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Abstract Cell-based approaches are a promising therapeu-
tic strategy for treating injuries to the nervous system, but
the optimal means to promote neurite extension and direct
cellular behavior are unclear. Previous studies have exam-
ined the behavior of neural-like cells in ambient air (21%
oxygen tension), yet these conditions are not representative
of the physiological oxygen microenvironment of neural
tissues. We hypothesized that neuronal differentiation of a
model neural cell line (PC12) could be controlled by
modulating local oxygen tension. Compared to ambient
conditions, PC12 cells cultured in reduced oxygen
exhibited significant increases in neurite extension and
total neurite length, with 4% oxygen yielding the highest
levels of both indicators. We confirmed neurite extension
was mediated through oxygen-responsive mechanisms
using small molecules that promote or inhibit HIF-1x
stabilization. The hypoxic target gene Vegf was implicated
as a neurotrophic factor, as neurite formation at 21%
oxygen was mimicked with exogenous VEGF, and a
VEGF-neutralizing antibody attenuated neurite formation
under reduced oxygen conditions. These findings demon-
strate that behavior of neural-like cells is driven by the
oxygen microenvironment via VEGF function, and suggest
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promising approaches for future applications in neural
repair.
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Introduction

Current approaches to restore mobility and control follow-
ing traumatic nerve injury or the loss of mitotically
inhibited neurons are constrained to limited surgical
intervention techniques and vigorous physical therapy
(Hurlbert 2006). Cell-based approaches to neural repair, in
which cells that may directly participate in healing are
transplanted into the defect site, are a promising therapeutic
strategy and may provide a potential treatment alternative.
A host of cells have been examined for their capacity to
promote or directly participate in neural repair including
neurons from donor tissues, glial cells, adult-derived
stromal cells from the bone marrow and adipose compart-
ments, and neurons differentiated from embryonic stem
cells (Schmidt and Leach 2003; Safford and Rice 2005).
While examination of their behavior in vitro has expanded
our understanding of how these cells contribute to neural
repair, these approaches have failed to translate to viable
neural reparative therapies to date.

The majority of tissue culture is performed in ambient
oxygen (21%), yet physiological oxygen tensions range
from nearly 0% in cartilage to 3—4% in human brain tissue
and up to 14% in alveolar blood (Chen et al. 2007).
Ambient oxygen levels may induce apoptosis through
exposure to reactive oxygen species or alter cellular
phenotype over time (Milosevic et al. 2005). Numerous
cell types including hepatocytes, bone marrow stromal
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cells, and cells of the neuronal phenotype exhibit profound
differences from their native behavior when placed in
respective physiological oxygen microenvironments (Chen
et al. 2001; Zhu et al. 2005; Potier et al. 2008). For
example, oxygen tension differentially regulates long-term
expansion and apoptosis for neural precursor cells in vitro
depending on their stage of commitment (Chen et al. 2007).
Studies have also concluded that reduced or ischemic
oxygen conditions can promote survival, proliferation, and
differentiation of cells of the neuronal lineage (Milosevic et
al. 2005; Burgers et al. 2008; Horie et al. 2008). In light of
the critical importance of the oxygen microenvironment on
cellular behavior, we hypothesized that the culture of a
model neuronal cell line (rat pheochromocytoma PCI12
cells) at physiologically relevant oxygen tensions would
promote neuronal differentiation. We observed that reduc-
tions in oxygen tension from 21% increased neurite
formation and total neurite length, both of which occurred
maximally under physiologically relevant oxygen tensions.

Materials and Methods
PC12 Maintenance

PC12 cells (CRL-1721, ATCC) were cultured in complete
media: Ham’s modification of Kaighn’s medium containing
L-glutamine (Sigma Aldrich) with 15% horse serum
(ATCC), 2.5% fetal bovine serum (JR Scientific), 1%
penicillin/streptomycin (Mediatech), and 1.5 g/L sodium
bicarbonate. Cells were seeded in tissue culture flasks at 2 x
10* cells/cm? and maintained in a standard incubator (37°C,
5% CO,). Media was changed every 3 days, and cells were
subcultured 1:2 biweekly with 0.25% trypsin/EDTA.

