signaling
was critical for mitochondrial biogenesis during neuronal
differentiation. To address this issue, PC12 cells were dif-
ferentiated by treatment with NGF for 7 days in the absence
or presence of Ubisol-Q;o and the NAO fluorescence inten-
sity was measured. The presence of antioxidants reduced
the NAO signal by ~15% suggesting that the quenching of
ROS signaling negatively affected mitochondrial biogene-
sis in these cell cultures (data not shown).

The effects of the preconditioning treatments with hy-
poxia and NO were also tested in the primary cultures of
mouse cortical neurons and the results showed no differ-
ence in the mitochondrial mass and neuroprotection against
OGD between preconditioned and control cell cultures
(Fig. 9). Thus, the above results obtained with differenti-
ated and cultured rat and human neuronal cells in vitro, are
consistent with the phenomenon observed in the primary
culture of mouse cortical neurons in vivo.

4. Discussion

Mitochondrial biogenesis, which has been observed in
various paradigms of experimental preconditioning, is re-
garded by many as a practical way of enhancing cellular
tolerance to injuries; hence, its activation is especially sig-
nificant in the CNS. However, it is still unclear whether this
phenomenon could be easily induced in post-mitotic neu-
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Fig. 8. Mitochondrial content, energy status during differenti-
ation of PC12 cells. (A) Undifferentiated and differentiated PC12
cells were fixed, stained, embedded, and sectioned for electron mi-
croscopy as described in Materials and Methods. TEM images of
cells were digitally captured on a JEOL 1230 electron microscope,
and the number of mitochondria per cell slice was determined for
cells with similar cytoplasmic volumes. (B) The fluorescence in-
tensity of NAO was analyzed by flow cytometry for undifferenti-
ated (UD) and differentiated (Diff) PC12 cells. (C) Basal ATP lev-
els were measured by the luciferase assay for UD and Diff-PC12
cells. (D) Differentiated PC12 cells were hypoxia preconditioned
in the presence or absence of antioxidants and mitochondrial mass
was determined by staining with NAO and analysis by flow cy-
tometry. Bars show the percent increase in the mean fluorescence
intensity (MFI) values over control cells from three separate ex-
periments.
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Fig. 9. Effect of preconditioning on the viability of primary
mouse cortical neurons. Primary mouse cortical neurons were
prepared as described in Materials and Methods. Cells were
treated with hypoxia for 24 hr followed by 72 hr recovery or with
DETA/NO for 6 days. Cell viability was determined using the
CFDA assay after a 16 hr OGD followed by 24 hr of recovery. The
control group represents cells without preconditioning and OGD
challenge. Bars show the mean + SEM of data obtained from 2

separate experiments performed in duplicate.

rons by methods shown to work in proliferating cells. With
that in mind, we compared the mitochondrial biogenesis
responses to non-lethal preconditioning in undifferentiated
neuronal cells and in post-mitotic neurons. To our knowl-
edge, no such direct comparison was previously reported
and the data presented here bears relevance to the mecha-
nisms controlling mitochondrial biogenesis and its role in
neuroprotection. The preconditioning paradigms, hypoxia
and NO treatments, have been extensively tested both in
vitro and in vivo studies and induced tolerance in a vari-
ety of cells and tissues [28-32]. In this study, we applied
the preconditioning methods that were suitable for in vitro
treatments of all neuronal cells.

Mitochondria are dynamic organelles that are not syn-
thesized de novo, but are formed from pre-existing or-
ganelles through fusion and fission. This results in the
formation of constantly changing intracellular tubular net-
works observed in Figs. 4,7. Through mitochondrial fis-
sion, smaller mitochondria are created to which new mito-
chondrial contents created during mitochondrial biogenesis
can be added. Mitochondrial biogenesis, in turn, requires
the synthesis of new mtDNA, new proteins and membrane
components. The observed activation of transcriptional
regulatory networks (Fig. 3) clearly indicate that these pro-
cesses indeed occur during the preconditioning treatments.
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We have shown that while undifferentiated PC12 cells
responded to the preconditioning treatments (hypoxia and
NO) by increasing the mitochondrial number per cell and
better tolerance to the subsequent oxidative stress, but the
differentiated post-mitotic neurons did not engage mito-
chondrial biogenesis machinery during such precondition-
ing treatments. However, mitochondrial biogenesis oc-
curred in both cell lines during their differentiation and tran-
sition to the post-mitotic state. Consistently, post-mitotic
neurons had higher number of mitochondria per cell, higher
steady-state levels of ATP and better tolerance to oxida-
tive stress than their undifferentiated counterparts. To our
knowledge this is the first comprehensive study that com-
pared mitochondrial biogenesis response and tolerance to
oxidative stress in undifferentiated and differentiated neu-
ronal cells subjected to preconditioning treatments. In
a study using clonal cell lines of murine neuroblastoma
C1300 cells, mitochondrial biogenesis and the consequent
increase in mitochondrial mass were shown to correlate
with different stages of neuronal differentiation [33].

