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Abstract

Preterm birth results in significant cognitive and motor disabilities, but recent evidence suggests that
there is variable recovery over time. One possibility that may explain this variable recovery entails
variable neurogenic responses in the subventricular zone (SVZ) following the period of chronic
hypoxia experienced by these neonates. In this report, we have characterized the responses to chronic
hypoxia of two mouse strains that represent a wide range of susceptibility to chronic hypoxia. We
determined that C57BL/6 pups and neural progenitor cells (NPCs) derived from them exhibit a
blunted response to hypoxic insult compared with CD-1 pups and NPCs. Specifically, C57BL/6 pups
and NPCs exhibited blunted in vivo and in vitro proliferative and increased apoptotic responses to
hypoxic insult. Additionally, C57BL/6 NPCs exhibited lower baseline levels and hypoxia-induced
levels of selected transcription factors, growth factors, and receptors (including HIF-1a, PHD2,
BDNF, VEGF, SDF-1, TrkB, Nrp-1, CXCR4, and NO) that determine, in part, the responsiveness
to chronic hypoxic insult compared with CD-1 pups and NPCs, providing insight into this important
and timely problem in perinatology.
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Although preterm birth results in significant cognitive and motor disabilities, recent evidence
suggests that there can be some recovery over time (Hack et al., 2002; Tyson and Saigal,
2005; Wilson-Costello et al., 2005; Saigal et al., 2006). Analysis of recent data indicates that
over 1% of the offspring of all live births in the United States weigh under 1,000 g at birth,
and the survival rate for these often critically ill individuals ranges from approximately 60%
to 85% (Bassan et al., 2006). Although survival rates of these infants have improved, there has
been an increase in neonatal illness, mortality, and/or severe intraventricular hemorrhage (IVH)
over time, representing a shift of severely compromised patients that now survive the fetal time
period and are presented for care in the neonatal unit (Cooke, 2006; Paul et al., 2006). Over
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two-thirds of very-low-birth-weight preterm infants suffer from both apnea and respiratory
distress syndromes that result in cerebral hypoxemia. Among this cohort, almost one-fourth
are functioning in the mentally retarded or borderline ranges at school; approximately 10%
have cerebral palsy; and, at 8 years of age, approximately one-half of these neonates require
special assistance in school, resulting in estimated annual life time care costs in excess of 4
billion dollars. The deleterious effects of low O in the perinatal period are thought to be the
consequences of altered neuronal differentiation and synaptogenesis and loss of neurons, glia,
and their progenitor cells resulting from excessive apoptosis (Curristin et al., 2002). Recently,
several studies have reported significant improvement in academic functioning over time in
this population, which correlated with increases in brain volumes (Wilson-Costello et al.,
2005). Although encouraging, the cognitive improvement is variable, and the repair/recovery
mechanisms involved are undefined.

One possibility that may explain this variable recovery would entail variable neurogenic
responses in the subventricular zone (SVZ; a known area of neurogenesis; Doetsch, 2003;
Shen et al., 2004; Ward et al., 2004; Li et al., 2006) following the period of chronic sublethal
hypoxia experienced by these neonates. Indeed, in a murine model mimicking the chronic
hypoxia associated with premature birth, Fagel et al. (2005) demonstrated that twice as many
bromodeoxyuridine (BrdU)-labeled cells expressed neuronal markers in the neocortex in mice
recovering from hypoxia compared with controls. In both hypoxic-reared infant and juvenile
mice, putative neuroblasts could be seen detaching from the fore-brain SVZ, migrating through
the subcortical white matter and entering the lower cortical layers 5-11 days after their last
mitotic division (Fagel et al., 2005). These and other data suggest that cortical neurogenesis
may play a significant role in repairing neuronal losses after hypoxic neonatal injury (Felling
et al., 2006; Yang and Levison, 2006). These findings are consistent with observations made
on adult mice that demonstrated cortical, striatal, and hippocampal neurogenesis following a
variety of injuries and responses to several treatment modalities (Warner-Schmidt and Duman,
2006). Thus, the induction of neurogenesis following the insult of chronic sublethal hypoxia
in the premature newborn may explain the cognitive improvement observed over time (Fagel
et al., 2005). However, the variability of this improvement warrants a more complete
understanding of the mechanisms involved in modulating neurogenesis occurring in the SVZ
so that more vulnerable subpopulations of premature infants can be identified and treatment
modalities can be investigated to elicit a greater and more complete recovery. In this study, we
have utilized two mouse strains that represent a wide range of susceptibility to chronic hypoxia
to elucidate potential growth factors and receptors that may determine, in part, the
responsiveness to chronic hypoxic insult, thus providing insight into this important and timely
problem in perinatology.

MATERIALS AND METHODS

Mice

CD-1 and C57BL/6 male and female breeders were obtained from Charles River Laboratories
(CRL, Wilmington, MA) or laboratory stock derived from CRL breeders. All neural progenitor
cells (NPCs) were derived from postnatal day 1 (P1) pups acquired from synchronized time-
dated pregnancies of CD-1 or C57BL/6 matings.

Hypoxia Protocol

At P3, a cohort of mothers and pups was subjected to hypoxic (9.5% O5) treatment; control
mice remained under normoxic conditions as described by Fagel et al. (2005). An additional
CD-1 foster mother was placed with the C57BL/6 hypoxic litters to improve the survival of
the C57BL/6 pups. All hypoxic mice were returned to normoxic conditions after 8 days, at
P11. Pups were sacrificed at P11. This particular protocol was instituted following our finding
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that, in contrast to CD-1 pups, C57BL/6 pups exhibited a very high morality rate at day P13
under hypoxic conditions. Thus, a time point (P11) at which both strains of pups would be
viable was chosen.