PC12 Response to the Oxygen Microenvironment

PC12 cells were cultured upon a collagen substrate.
Collagen I solution (0.5 mg/mL, BD Biosciences) was
prepared in 0.02 N acetic acid, and 100 pL was pipetted
into 12-well plates and allowed to incubate at room
temperature for 1 h before aspiration, after which time
wells were washed three times with 10x PBS and allowed
to air dry in sterile conditions. Substrates were rehydrated
in PBS for 10 min, gently aspirated, and cells were seeded
at 2x10* cells/em® in complete media and placed in a
standard CO, incubator for 24 h. Media was then aspirated
and replaced with fresh media, and plates were placed
inside hypoxia chambers (Billups-Rothenberg) and pumped
down with a mixture of nitrogen and carbon dioxide to the
desired oxygen tension. Ambient oxygen (21%) served as the
control. Oxygen content was measured using an oxygen
sensor attached to the chamber outflow (Billups-Rothenberg).

Inflow and outflows were sealed and chambers were placed
in a 37°C incubator for 72 h. The metabolic activity of PC12s
cultured in different oxygen conditions was measured in the
final 4 h prior to cellular characterization using an alamarBlue
assay (Serotec) following the manufacturer's instructions
(Hamid et al. 2004). Changes in cell morphology and
frequency of neurite extension were measured as described
below.

To validate the role of the oxygen microenvironment,
cells were cultured in complete media supplemented with
either YC-1 (100 pM, Cayman Chemical) or CoCl,
(100 uM, Sigma Aldrich) (Yeh et al. 2007; Sun et al.
2007). We examined the potential contribution of VEGF
activity on neurite projection by culturing PC12s in the
presence of recombinant rat VEGF 45 (50 ng/mL), while
endogenous VEGF activity was neutralized by the addition
of anti-rat VEGF 45 (500 ng/mL; both from Peprotech).

Neurite Quantification

After 72 h in the experimental oxygen tension and culture
conditions, samples were rinsed 1x with PBS and imaged
using a Nikon TE2000U inverted microscope and Spot RT
digital camera. Neurites were defined as projections from
the cells that deviate from their normal morphology and
measure greater than 5 um from the cell body to tip (Leach
et al. 2007). Cells were located and individually marked
using Adobe Photoshop. Total cell number and cells
exhibiting neurites per field of view were recorded.
Quantification of neurite length was performed on 100
randomly selected neurite-bearing cells from each oxygen
tension by tracing individual neurites using the Neuron]J
plugin for Imagel software (Meijering et al. 2004).

Western Blot Analysis

After 8 or 72 h, plates were removed from hypoxia
chambers, washed with PBS, and total protein was
collected in 4x sample buffer (20% glycerol, 4% SDS,
0.05% bromophenol blue, 160 mM Tris—HCIl, and 200 mM
DTT). Protein concentration was determined using the
Amido Black method (Sheffield et al. 1987). Twenty to
40 pm of protein per sample were resolved in 10% Tris—
HCI acrylamide gels and transferred onto 0.2 mm
nitrocellulose. Blots were blocked in 0.5% nonfat milk
in Tris-buffered saline with 0.05% Tween-20 (TBST) for
2 h and probed with anti-rat polyclonal hypoxia-inducible
factor-1oc (HIF-1¢) antibody (1:400 in blocking buffer;
Cayman Chemical, 10006421) overnight at 4°C. Membranes
were washed, probed with horseradish peroxidase-conjugated
secondary antibodies at 1:2,500 and reactive bands were
visualized using enhanced chemiluminescence and X-ray
film.
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Quantitative PCR Analysis of PC12 Gene Transcription

Total RNA was collected with RNeasy Mini kit (Qiagen)
according to manufacturer's instructions and included on-
column digestion of genomic DNA. RNA quality was
assessed by the ratio of absorbance at 260 and 280 nm.
Total RNA (0.2-1 pg) was reverse-transcribed with
Superscript First-Strand Synthesis System (Invitrogen).
Quantitative RT-PCR was performed using TagMan®
Universal PCR Master Mix (Applied Biosystems) on a
Mastercycler® realplex2 (Eppendorf); proprietary primers
and probes, whose sequences are not disclosed, were
purchased from Applied Biosystems. Amplification con-
ditions were 50°C for 2 min, 95°C for 10 min, followed by
40 cycles at 95°C for 15 s and 60°C for 30 s. Quantitative
PCR results were first normalized to ribosomal RNA 18S
(18S) transcript level to yield AC;. Results are expressed as
2 A€ after Livak and Schmittgen (2001).

Statistical Analysis

Data were compared using a paired, two-tailed Student’s
t test or ANOVA. Variability was calculated as standard
error and significance was defined as p<0.05. Statistical
analysis was performed using InStat 3 or Prism (both from
GraphPad).