It is well established that mitochondrial biogenesis is
linked to increased mitochondrial ROS production, which
can act as important second messengers and activate the ret-
rograde signaling cascades [34]. Such retrograde signaling,
originated from mitochondria, is fundamental to coordinat-
ing the transcription of nuclear and mitochondrial genes as
required for mitochondrial biogenesis to take place [35].
Although the exact chemical nature of ROS engaged in this
phenomenon is unknown, it is plausible that the majority of
ROS include superoxide anions produced when unpaired
electrons escape from the electron transport chain (primar-
ily at sites of Complexes I and I1I) during respiration and re-
act with molecular oxygen. Superoxide anions, in turn, can
spontaneously or enzymatically be converted to hydrogen
peroxide, which can also act as a second messenger [36].
Similar types of ROS are known to be produced during vari-
ous preconditioning paradigms and elimination of ROS can
abolish the observed neuroprotective effects [37,38]. Ac-
cordingly, we found that hypoxic and NO preconditioning
of PC12 cells in the presence of antioxidants or scavengers
of ROS (PTS and Ubisol-Q1g), the increase in mitochon-
drial mass was abolished and failed to protect PC12 cells
against a subsequent OGD challenge (Fig. 6). Our find-
ings support the notion that ROS and NO are generated
during the preconditioning treatments and act as signaling
molecules to increase mitochondrial biogenesis and pro-
vide neuroprotection against a lethal injury. Additionally,
we found increased mRNA expression levels of NF-xB in
PC12 cells exposed to hypoxic and NO preconditioning
(Fig. 3), suggesting that activation of the gene expression
is associated with neuroprotection. Upon activation, NF-
kB p65 subunit is translocated from the cytoplasm into the
nucleus where it binds to the DNA consensus sequences on
various target genes leading to neuroprotection. NF-xB is
a well-characterized transcription factor with multifaceted
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roles. Increasing evidence points to an active crosstalk be-
tween the NRF-2 and NF-xB signaling pathways and both
transcription factors bind to the cAMP response element-
binding protein (CREB) to provide neuroprotective effects
[39]. In line with this, several studies have demonstrated
increases in cellular antioxidant defense system including
manganese superoxide dismutase, glutathione peroxidase,
catalase and Bcl-2 [40] in preconditioned cells. Although
increased production of mitochondrial ROS is associated
with mitochondrial dysfunction and disease, low levels of
ROS generated during normal oxidative metabolism serve
as signaling molecules, promotes mitochondrial biogenesis
[41] and can be exploited to provide long-lasting neuropro-
tective effects [42].

Mitochondrial biogenesis is a complex process that is
regulated by a highly orchestrated crosstalk between the nu-
clear and mitochondrial genomes and works in concert with
the members of the peroxisome proliferator-activated re-
ceptor ~y coactivator-1 (PGC-1) family. In undifferentiated
PC12 cells subjected to hypoxic and NO preconditioning
treatments we found an increase in the expression of the
nuclear respiratory factors NRF-1 and NRF-2, which are
regulated by PGC-1a. Their activation is known to drive
the transcriptional machinery necessary for the expression
of Tfam [34]. Although encoded by nuclear genome, Tfam
can be translocated into mitochondria leading to an increase
in the transcription of mitochondrial genes that encode mi-
tochondrial proteins. Accordingly, gene expression of mi-
tochondrial proteins COX3 and HK1 (Fig. 3) was upreg-
ulated following preconditioning treatments. HKI1 is not
only involved in the rate limiting step of glycolysis but ~70—
90% of HK1 in the brain is associated with the outer mito-
chondrial membrane [43]. The mitochondrial-bound HK1
has been shown to play an important role in neuronal sur-
vival, neurite outgrowth, maintenance of glutathione levels
and prevention of apoptosis and oxidative damage. COX3
is one of main transmembrane subunits of cytochrome ¢ ox-
idase, an oligomeric enzymatic complex located in the mi-
tochondrial inner membrane and the mitochondrial hexoki-
nase catalyze the first essential step of glucose metabolism,
the conversion of glucose into glucose-6-phosphate [44].
This directly couples extramitochondrial glycolysis to in-
tramitochondrial oxidative phosphorylation. This further
supports our conclusion that the tested pre-conditioning
paradigms not only led to the increase of the mitochondrial
mass, the mitochondrial copy number, but also resulted in
the creation of functional organelles.

Although PGC-1« is known as a “master regulator of
mitochondrial biogenesis”, recently the Nrf2 (nuclear factor
E2-related factor 2)/ARE (antioxidant response element)
signaling cascade has emerged as a novel regulator of mito-
chondrial biogenesis [45]. Increased production of reactive
oxygen and nitrogen species, particularly hydrogen perox-
ide, results in the translocation of Nrf2 from the cytoplasm
into the nucleus where it can interact with PGC-1« to regu-
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late mitochondrial biogenesis. It has been shown that PGC-
1o gene promoter contains two AREs and thereby Nrf2 may
directly interact with PGC-1« [46]. In our study it is pos-
sible that the interaction between the Nrf2/ARE and PGC-
Lo pathways resulted in increased mitochondrial biogenesis
and the observed neuroprotection.