NPC Collection and Culture

NPCs were isolated from the brains of P1 C57BL/6 and CD-1 pups as described elsewhere
(Mizumoto et al., 2003; Li et al., 2006) and cultured in NPC medium [DMEM/F12
supplemented with N-2 (Gibco, Carlsbad, CA), 20 ng/ml of epidermal growth factor (EGF),
10 ng/ml basic fibroblast growth factor (bFGF), 1% L-glutamine, 1% penicillin/streptomycin
(P/S), and Fungizone] and incubated in 5% CO» at 37°C (Mizumoto et al., 2003; Li et al.,
2006). Primary cultures were incubated for 15-20 days, at which time neurospheres form. The
neurospheres were then dissociated using 0.1% trypsin, and the NPCs were plated at 1.00 x
10% or 1.00 x 10° cells/ml and plated into either 24- or six-well cluster plates and cultured
under either normoxic or hypoxic (10% O,) conditions for 6 days. To test the effects of
SDF-1a, vascular endothelial growth factor (VEGF), and brain-derived neurotrophic factor
(BDNF) on NPCs, NPCs isolated from P1 C57BL/6 and CD-1 mice were treated with
recombinant SDF-1 (2-50 ng/ml; PeproTech Inc, Rocky Hill, NJ), recombinant murine VEGF,
and recombinant murine BDNF (2-50 ng/ml; R&D Systems, Minneapolis, MN) for 6 days.
Additionally, to assess the effects of VEGF and BDNF on NPC proliferation, we utilized 10
ng/ml of recombinant soluble Flt-1 [Flt-(1-3)-19G, a truncated Flt-1-3 Fc fusion protein;
generous gift of Dr. Napoleon Ferrara (Genentech, San Francisco, CA; Chow et al., 2001;
Ogunshola et al., 2002; Kim et al., 2004)] and 10 ng/ml of recombinant soluble TrKB (R&D
Systems; Kim et al., 2004; Li et al., 2006) to sequester VEGF and BDNF, respectively.

To test the effects of nitric oxide (NO) on NPC behaviors, we utilized the NO scavenger
carboxy-2-phenyl-4,4,5 5-tetramethylimidazoline-1-oxyl 3-oxide at 100 uM (C-PTIO;
Cayman Chemical Co., Ann Arbor, MI) and the slow-release NO donor NOC-18 at 50 uM
(Calbiochem, San Diego, CA) in 3-day cultures.

Bromodeoxyuridine Labeling and Detection

Brain tissues—CD-1 and C57BL/6 pups were delivered from synchronized time-dated
matings. Thirty minutes prior to sacrifice, mice were injected with BrdU (Sigma, St. Louis,
MO; 120 mg/Kkg, i.p., dissolved in 0.007% NaOH in phosphate buffer). Five minutes prior to
sacrifice, mice were injected with ketamine (100 mg/kg) and xylazine (10 mg/kg). Brains were
postfixed in 10% buffered formalin overnight at 4°C, then cryoprotected for at least 24 hr in
30% sucrose in PBS and embedded in Tissue Tek O.C.T. compound (Sakura Finetek, Torrance,
CA). Afterward, they were cut into 10-um sections using a cryostat. Tissues were treated with
0.1% Triton X-100, 2 N HCI for 30 min at 37°C to denature cellular DNA. Prior to
immunohistochemistry, sections were washed with PBS, and permeabilized with 0.5% Triton
X-100 on ice for 10 min. Sections were then incubated in primary antibody overnight at 4°C
(rat monoclonal anti-BrdU, 1:100; Novus Biological, Littleton, CO; mouse monoclonal
antinestin, 1:200; BD Biosciences Pharmingen, San Diego, CA) diluted in 0.3% Triton
X-100/4% normal goat serum in PBS. Tissues were then washed and incubated in secondary
antibody (goat anti-rat 594 and goat anti-mouse 488, 1:200; Molecular Probes, Eugene, OR)
in 1x PBS for 1 hour at room temperature. Coverslips were mounted with Vectashield (with
DAPI) and viewed and photographed with a Olympus IX71 fluorescence microscope using an
Optronics Microfire C camera, Pictureframe software, and an Apple G4 computer. At least
nine micrographs were taken from three sections, and the numbers of BrdU-positive, nestin-
positive, and double-positive cells were counted by using NIH Image J, and the data sets were
then transferred to Excel and Statview programs and percentages and standard deviations were
determined and statistical analyses performed.
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NPCs—C57BL/6 and CD-1 NPCs were cultured under normoxic and hypoxic conditions for
5 days followed by the addition of 10 uM of the thymidine analog 5’bromo-2'-deoxyuridine
(BrdU; Sigma) into each culture dish for 24 hr. After incubation, the NPCs were affixed to
glass coverslips by cytospin for 20 min at 100 rpm. Cells were fixed for 10 min in 4%
paraformaldehyde in PBS, pH 7.2. Incorporation of BrdU in the nuclei was detected by
denaturing cellular DNA using 0.1% Triton X-100, 2 N HCI for 30 min at 37°C, followed by
incubation in primary antibody for 1 hr at room temperature (FITC-conjugated mouse anti-
BrdU monoclonal antibody, 1:500; BD Pharmingen). Cells were imaged as described above,
and BrdU-positive, nestin-positive, and double-positive cells were counted in NIH Image J
(Fagel et al., 2005) and the data analyzed as described above.

NPC Proliferation Assay

NPC proliferation was analyzed using the CyQuant Cell Proliferation Assay Kit. This assay
uses a proprietary green fluorescent dye, CyQuant GR dye (Molecular Probes), which exhibits
strong fluorescence enhancement when bound to cellular nucleic acids. Absorbance was read
on the Wallec model 1420 multilabel counter. Data from three independent experiments were
analyzed by using Excel 2000 and Statview. NPC proliferation was also evaluated by Western
blot quantitation of proliferating cell nuclear antigen (PCNA), which is a cofactor of DNA
polymerase in the nucleus. PCNA helps increase the processivity of leading strand synthesis
during DNA replication. Statistical significance was assumed at P < 0.05.

Neurosphere Assay

Cells were cultured in the NPC colony-forming assay called the neurosphere assay. Briefly,
cells from P1 brain of C57BL/6 and CD1 mice were plated at density 1 x 10% cells/ml in 24-
well plates. After culture under normoxic or hypoxic (10% O,, 5% CO,, 85% N5) conditions
in NPC medium for 6 days, the primary neurospheres were observed and counted. To ascertain
the capacity of the NPCs to self-renew and expand in vitro, the free-floating primary
neurospheres were dissociated into a single cell suspension with 0.25% trypsin in EDTA 1x
PBS buffer, then replated in NPC medium under normoxic or hypoxic conditions for 6 days,
at which time secondary neurosphere formation was observed and counted.