Results

Reductions in Oxygen Tension Increase Neurite Formation
by PC12 Cells

PC12 cells readily adhered to the collagen substrate and
possessed sporadic short neurites under typical culture
conditions at 21% oxygen tension (Fig. la). We observed
the formation of longer and more frequent neurites in cells
cultured for 72 h under reduced oxygen tensions of 1%,
4%, or 12% (arrowheads, Fig. 1a). The greatest fraction
cells extending of neurites occurred in cells cultured at 4%
oxygen (0.330+0.020), a three-fold increase versus cells
maintained at 21% oxygen (0.116+0.011; Fig. 1b). In
addition to increased frequency of neurite projection, cells
cultured in reduced oxygen tensions exhibited increases in
neurite length, which translated to apparent differences in
network maturity and neurite interaction (Fig. 1c). Specif-
ically, PC12 cells cultured in 1%, 4%, or 12% oxygen
tension exhibited a two- to fourfold increase in total
neurite length compared to those cultured at 21%
oxygen tension (1,142+72 upm), with the greatest
aggregate neurite length detected at 4% O, (4,146+
449 um). Because neurite formation and length was
maximal under 4% oxygen tension, we focused on this
culture condition for the remainder of the studies.
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Figure 1 Reductions in local oxygen tension promote neurite
formation in PC12 cells. a PC12 cells display differences in neurite
extension when cultured at indicated oxygen tensions. Arrowheads
indicate neurites; scale bar represents 50 um. b Fraction of cells
extending neurites under varying oxygen tension. a indicates p<0.001
by ANOVA compared to 21% oxygen; b indicates p<0.001 by
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ANOVA compared to 21%, 12%, or 1% oxygen. n=minimum of four
per condition. ¢ Quantification of average total neurite length of 100
randomly selected cells in each condition. a indicates p<0.001 by
ANOVA compared to 21% oxygen; b indicates p<0.001 by ANOVA
compared to 21%, 12%, or 1% oxygen. n=minimum of four per
condition
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Figure 2 Manipulation of HIF signaling mediates neurite formation.
a Western blotting for HIF-1« after 8 h (/eff) and 72 h (right) for PC12
cells cultured in 21%, 4%, or 1% oxygen tension. b The hypoxia
mimetic 100 uM CoCl, increases the frequency of PCI12 cells
elaborating neurites under 21% oxygen culture, whereas HIF-«
inhibition with 100 uM YC-1 abrogated hypoxia-driven neurite
formation under 4% culture. a indicates p<0.001 by ¢ test compared
to 21% oxygen; b indicates p<0.001 by ¢ test compared to 4%
oxygen. n=minimum of four per condition

HIF and VEGF Signaling Mediate Neurite Formation

Hypoxia-inducible factors (HIFs) are transcription factors
which are stabilized under reduced pericellular oxygen;
HIF target genes are implicated in angiogenesis and
glycolysis (Semenza 2007a, 2007b). Under normoxic
conditions, HIF-o subunits are constitutively ubiquiti-
nated and proteasomally degraded, whereas hypoxia
promotes their stabilization via inhibition of the ubiquitin
ligase VHL. PC12 cells cultured at 4% or 1% oxygen
tension responded by stabilizing HIF-1«x levels in samples
collected after 8 hours of hypoxic culture, while cells
maintained in ambient air did not exhibit any detectable
protein by Western blotting; HIF-1x stabilization was
completely abolished after 72 h, suggesting that PC12
response to hypoxia is transient, and cells rapidly adapt to
reductions in oxygen tension (Fig. 2a). To examine
whether HIF stabilization mediated neurite extension,
PC12 cells were cultured in the presence of CoCl,, a hypoxia
mimetic, or YC-1, an inhibitor of HIF-1x translation.
Cells cultured at 21% oxygen in the presence of 100 uM
CoCl, demonstrated significantly increased frequency of
neurite extension compared to CoCl,-free cultures at 21%
oxygen tension (Fig. 2b). Addition of 100 uM CoCl, to
cells cultured at 4% oxygen revealed no additive effect of
reduced oxygen tension upon neurite frequency, suggest-
ing saturation of the neurotrophic response to hypoxia

(data not shown). HIF signaling was further implicated in
the neurotrophic effect of hypoxia through the HIF
antagonist YC-1, which attenuated neurite formation in
cells cultured under 4% oxygen tension (Fig. 2b). These
data demonstrate that HIF-oc signaling occurs under
hypoxic culture of PC12 cells and is required for
hypoxic-driven neuritogenesis.