Mitochondrial organogenesis in post-mitotic neurons
is not yet fully understood, hence the specific pathways in-
volved in its regulation remain unknown. In our experi-
ments, hypoxic and NO preconditioning of differentiated
either PC12, NT2 neurons or primary mouse cortical neu-
rons did not result in the activation of mitochondrial bio-
genesis processes and did not further protect post-mitotic
neurons against cell death inducing signals (Figs. 7,8,9).
Interestingly, increased number of elongated tubular mi-
tochondria, suggestive of mitochondrial fission-fusion was
observed in differentiated PC12 and NT2 cells (Fig. 7E—
H). We observed similar change of morphological fea-
tures of mitochondria in undifferentiated cells following
preconditioning treatments (Fig. 4). Thus, mitochondrial
biogenesis clearly occurred during the differentiation pro-
cesses as evidenced by the number of mitochondria per
neuron being higher than the undifferentiated counterparts
(Figs. 4,7), which resulted in more beneficial metabolic out-
comes, higher steady-state ATP levels, better resistance to
cell death-inducing insults (Figs. 7,9).

Since mitochondria cannot be synthesized de novo,
they are produced from pre-existing mitochondria that are
used as a template for mitochondrial biogenesis during cell
cycle [47]. Mitochondrial biogenesis is a complex process
that is regulated by a highly orchestrated and integrated
crosstalk between the nuclear and mitochondrial genomes.
This process requires transcription, translation, modifica-
tion and functional assembly over 1500 proteins, of these
only 13 polypeptides are encoded by mtDNA. The vast ma-
jority of proteins are transcribed from the nuclear genome
and subsequently imported from the cytoplasm into the mi-
tochondria by a highly specialized nanomolecular machin-
ery known as the TOM complex, which is a gateway for
almost all mitochondrial proteins [48]. Hence both nuclear
and mitochondrial genomes must be transcriptionally and
translationally competent and cells must be able to engage
all vital activities in the cycling cells. Our findings on un-
differentiated neural cells showed clearly that prior to en-
gaging mitochondrial biogenesis processes the proliferating
cells entered a temporary cell cycle arrest state and became
quiescent (Fig. 1). Typically, quiescent cells can re-enter
cell cycle when activated as they did not reach the growth
factor dependent restriction points of the G1 phase and their
genome remains transcriptionally competent. CDKs (cy-
clin dependent kinases) in association with CKIs (cyclin
regulatory subunits/inhibitors) govern cell cycle progres-
sion or arrest. Stimulation of mammalian cells with mi-
togens or growth factors induces the expression of cyclin
D1 resulting in phosphorylation of Rb, weakening its inter-
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action with E2F, leading to transcription of genes needed
for cells to enter the S-phase. This phenomenon of re-
versible activation of nuclear gene transcription in cell cy-
cle competent cells might be the reason for observed mito-
chondrial biogenesis in proliferating cells, but these mech-
anisms are inactivated in quiescent cells. Besides the clas-
sical role of E2F1 in regulating cell cycle from G1-S tran-
sition, increasing evidence also implicates E2F1 in the reg-
ulation of mitochondrial function through interactions with
NRF1 and NRF2, key regulatory factors of mitochondrial
biogenesis [49]. E2F1 regulates self-renewal of human in-
duced pluripotent stem cells [50], but in post-mitotic neu-
rons E2F1 acts as a cell cycle suppressor [51], mainly by
the ability of E2F1 to bind Rb and block the cells to enter S-
phase. Earlier work indicated that injured neurons attempt
to re-renter cell cycle by aberrantly activating the expres-
sion of cyclin D1 [52-54], leading to a false hope that these
events are neuroprotective. Regretfully, these attempts lead
to neuronal cell death, not neuroprotection [54].

5. Conclusions

In summary, we have demonstrated that although mi-
tochondrial biogenesis could be induced in undifferenti-
ated rat PC12 cells, this phenomenon could not be in-
duced in post-mitotic rat PC12 and human NT2 neuron-
like cells as well as in primary mouse cortical neurons us-
ing the two preconditioning paradigms employed in this
study. Pharmacological induction of mitochondrial bio-
genesis to restore mitochondrial function and homeosta-
sis remains an attractive therapeutic strategy for the treat-
ment of brain diseases. The US Food and Drug Adminis-
tration (FDA) has approved many pharmacological agents,
such as pioglitazone (thiazolidinedione-type), lasmiditan
(5-hydroxytryptamine receptor 1F receptor agonist), and
formoterol (32-adrenoreceptor agonist), which can induce
mitochondrial biogenesis and may be repurposed for the
treatment of a variety of CNS disorders [55,56].
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