Immunohistochemistry

Animals were sacrificed by anesthetic overdose (in accordance with approved Yale University
policy) and transcardially perfused with 4% paraformaldehyde in PBS, pH 7.2. Brains were
postfixed, cryoprotected, and cryosectioned as described above. Prior to
immunohistochemistry, 10-um cryosections were washed with PBS, permeabilized with 0.5%
Triton X-100 on ice for 10 min, and incubated with 4% normal goat serum overnight at 4°C.
After this, the sections were incubated overnight at 4°C in primary antibody [mouse
monoclonal antinestin and rabbit anticleaved caspase 3, 1:100; Cell Signaling Technology,
Beverly, MA; diluted in 0.3% Triton X-100-PBS containing 4% normal goat serum or an
affinity-purified rabbit polyclonal anti-murine PECAM-1 produced as described (Pinter et al.,
1999), used to detect blood vessels]. Sections were washed three times in PBS and incubated
with secondary antibodies (goat anti-mouse Alexa Fluor 488, 1:200, or rhodamine conjugated
goat anti-rabbit, 1:200; Molecular Probes) for 1 hr at room temperature. Coverslips were
mounted with Vectashield (with DAPI) and imaged as described above. The numbers of
cleaved caspase-3-positive, nestin-positive, and double-positive cells were counted in NIH
Image J and the data sets were then transferred to Excel and Statview programs where
percentages and standard deviations were determined and statistical analyses performed.
Quantitations of vascular densities were determined by measuring tube lengths (PECAM-1-
positive vessel segments in pixels) using Image J. After this, the data sets were then transferred

J Neurosci Res. Author manuscript; available in PMC 2009 February 18.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal. Page 5

to Excel and Statview programs, and relative vascular densities and standard deviations were
determined and statistical analyses performed.

Immunoprecipitation and Western Blot Analysis

Cell lysates were generated from both mouse brain (without cerebellum) and NPC and
subsequent immunoprecipitation with anti-TrkB (C-13; Santa Cruz Biotechnology, Santa
Cruz, CA); then, immunoblotting with anti-PY (PY99; Santa Cruz Biotechnology) to assess
phospho-TrkB was performed as described previously (Kim et al., 2004; Li et al., 2006). For
Western blotting, whole-brain tissue and NPC cells were homogenized in lysis buffer
comprising 50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 1% NP-40, 10% glycerol, 1 mM sodium
orthovanadate, 1 mM PMSF, and protease inhibitor cocktail (Boehringer Mannheim GmbH).
Equal amounts of total protein (20 pg or 50 pg) were run on 10% or 12% SDS-polyacrylamide
gels, transferred to polyvinylidene difluoride membranes, and immunoblotted with antibodies
according to the manufacturer’s instructions. Antibodies used included anti-BDNF (N-20),
anti-TrkB (C-13), anti-eNOS (C-2), anti-PY (PY99), and anti-p-actin (1:1,000; Santa Cruz
Biotechnology); mouse anti-PCNA (1:1,000; Upstate Biotechnology, Lake Placid, NY); rabbit
anticleaved caspase 3 (1:1,000; Cell Signaling Technology); rabbit antineuropilin 1 (1:500;
Oncogene, La Jolla, CA); anti-SDF1a (1:500; eBioscience, www.ebioscience.com); rat anti-
CXCR4 (1:1,000; BD Biosciences Pharmingen); and rabbit anti-HIF-1c (1:200) and anti-
PHD2 (HIF prolyl hydroxylase 2; 1:1,000; Novus Biological). Bound antibodies were detected
by using horseradish peroxidase conjugated anti-1gG (Cell Signaling Technology) and a
chemiluminescence detection system as described elsewhere (Li et al., 2006). Quantitation was
performed on scanned densitometric images (Agfa Arcus Il Scanner with Adobe Photoshop
CS; Adobe Systems, Beaverton, OR) using the Quantity One software (Bio-Rad Laboratories,
Inc., Hercules, CA). Western blot data are expressed as histograms of averages of relative levels
(in arbitrary units) of at least three independent determinations for each protein examined.

ELISA Analysis

To determine the expression of VEGF in whole-brain tissue lysates and NPC cell media and
cell layer fractions, ELISA analysis was performed on the whole-brain tissue lysates, NPC cell
lysates, and medium using the VEGF ELISA kit (Quantikine; R&D Systems).

NO Detection

NO localization was performed with 4-amino-5-methylamino-2',7'-difluorofluorescein (DAF-
FM) diacetate (Molecular Probes), which is the most sensitive reagent currently available for
the detection of low concentrations of NO (detection limit is ~3 nM NO). DAF-FM is cell
permeable and nonfluorescent until it combines with NO to form a fluorescent benzotriazole
(Nath et al., 2004).

Statistical Analysis

All experiments were repeated at least three times. The statistical significance of differences
was evaluated by Statview 5.0 using N-way ANOVA (SAS Institute), and significance was
taken as P < 0.05. Statistical significance is denoted by the horizontal lines and associated P
values above pairs of individual columns in the figures.

RESULTS

In Vivo Studies

Previous publications documenting a wide range of behavioral, morphological, metabolic,
physiological, and biochemical differences between C57BL/6 and several mouse strains
including the CD-1 mouse strain (Krisle and Ershler, 1988; Miller and O’Callaghan, 1996;
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Beckmann, 2000; MacDonald, 2002; Banno et al., 2004; Chan et al., 2004; Zwemer et al.,
2006; Chalothorn et al., 2007) and the widespread use of the C57BL/6 strain in the generation
of transgenic and knockout mice prompted us to compare the hypoxic responses of the C57BL/
6 strain with those of the CD-1 mouse strain. As described in Materials and Methods, although
CD-1 P3 pups were found to survive a 30-day exposure to hypoxia (at 9.5% O,), C57BL/6
pups expire at day 13 under similar conditions.

CD-1 and C57BL/6 mice exhibit differential hepatic extramedullary
hematopoiesis in response to chronic hypoxia—Since induction of hepatic
extramedullary hematopoiesis (EMH) is a known response to hypoxia, we assessed strain
responsiveness using this parameter. Whereas CD-1 and C57BL/6 P11 pups exhibit similar
modest levels of hepatic extramedullary hematopoiesis (EMH) under normoxic conditions
(clusters of deep-blue-staining cells) when placed in a hypoxia chamber for 8 days (P3-P11)
at 9.5% O,, the CD-1 pups exhibited a 3.4-fold induction in hepatic EMH in contrast to no
appreciable induction in the C57BL/6 pup livers (Fig. 1A-I1). This difference in hematological
precursor responsiveness to hypoxia prompted us to examine the neural progenitor cell (NPC)
responsiveness to hypoxia in these two mouse strains.