Vascular endothelial growth factor (VEGF) is an
angiogenic factor released by cells in response to certain
stressors, including hypoxia. PC12 cells cultured under 4%
or 1% oxygen tension demonstrated increased Vegf tran-
script compared to 21% O, control cultures, confirming that
Vegf is responsive to hypoxic culture in PC12 cells
(Fig. 3a). We next sought to determine whether the
neurotrophic effect of hypoxia occurred via VEGF signal-
ing. Similar to cells treated with the hypoxia mimetic
CoCl,, addition of 50 ng/mL VEGF 45 to cells cultured at
21% O, dramatically increased the fraction of cells with
neurite projections (Fig. 3b). In contrast, the addition of a
VEGF-inhibiting antibody to culture media significantly
attenuated neurite projection in cells cultured at 4% oxygen.
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Figure 3 VEGF signaling mediates neurite formation. a Levels of
Vegf transcript after culture for 8 or 72 h under 21%, 4%, or 1%
oxygen tension culture. a indicates p<0.05 compared to 21% or 1%
oxygen at 8 h; b indicates p<0.05 compared to 21% oxygen at 72 h; ¢
indicates p<0.01 compared to 21% oxygen at 72 h. b Addition of
exogenous VEGF (50 ng/mL) increases the frequency of PCI12 cells
elaborating neurites under culture at 21% oxygen tension, whereas
cells cultured at 4% oxygen in the presence of a VEGF-neutralizing
antibody failed to extend neurites. a indicates p<0.001 by ¢ test
compared to 21% oxygen; b indicates p<0.001 by ¢ test compared to
4% oxygen. n=minimum of four per condition
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These data indicate that the formation of neurites under
hypoxia from PC12 cells requires VEGF signaling.

PC12 Metabolism is Altered by Hypoxia and VEGF

Because neurite formation involves changes in cellular
metabolism, we sought to ascertain whether hypoxia,
hypoxia mimetics, or VEGF signaling altered PC12
metabolism. PCI12 cells cultured under reduced oxygen
tension of 4% or 1% exhibited a trend for greater reduction
of alamarBlue, demonstrating enhanced metabolic activity
and viability, compared to cells cultured at 21% oxygen
(Fig. 4a). Both the hypoxia mimetic CoCl, and recombinant
VEGF enhanced PC12 metabolic activity in cells cultured
at 21% oxygen tension, whereas the HIF antagonist YC-1
and VEGF-inhibiting antibody attenuated hypoxia-driven
increases in metabolism (Fig. 4b).

Discussion

In this study, we demonstrate that neurite formation from a
model neuronal cell line is influenced by the local oxygen
microenvironment upon activation of HIF-1x and autocrine
VEGF action. Specifically, PC12 cells cultured in physio-
logically relevant oxygen tensions exhibited increased
neurite outgrowth, total neurite length, and metabolic
activity compared to cells cultured in ambient air. PC12
cells demonstrated significant increases in both the fre-
quency of neurite extension and the maturity of the neural
network when cultured in 4% oxygen, correlating with
known conditions for healthy mammalian neural tissue
(Chen et al. 2007). This effect was mimicked at 21%
oxygen tension through HIF-«x stabilization with a hypoxia
mimetic and exogenous VEGF, and hypoxia-driven neurite
formation was blunted through the use of small molecule

ot T - T

antagonists and neutralizing antibodies. These are the first
data to indicate neurite formation under hypoxia involves
autocrine action of VEGF.

In the present study, we utilized a common hypoxia
mimetic (CoCl,) and an inhibitor of HIF-1 dimerization
(YC-1) in order to further explore the link between oxygen
responsiveness and neuronal differentiation. PC12 cells
cultured at 21% oxygen exposed to CoCl, extended
neurites to a similar degree as cells maintained at 4%
oxygen, suggesting that HIF-o stabilization is involved in
this process (Fig. 2b). This finding is in agreement with
those of Pacary et al. (2006, 2007, 2008), who reported
neurite outgrowth and induction of the microtubule-
associated protein tau in 100 uM CoCl,-treated cultures.
Kotake-Nara et al. have also demonstrated neurite out-
growth in PC12 cells in response to CoCl, (Kotake-Nara et
al. 2005; Kotake-Nara and Saida 2006, 2007); in contrast to
our work, their experimental conditions led to the formation
of reactive oxygen species owing to higher concentrations
of CoCl, (200-500 pM).

To contrast the effects of CoCl,, we supplemented the
culture medium with YC-1, a small molecule inhibitor of
post-translational accumulation of HIF-1o necessary for
dimerization of HIF-1, thereby abolishing the transcription-
al response mechanism to hypoxia (Kim et al. 2006). We
hypothesized that if HIF isoforms were responsible for
neurite outgrowth at lower oxygen tensions, suppression of
HIF-1 and the associated hypoxic response genes by YC-1
would yield similar neurite production as cells cultured at
21% oxygen. We observed statistically similar fractions of
PC12s extending neurites (Fig. 2b) and total neurite length
(data not shown) in the presence of YC-1 for cells cultured
at 4% oxygen compared to cells maintained in ambient air.

Recent data have demonstrated that low oxygen tension
favors neurogenesis. Neural progenitor cells in reduced
oxygen (2%) or transient anoxia exhibit increased prolifer-
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Figure 4 PC12 metabolic activity is altered by hypoxia and VEGF
signaling. a PC12 cells reveal increased metabolic activity when
cultured under 4% oxygen tension. b The hypoxia mimetic 100 pM

\\V)
%« Humana Press

21% 21%+CoCl, 21%+VEGF 4%

4%+YC-1 4%+VEGF-Ab
Oxygen tension
CoCl, or 50 ng/mL VEGF increase metabolic activity, whereas the

hypoxia antagonist YC-1 or VEGF-inhibiting antibody attenuates
hypoxic increases in metabolic activity. n=3 per condition



J Mol Neurosci (2010) 40:360-366

365

ation and survival in vitro (Burgers et al. 2008; Horie et al.
2008), while transient cerebral ischemia in the mouse
resulted in enhanced neurogenesis in the subventricular
zone (Ong et al. 2005; Kadam et al. 2008). The survival
and increased activity of neural cells at reduced oxygen
may well be linked to the localized presentation of VEGF, a
downstream product of HIF-o stabilization following
cellular exposure to hypoxic conditions. Previous work
demonstrated that the addition of VEGF to a hypoxic
culture environment exerted a neuroprotective effect on a
hippocampal neuronal cell line (Sheng et al. 2000). Beyond
merely promoting survival, our findings indicate that
endogenous VEGF may also promote neural differentiation
at oxygen tensions approximating physiological conditions.
PC12 cells cultured in the presence of exogenous VEGF
exhibited increased neurite extension compared to cells
cultured in ambient air (Fig. 3b). Furthermore, the
neutralization of VEGF activity translated to reductions in
neurite extension statistically similar to PC12s cultured at
21% oxygen and significantly lower than PC12s cultured in
reduced oxygen conditions.

These data demonstrate that the oxygen microenviron-
ment has a profound impact on the differentiation of
neuronal cell populations, and the results presented
herein are critically important when considering strate-
gies for promoting neural repair. Currently, clinical
approaches to neural repair include surgical methods to
eliminate the existing gap between damaged or severed
nerves, as well as morphogen presentation to stimulate
the migration or differentiation of existing neural pop-
ulations. Some of the most common growth factors used
to promote neural tissue regeneration are from the
neurotrophin family including nerve growth factor
(NGF), neurotrophin-3 (NT-3), neurotrophin-4/5, and
brain-derived neurotrophic factor (BDNF) (Tarasenko et
al. 2004). While localized neurotrophin delivery can
promote neurite extension (Sayer et al. 2002; Lee et al.
2003), this strategy often requires high doses that can
induce aberrant axonal extension, resulting in allodynia
without markedly improved motor function. In light of the
close interaction between the neural structure and vascular
system, additional study is merited to understand the
signaling events and feedback resulting from paracrine-
acting molecules secreted by neural and endothelial cells
within the nervous system.

Neural cells are exposed to various oxygen conditions
during development, tissue repair, or transplantation, all of
which are significantly lower than atmospheric levels. It is
therefore vital to study cellular responses to these con-
ditions when pursuing new strategies for tissue repair or
modeling tissue formation in vitro. At this time, the precise
mechanism by which HIF-« triggers neurite extension is
unclear. Previous studies have confirmed a link between

hypoxia and the formation of focal adhesions (Seko et al.
1999), but we were unable to detect the simultaneous
upregulation of HIF-1x and phosphorylated focal adhesion
kinase (pFAK) by Western blotting in cells exposed to
reduced oxygen, nor did we observe significant changes in
neurofilament L expression (data not shown). In summary,
this data confirms the importance of both HIF-l1x and
VEGF for neurite extension in the presence of physiolog-
ically relevant oxygen tensions, and these findings may
serve to identify novel targets and approaches to enhance
neural differentiation.
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