CD-1 and C57BL/6 mice exhibit differential SVZ NPC proliferation—P11 pups,
reared under either normoxic conditions from PO to P11 or hypoxic conditions from P3 to P11
were injected with BrdU and perfusion fixed. Immunohistochemical analysis revealed that
CD-1 pups exhibited increased SVZ proliferation of nestin-positive cells (determined by
dividing the number of nestin-positive and BrdU-positive double-labeled cells by the total
number of nestin-positive cells) compared with C57BL/6 P11 pups under normoxic conditions
(30.2% vs. 20.6% respectively). Additionally, although somewhat blunted compared with
normoxic conditions, CD-1 pups also exhibited substantially increased proliferation compared
with C57BL/6 P11 pups under hypoxic conditions (21.2% vs. 8.2% respectively; Fig. 2A-E),
consistent with CD-1 pups being less sensitive to hypoxia. Representative low-power
micrographs illustrating the areas of the SVZ that were quantitated are shown in Supplemental
Figure 1.

CD-1 and C57BL/6 mice exhibit differential SVZ NPC apoptosis—
Immunohistochemical analysis of similarly treated pups stained with antinestin and anticleaved
caspase 3 to assess apoptosis revealed that CD-1 and C57BL/6 pups exhibited similar low
levels of apoptosis (determined by dividing the number of nestin-positive and CC3-positive
double-labeled cells by the total number of nestin-positive cells) under normoxic conditions
(2.8% vs. 6.7% respectively). However, under hypoxic conditions, the CD-1 pups exhibited
reduced apoptosis compared with C57BL/6 P3 pups (14.7% vs. 30.0% respectively; Fig. 2A—

).

CD-1 and C57BL/6 mice exhibit differential SVZ microvascular densities—
Staining with anti-PECAM-1 to assess vascular density revealed that CD-1 pups exhibited
higher microvascular densities (40.6% increase) in their S\VZ areas compared with C57BL/6
P3 pups. Under hypoxic conditions from P3 to P11, anti-PECAM-1 staining revealed that CD-1
pups also exhibited higher microvascular densities (35.5% increase) in their SVZ areas
compared with C57BL/6 P3 pups. However, both C57BL/6 and CD-1 pups exhibited decreased
vascular densities (49.4% and 50.6% respectively) when exposed to hypoxic conditions from
P3 to P11 compared with normoxic conditions (Fig. 3A-E).

CD-1 and C57BL/6 mice exhibit differential expression of HIF1a, BDNF, TrkB,

fraction of phospho-TrkB, VEGF-Ag5, Nrp-1, CXCR4, and SDF-1—In light of the
differences in animal survivability as well as hepatic extramedullary hematopoietic precursor
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induction and proliferative and apoptotic profiles of SVZ NPCs of these two mouse strains in
response to chronic hypoxic insult, we determined the HIF1a protein levels in their brain
lysates. HIF-1a, a subunit of HIF1 (composed of HIF-1a and HIF-1b subunits) is a basic-helix-
loop-helix transcription factor that activates the transcription of erythropoietin, glucose
transporters, glycolytic enzymes, VEGF, and other genes whose protein products are involved
in the adaptation to hypoxia (Semenza, 1999, 2000). As illustrated in Figure 4A, CD1 pup
brains exhibited significantly higher levels of HIF1o compared with C57BL/6 pups under
normoxic conditions. Although both strains were noted to exhibit a nonstatistically significant
trend of decreased HIF-1a expression following hypoxic insult (possibly resulting from
increased apoptosis; Fig. 2F-J), the C57BL/6 pup brains exhibited decreased levels of
HIF1a under hypoxic conditions compared with CD-1 pups.

In addition, the levels of several other proteins known to be modulated by HIF-1a including
VEGF, SDF-1, BDNF and their cognate receptors (neuropilin-1 [Nrp-1], CXCR4, and TrkB)
were assessed. As determined by Western blotting, BDNF levels in CD-1 brain lysates were
increased compared with C57BL/6 pups in hypoxic conditions (Fig. 4B), which is consistent
with BDNF being upstream of HIF 1o (Nakamura et al., 2006) in that BDNF is known to induce
HIFL1a, which in turn induces VEGF expression, which has been shown to induce BDNF,
completing this activation loop. Although levels of TrkB (the cognate receptor for BDNF) in
brain lysates from both strains were similar under normoxic and hypoxic conditions (Fig. 4C),
the fraction of phsophorylated (activated) TrkB, determined by immunoprecipitation followed
by Western blotting for phosphotyrosine (PY), was increased in CD-1 lysates under hypoxic
conditions (Fig. 4D).

We also determined that VEGF-A4g5 levels, assayed by ELISA, in CD-1 brain lysates were
increased compared with C57BL/6 pups under hypoxic conditions compared with their
normoxic controls, which is consistent with VEGF being downstream of HIF1o. (Nordal et al.,
2004; Jensen et al., 2006; Fig. 4E).

Levels of Nrp-1, a protein that regulates signal transduction by the tyrosine kinase receptors
of VEGF through formation of complexes with these receptors (Neufeld et al., 2002), were
measured by Western blot. Although we found that levels in C57BL/6 and CD-1 brain lysates
were similar under normoxic conditions, after hypoxic treatment Nrp-1 levels in C57BL/6
lysates were markedly decreased, whereas levels in CD-1 lysates were elevated (Fig. 4F)
consistent with enhanced VEGF signaling in CD-1 NPCs.

With Western blotting, we also found that expression of CXCR4, the cognate receptor for
SDF-1, was significantly increased in CD-1 brain lysates following hypoxic insult, whereas
C57BL/6 lysate levels remained unchanged (Fig. 4G). In light of our finding of differential
CXCR4 expression levels, we determined SDF-1 levels in the brain lysates. As illustrated in
Figure 4H, under normoxic conditions, CD-1 SDF-1 brain lysate levels, assayed by Western
blotting, were found to be higher than levels found in C57BL/6 brain lysates. The same was
found under hypoxic conditions, with higher SDF-1 levels found in CD-1 lysates.

In Vitro Studies

To assess potential differences in NPC populations suggested in the above-described brain
tissue morphological/immunohistochemical studies (Figs. 2, 3), we isolated, cultured, and
analyzed the proliferative and apoptotic behaviors and the expression levels of the same
selected ligands and receptors in paired CD-1 and C57BL/6 NPC cultures under normoxic and
hypoxic conditions.

NPCs harvested from CD-1 and C57BL/6 P1 pups exhibit differential proliferative
and apoptotic behaviors under normoxic and hypoxic conditions—Percentage
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increases in cell numbers of paired NPCs harvested from P1 C57BL/6 and CD-1 pups were
assessed under normoxic conditions by using cell counting (Fig. 5A), BrdU incorporation (Fig.
5B,C), and primary neurosphere counting (Fig. 5D,E) techniques (Yang and Levison, 2006).
As illustrated in Figure 5A-E, CD-1 NPCs exhibited significantly greater increases in cell
numbers compared with C57BL/6 NPCs in all assays. In addition, when secondary (s°)
neurosphere cultures were similarly assessed (Fig. 5F), CD-1 2° neurospheres were observed
to be increased in number and to be larger than C57BL/6 2° neurospheres, consistent with a
greater proliferative rate and/or a decreased apoptotic rate (Fig. 5G) as noted in the SVZ
immunohistochemistry data (Figs. 2, 3). Specifically, Figure 5G illustrates a 54% reduction in
C57BL/6 2° neurosphere number under hypoxic culture conditions compared with normoxic
cultures, whereas CD-1 neurosphere number is only modestly affected (8% decrease)
compared with normoxic cultures under identical conditions. Western blots of C57BL/6 and
CD-1 NPC lysates revealed increased levels of CC3 in C57BL/6 NPCs cultured under hypoxic
conditions compared with normoxic cultures, whereas hypoxic CD-1 NPCs exhibited a modest,
nonstatistically significant increase (Fig. 5G) compared with normoxic cultures.

CD-1 and C57BL/6 NPCs exhibit differential protein expression of HIF1a, PHD2,
VEGF-A1g5, Nrp-1, BDNF, CXCR4, and SDF-1—Although NPCs harvested from P1
C57BL/6 and CD-1 pups exhibited similar levels of HIF1a expression under normoxic
conditions, CD-1 NPCs were found to exhibit an increased expression level of HIF1o under
hypoxic culture conditions (Fig. 6A), consistent with CD-1’s increased survival and
proliferation under hypoxic conditions in vivo as demonstrated above. Consistent with the
increase in HIF1a expression levels in CD-1 NPCs cultured under hypoxic conditions,
expression levels of PHD2, the enzyme known to mediate proline hydroxylation of HIF1a,
targeting it to the proteosome for degradation (Jaakkola et al., 2001), were found to be
decreased in CD-1 NPCs cultured under hypoxic conditions (Fig. 6B).

VEGF ELISA quantitative analysis of C57BL/6 and CD-1 NPC medium and lysates revealed
that C57BL/6 NPCs expressed lower levels of VEGF-A g5 compared with CD-1 NPCs, and,
although NPCs from both strains exhibited induction of VEGF-A165 when cultured under
hypoxic conditions, the CD-1 NPCs exhibited greater VEGF induction compared with C57BL/
6 NPCs (Fig. 6C,D). Examination of neuropilin-1 levels in NPC lysates revealed increased
levels in CD-1 lysates harvested under normoxic conditions. Under hypoxic conditions, CD-1
lysates exhibited an induction of Nrp-1, whereas the C57BL/6 NPCs exhibited no appreciable
induction (Fig. 6E).

BDNF Western blot analysis of C57BL/6 and CD-1 NPC lysates revealed that C57BL/6 NPCs
expressed lower levels of BDNF compared with CD-1 NPCs. However, unlike our findings
for VEGF, neither strain’s NPCs exhibited induction of BDNF when cultured under hypoxic
conditions (Fig. 6F).

In light of the known roles of SDF-1 as a modulator of NPC behaviors (Imitola et al., 2004;
Gong et al., 2006), CXCR4 expression was assessed. Western blot analysis of C57BL/6 and
CD-1 NPC lysates revealed that C57BL/6 NPCs expressed lower levels of CXCR4 compared
with CD-1 NPCs under normoxic conditions, and, although CD-1-derived NPCs exhibited
induction of CXCR4 when cultured under hypoxic conditions, the C57BL/6-derived NPCs
exhibited no appreciable CXCR4 induction (Fig. 6G). Our finding of differential NPC CXCR4
expression levels prompted us to determine SDF-1 levels in CD-1 and C57BL/6 NPCs. As
illustrated in Figure 6H, under normoxic conditions, CD-1 SDF-1 NPC lysate levels were found
to be higher than levels found in C57BL/6 NPC lysates. The same was found under hypoxic
conditions, with higher SDF-1 levels found in CD-1 NPC lysates.
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Addition of exogenous SDF-1 and VEGF enhances C57BL/6 NPC proliferation
rates to CD-1 levels and abrogates the effects of hypoxia on C57BL/6 NPC
proliferation—In light of their importance in NPC survival, proliferation, homing, and
differentiation, we determined the relative effects of exogenous SDF-1 and VEGF on normoxic
and hypoxic C57BL/6 and CD-1 NPC 2° neurosphere culture proliferation. C57BL/6
neurosphere proliferation under both normoxic (Fig. 7A,D) and hypoxic (Fig. 7B,E) culture
conditions is increased in the presence of SDF-1 and VEGF, bringing the C57BL/6 2°
neurosphere proliferative rates up to or near the CD-1 2° neurosphere proliferation rate.
Exogenous SDF-1 and VEGF treatments (5 ng) also abrogate the effects of hypoxia, enhancing
NPC 2° neurosphere proliferation to levels observed under normoxic conditions (Fig. 7B,E).
These data were confirmed using the Cyquant Cell Proliferation Assay Kit (Fig. 7H,1).
Additionally, addition of anti-SDF-1 or sFlt-1 to CD-1 NPC cultures reduced CD-1 NPC
proliferation to that of C57BL/6 NPCs (Fig. 7C,F).

In contrast, unlike SDF-1 and VEGF, exogenous BDNF elicited a loss of NPC neurosphere
formation and instead elicited an adherent phenotype, with the NPCs taking on spindled,
elongated shapes and forming linear aggregates on the culture dishes (Fig. 7G, panels 4, 8, 12,
16). Immunostaining of the cultures revealed that, whereas exogenous SDF-1 and VEGF
resulted in persistence of NPC neurosphere expression of nestin, with only modest glial
fibrillary acidic protein (GFAP) expression and essentially no detectable neurofilament or
BlI-tubulin staining (Fig. 7G, panels 1-12), exogenous BDNF resulted in adherent NPC robust
expression of neurofilament, GFAP, and Bl11-tubulin (not shown), consistent with the induction
of radial glia/neuronal differentiation (Fig. 7G, panels 13-20). However, concurrent with the
observed increased adhesion and radial glial differentiation, the NPCs exposed to exogenous
BDNF also exhibited an increased proliferation, again bringing the C57BL/6 2° NPC
proliferative rates up to or near the CD-1 2° NPC proliferation rate, similar to SDF-1 and VEGF
treatments (Fig. 7H-J). Additionally, similarly to the effects of anti-SDF-1 and sFlt-1 (Fig.
7C,F), addition of sTrkB also reduced CD-1 NPC proliferation to that of C57BL/6 NPCs (Fig.
7K).

CD-1 and C57BL/6 NPCs exhibit differential expression of NO, and NO is a
modulator of an HIF-1a/PHD2 autoregulatory loop—NO is a known autocrine and
paracrine modulator of neuronal behaviors and has been shown to stabilize HIF-1a via direct
S-nitrosylation and indirectly by inhibiting proyl hydroxylases (Martinez-Ruiz and Lamas,
2004; Lietal., 2007; Ozturk et al., 2007). In both normoxic (20%) and 10% O, environments,
C57BL/6 NPCs exhibit minimal NO expression (Fig. 8A,B), whereas CD-1 NPCs exhibit a
robust NO expression, which is not appreciably different in either the normoxic or hypoxic
environments studied (Fig. 8C,D). Quantitation of eNOS protein levels revealed that both
C57BL/6 and CD-1 eNOS levels were not induced under hypoxic conditions; however, CD-1
NPCs expressed 2-fold more eNOS compared with C57BL/6 NPCs under both conditions (Fig.
8E; 2.19-fold increase, P < 0.02). Determination of NPC proliferation in C57BL/6 NPC
neurospheres using proliferating cell nuclear antigen (PCNA) expression levels in the absence
and presence of NOC-18, a slow-release NO donor, revealed a 2-fold increase in proliferation,
whereas treatment of CD-1 NPC neurospheres with C-PT10, an NO scavenger, revealed a 2.5-
fold decrease in proliferation (Fig. 8F). Examination of HIF-1a levels in C57BL/6 NPC
neurospheres in the absence and presence of NOC-18 revealed a 3-fold increase in HIF-1a. in
the presence of NOC-18, bringing the HIF-1a level up to that observed in CD-1 NPC
neurosphere cultures; whereas treatment of CD-1 NPC neurospheres with C-PTI0O reduced
HIF-1a levels to those of C57BL/6 NPCs (Fig. 8G). Additionally, C-PTIO treatment of CD-1
NPCs resulted in a 2.3-fold increase in prolyl hydroxylase domain 2 (Fig. 8H). These findings
are consistent with our findings of increased HIF-1a expression and a trend toward lower PHD2
levels in CD-1 brain lysates and NPCs (Figs. 4A, 6A,B) and are consistent with findings
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recently published by Berchner-Pfannschmidt et al. (2007), who have demonstrated NO
modulation of an HIF-1a/PHD2 autoregulatory loop.

DISCUSSION

In our murine model of chronic sublethal hypoxia (Fagel et al., 2005), we observed that, in
contrast to the near 100% survival of CD-1 pups for up to a 30-day exposure, C57BL/6 pups
succumbed at day 13, after 10 days of hypoxia. To elucidate the underlying differences in these
two mouse strains, we undertook an in vivo approach of shortening the hypoxic period to 8
days (P3-P11), which resulted in survival of both strains, allowing us to explore potential
differences underlying the differing susceptibilities of these two strains to hypoxia.

In initial studies, we examined the induction of extramedullary hematopoiesis (EMH), a well-
studied response to hypoxia. Although no differences between C57BL/6 and CD-1 P11 pups
were observed under normoxic conditions, the CD-1 pups exhibited a 3.4-fold induction in
EMH following exposure to hypoxic (9.5% O,) conditions, whereas similarly treated C57BL/
6 pups exhibited no appreciable induction. These findings led us to hypothesize that other stem/
progenitor cell populations may exhibit similar behavioral differences and encouraged us to
investigate potential differences in the NPC populations of these two strains. Our in vivo and
in vitro data revealed a higher baseline proliferation of SVZ NPCs of CD-1 mouse pups
compared with those of C57BL/6 pups, indicating that CD-1 NPC self-renewal ability is
appreciably greater than that observed in C57BL/6 NPCs. In contrast, the apoptosis level of
C57BL/6 SVZ NPCs was found to be significantly increased compared with that of CD-1 pups.
Interestingly, SVZ microvascular density in CD-1 brains was greater than that determined in
matched C57BL/6 brains, consistent with the concept of neurovascular coupling (Wurmser et
al., 2004). These results are consistent with the concept that C57BL/6 pups may be more
sensitive to the hypoxic conditions employed in our in vivo studies and may mimic the more
profound effects of chronic hypoxia experienced by a number of very-low-birth-weight
premature infants, resulting in significant neurodevelopmental handicaps and a variable
recovery (Hack et al., 2002; Tyson and Saigal, 2005).

To elucidate the mechanisms underlying these differences in NPC behavior, protein expression
of several factors and receptors known to be modulated by hypoxia and associated with cell
survival and/or proliferation were assessed in both brain lysates and cultured NPCs derived
from these two mouse strains (Tomita et al., 2003; Kim et al., 2004; Tang et al., 2004;
Brusselmans et al., 2005; Miller et al., 2005; Luo et al., 2006; Nakamura et al., 2006).
Interestingly, significant differences in HIF1a, BDNF, VEGF, SDF-1, Nrp-1, and CXCR4
expression and TrkB activation were observed upon examination of brain lysates. In general,
the levels of both the factors and the receptors analyzed were higher in CD-1 brain tissue lysates
compared with the C57BL/6 lysates.

To identify expression differences in C57BL/6 and CD-1 NPC populations, we analyzed cell
lysates harvested from similarly prepared and treated C57BL/6 and CD-1 NPC cultures (Li et
al., 2006). When analyzed in proliferation, apoptosis, and protein expression level assays, the
NPCs isolated from these two mouse strains essentially mirrored the results obtained from our
immunohistochemistry and brain tissue lysate analyses. In agreement with our
immunohistochemistry analyses of proliferation and apoptosis of P11 brains, NPCs derived
from CD-1 pups exhibited increased proliferation and decreased apoptosis compared with
C57BL/6 NPCs. Interestingly, significant differences in HIF1a, BDNF, VEGF, SDF-1, Npl-1,
and CXCR4 expression were observed upon examination of NPC lysates and media fractions
similar to the differences observed in the brain lysate analyses. In general, the levels of both
the factors and the receptors analyzed were higher in CD-1 brain tissue lysates when assayed
under normoxic conditions (VEGF, Npl-1, CXCR4, SDF-1) and/or induced to greater extents
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when assayed under hypoxic conditions (VEGF, SDF-1) with the exception of PHD2, which
was found to be lower in CD-1 NPC lysates (which is consistent with the increased levels of
HIF1a observed in the CD-1 NPCs). Similar differences in the expression levels of these factors
and receptors were observed in the analyses of the CD-1 and C57BL/6 normoxic and hypoxic
NPC cultures.

The functional significance of the expression levels of these factors is illustrated in Figure 7,
in which low nanogram levels of exogenously added rSDF-1 and rVEGF, in addition to
maintaining neurosphere formations, increased the proliferative rate of C57BL/6 NPCs under
normoxic conditions to that of CD-1 NPCs and were observed to rescue the reduced
proliferative rates observed in hypoxic conditions in C57BL/6 NPCs. In contrast exogenous
rBDNF was noted to evoke neuronal adhesion, l11-tubulin, and GFAP expression (consistent
with radial glia differentiation of the NPCs), eliciting loss of neurosphere formation and a
change in phenotype of the NPCs, albeit while stimulating NPC proliferation.

Figure 9 illustrates our current working model, in which these selected ligands and their
receptors were found to be up-regulated in CD-1 brain tissue and isolated NPCs when assessed
under normoxic and/or hypoxic conditions compared with C57BL/6 brain tissue and NPC cells.
Thus, the differences in animal survival, hematopoietic stem cell, and neural progenitor cell
proliferative, survival, and differentiation behaviors observed in these two mouse strains may,
in part, be explained by differences in HIF-1o-modulated signaling pathways mediated by
VEGF, SDF-1, and BDNF, all of which are known to exhibit modulation by HIF-1c (Sandau
etal., 2001;Ceradini etal., 2004;Nakamura et al., 2006;Zagzag, 2006;L.i et al., 2007;Sumbayev
and Yasinska, 2007). Furthermore, the differential expression of eNOS and NO by C57BL/6
and CD-1 NPCs (Fig. 8) provides a potential explanation for the differential responsiveness to
hypoxia of these two mouse strains via an HIF-1a/PHD?2 autoregulatory loop (Berchner-
Pfannschmidt et al., 2007;Brune and Zhou, 2007;L.i et al., 2007). These data are consistent with
recent clinical data demonstrating that premature infants treated with inhaled NO exhibited
reduced risk of brain injury (Kinsella et al., 2006) and had improved neurodevelopmental
outcomes at 2 years of age (Mestan et al., 2005). Additionally, these strain differences may
provide insights needed to develop a better understanding of NPC behavior during the variable
repair/recovery observed following chronic hypoxic injury in the very-low-birth-weight
premature newborn population, as well as in adult populations following stroke and during
neurode-generation (Chouthai et al., 2003). Investigations utilizing these mouse strains and
cells derived from them may also allow the development of rational therapeutic modalities that
might beneficially affect recovery in these at-risk populations (Wang et al., 2004;Kinsella et
al., 2006).
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Fig. 1.

C57BL/6 mice exhibit a blunted induction of extramedullary hematopoiesis in response to
hypoxia compared with CD-1 mice. Although CD-1 and C57BL/6 P11 mouse exhibit similar
levels of hepatic extramedullary hematopoiesis (EMH), identified as the clusters of deep-blue-
staining cells randomly distributed in the hepatic sinusoids (A-D), after a chronic hypoxic
insult (9.5% O,) the C57BL/6 pups exhibit essentially no induction of hepatic EMH, whereas
the CD-1 pups exhibit a 3.4-fold induction in hepatic EMH (E-I; vertical bars represent
standard deviations; n = 6).

J Neurosci Res. Author manuscript; available in PMC 2009 February 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

% Nestin+/BrdU+ cells

lls

o

Nestin + ¢

35

30 -
25
20
15;
104
5

Page 16

p=0.0001 p = 0.0001

N W
o O
T |

[S—

N
4

'y

Nestin + cells
o o o

—T

,_
—
% Nestin+/CC3+ cells

1

p = 0.0001

0_

o

NX HX NX HX NX HX NX

HX

C57 Mice CD-1 Mice J C57 Mice CD-1 Mice

Fig. 2.

P11 C57BL/6 SVZ NPCs exhibit decreased baseline normoxic and hypoxic proliferative
responses compared with CD-1 pups (A-E). Immunohistochemical staining of P11 C57BL/6
and CD-1 brains illustrating differential proliferating NPCs in the SVZ (BrdU staining, red
fluorescence; nestin, green fluorescence). A: C57BL/6 in normoxia = C57 NX. B: C57BL/6
in hypoxia = C-57 HX. C: CD-1 in normoxia = CD1 NX. D: CD-1 in hypoxia = CD1 HX.
E: Quantitation of the percentages of nestin-positive cells that are also BrdU positive (vertical
bars represent standard deviations; n = 6). P11 C57BL/6 SVZ NPCs exhibit increased baseline
normoxic and hypoxic apoptosis compared with CD-1 pups (F-J). Immunohistochemical
staining of P11 C57BL/6 and CD-1 brains illustrating differential apoptosis of NPCs in the
SVZ (cleaved caspase 3 staining, red fluorescence; nestin, green fluorescence). F: C57BL/6
in normoxia = C57 NX. G: C57BL/6 in hypoxia = C-57 HX. H: CD-1 in normoxia = CD1
NX. I: CD-1 in hypoxia = CD1 HX. J: Quantitation of the percentages of nestin-positive cells
that are also cleaved caspase 3 (CC3) positive (vertical bars represent standard deviations; n =
6).
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Fig. 3.

CD-1 mice exhibit increased SVZ microvascular densities. Immunohistochemical staining of
representative normoxic and hypoxic P11 C57BL/6 and CD-1 brains with anti-PECAM-1,
illustrating increased CD-1 vascular density in SVZ areas under both normoxic and hypoxic
conditions. Quantitation of vascular densities was expressed as relative aggregate tube lengths
in pixels. A: Normoxic (Nx) C57BL/6 SVZ. B: Hypoxic (HX) C57BL/6 SVZ. C: Normoxic
(Nx) CD-1 SVZ. D: Hypoxic (HX) CD-1 SVZ. E: Quantitation of vessels densities in the two
mouse strains under normoxic and hypoxic conditions (n = 6).
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Fig. 4.

P11 C57BL/6 brain homogenates exhibit distinct normoxic and hypoxic selected transcription
factor, growth factor, and receptor protein expression levels compared with CD-1 pups.
Western blot (A—C,E-H) and ELISA (D) analyses of expression levels of HIF1a (A), BDNF
(B), TrkB (C), p-TrkB (D), VEGF (E), Nrp-1 (F), CXCR4 (G), and SDF-1 (H) in C57BL/6
(open boxes) and CD-1 (shaded boxes) brain homogenates under normoxic (NX) and hypoxic
(HX) conditions (vertical bars represent standard deviations; n = 3).
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Fig. 5.

Primary cultured C57BL/6 neurospheres exhibit reduced proliferation and increased apoptosis
compared with similarly cultured CD-1 neurospheres. A: Cell counting revealed increased
numbers of CD-1 NPCs (1.00 x 10° at day 0 to 2.49 x 10° + 7.9 x 10% at day 3) compared with
similarly cultured C57BL/6 NPCs (1.00 x 10° at day 0 to 1.46 x 10° + 3.2 x 104 at day 3).
B: This was confirmed by using BrdU incorporation and staining. C: Representative CD-1 and
C57BL/6 neurospheres illustrating BrdU incorporation (green fluorescence). D: Counting the
numbers of primary neurospheres also illustrated the increased proliferative rate of CD-1 NPCs
compared with C57BL/6 NPCs. E,F: Representative CD-1 and C57BL/6 primary (1° NS) and
secondary (2° NS) neurosphere cultures illustrating the differences in proliferation. G:
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Counting the numbers of secondary neurospheres illustrated the increased proliferative rate of
CD-1 NPCs (shaded boxes) compared with C57BL/6 NPCs (open boxes) under normoxic and
hypoxic conditions. Comparisons of the normoxic and hypoxic 2° neurosphere counts revealed
a greater than 50% decrease in numbers of C57BL/6 neurospheres cultured under hypoxic
conditions compared with normoxic cultures, only a modest 8% decrease in similarly cultured
CD-1 neurospheres compared with normoxic cultures. H: Cleaved caspase 3 Western blots of
C57BL/6 (open boxes) and CD-1 (shaded boxes) lysates, illustrating increased apoptosis in
C57BL/6 NPCs cultured under hypoxic conditions (vertical bars represent standard deviations;
n=3).
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Fig. 6.

C57BL/6 NPC culture homogenates exhibit distinct normoxic and hypoxic selected
transcription factor, growth factor, and receptor protein expression levels compared with CD-1
NPCs. Western blot (A,B,E-H) and ELISA (C,D) analyses of expression levels of HIF1a
(A), PHD2 (B), VEGF (C,D), Nrp-1 (E), BDNF (F) CXCR4 (G), and SDF-1 (H) in C57BL/
6 (open boxes) and CD-1 (shaded boxes) NPC homogenates under normoxic (NX) and hypoxic
(HX) conditions (vertical bars represent standard deviations; n = 3).
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SDF-1 and VEGF enhance C57BL/6 secondary neurosphere proliferation, whereas BDNF
enhances NPC adhesion and GFAP expression as well as proliferation. SDF-1 and VEGF
treatment of C57BL/6 2° neurosphere cultures elicits increased proliferation under normoxic
conditions to levels approximating CD-1 proliferation levels (A,D). Additionally, SDF-1 (B)
and VEGF (E) treatment of hypoxic C57BL/6 2° neurosphere cultures elicits increased
proliferation to levels approximating C57BL/6 normoxic proliferation levels. Furthermore,
addition of anti-SDF-1 or sFlt-1 reduces CD-1 NPC proliferation to C57BL/6 NPC levels
(C,F). Incontrastto SDF-1 and VEGF treatments, BDNF treatment of C57BL/6 2° neurosphere
cultures elicits increased differentiation as evidenced by increased neurofilament and GFAP
expression and an adherent, spindle-shaped morphology compared with SDF-1- and VEGF-
treated cultures (G, panels 1-20), while still inducing increased proliferation similar to that of
SDF-1 and VEGF treatments (H-J). Addition of sTrkB reduced CD-1 NPC proliferation to
that of C57BL/6 NPCs (K; vertical bars represent standard deviations; n = 3).
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Primary cultured C57BL/6 neurospheres exhibit reduced NO expression compared with
similarly cultured CD-1 neurospheres. Representative fluorescence micrographs of DAF-FM
labeled normoxic (A) and hypoxic (B) C57BL/6 neurospheres and normoxic (C) and hypoxic
(D) CD-1 neurospheres that had been cultured for 6 days. E: Western blot analysis of
expression levels of eNOS in C57 and CD-1 NPC neurosphere cultures under normoxic and
hypoxic conditions. Western blot analysis of expression levels of PCNA (F) and HIF-1a (G)
in C57 NPC neurospheres in the absence (Cont) and presence of NOC-18 and CD-1 NPC
neurosphere in the absence (Cont) and presence of C-PTIO. H: Western blot analysis of
expression levels of PHD2 in C57 NPC neurospheres in the absence (Cont) and presence of
NOC-18 and CD-1 NPC neurosphere in the absence (Cont) and presence of C-PTIO (vertical

bars represent standard deviations; n = 3).
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Fig. 9.
Working model of the signaling pathway components that are differentially regulated in

C57BL/6 and CD-1 pup brain tissues and cultured NPCs under normoxic and hypoxic
conditions.
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