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Premature infants have chronic hypoxia, resulting in
cognitive and motor neurodevelopmental handicaps
caused by suboptimal neural stem cell (NSC) repair/
recovery in neurogenic zones (including the subven-
tricular and the subgranular zones). Understanding
the variable central nervous system repair response is
crucial to identifying “at risk” infants and to increas-
ing survival and clinical improvement of affected in-
fants. Using mouse strains found to span the range of
responsiveness to chronic hypoxia, we correlated dif-
ferential NSC survival and self-renewal with differ-
ences in behavior. We found that C57BL/6 (C57) pups
displayed increased hyperactivity after hypoxic in-
sult; CD-1 NSCs exhibited increased hypoxia-induced
factor 1� (HIF-1�) mRNA and protein, increased HIF-
1� , and decreased prolyl hydroxylase domain 2 in
nuclear fractions, which denotes increased transcrip-
tion/translation and decreased degradation of HIF-1�.
C57 NSCs exhibited blunted stromal-derived factor
1-induced migratory responsiveness, decreased ma-
trix metalloproteinase-9 activity, and increased neu-
ronal differentiation. Adult C57 mice exposed to hyp-
oxia from P3 to P11 exhibited learning impairment
and increased anxiety. These findings support the
concept that behavioral differences between C57 and
CD-1 mice are a consequence of differential respon-
siveness to hypoxic insult, leading to differences in
HIF-1� signaling and resulting in lower NSC prolifer-
ative/migratory and higher apoptosis rates in C57
mice. Information gained from these studies will aid
in design and effective use of preventive therapies in
the very low birth weight infant population. (Am J
Pathol 2009, 175:2133–2145; DOI: 10.2353/ajpath.2009.090354)

Preterm birth is known to result in cognitive and motor
disabilities and recent evidence suggests that there can
be significant recovery over time in some patients.1–7

More than 1% of all live infants in the United States weigh
less than 1000 g, and the survival rate for this population
ranges from 60 to 85%.8 The individuals that do survive
exhibit a high rate of neonatal morbidities and are fre-
quently severely compromised.9,10 Many of these very
low birth weight infants experience cerebral hypoxemia
resulting from apnea and respiratory distress syndrome.
Behavioral studies of this cohort have documented that
approximately one quarter are functioning in the mentally
retarded or borderline ranges at school age, 10% have
cerebral palsy, and one half of these neonates need
special assistance in school. The effects of hypoxia in the
perinatal period include altered neuronal differentiation
and synaptogenesis. The loss of neurons, glia, and their
progenitor cells are thought to be the consequences of
altered neuronal differentiation and synaptogenesis.11 In-
terestingly, significant improvement in academic func-
tioning over time in this population has been reported.1

Although encouraging, this cognitive improvement is
variable, and the repair/recovery mechanisms involved
are not yet understood.

The variable recovery observed in the very low birth
weight infant population may be a result of the respon-
siveness of neurogenic zones (neurovascular niches) in
the brain, namely the subventricular zone and the sub-
granular zone, due to a range of responsiveness to the
chronic hypoxic insult of hypoxia- induced factor 1� (HIF-
1�) induction and its downstream signaling cascades.
Consistent with this notion, investigators, using a murine
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model mimicking the chronic hypoxia associated with
premature birth, have demonstrated twice as many
5-bromo-2�-deoxyuridine-labeled cells expressing neuro-
nal markers in the neocortex in mice recovering from
hypoxia compared with normoxic-reared controls.12 In
addition, in both hypoxic-reared infant/juvenile mice, neu-
roblasts were noted detaching from the forebrain subven-
tricular zone, migrating through the subcortical white
matter, and entering the lower cortical layers several
days after their last mitotic division.12 These data suggest
that neurogenesis probably plays a role in neuronal re-
covery after neonatal hypoxic injury. Observations made
on adult mice demonstrating cortical, striatal, and hip-
pocampal neurogenesis after a variety of injuries and
responses to several treatment modalities are also con-
sistent with this concept.13 Thus, whereas neurogenesis
after a hypoxic insult in the very low birth weight newborn
may explain the cognitive improvement noted over
time,12 the variability of the improvement requires a better
understanding of the mechanisms involved in modulating
neurogenesis occurring in the subventricular zone (SVZ)
before the development of treatment modalities geared to
providing a greater and more complete recovery.

Our studies described here reveal that CD-1 NSC self-
renewal ability is appreciably greater than that observed
in C57BL/6 (C57) NSCs and that this may explain the
differences in behavior observed in these two strains
after exposure to hypoxia. Our previous findings docu-
mented significant differences in HIF-1�, brain-derived
neurotrophic factor (BDNF), vascular endothelial growth
factor (VEGF), stromal-derived factor 1 (SDF-1), neuropi-
lin-1, and SDF-1 receptor CXCR4 protein expression in
brain tissues and NSC lysates of these two strains. The
current studies showed that CD-1 NSCs exhibit in-
creased HIF-1� mRNA and protein levels and increased
HIF-1� and decreased prolyl hydroxylase domain 2
(PHD2) proteins in their nuclear fractions compared with
C57 NSCs. These data are consistent with increased
levels of transcription and translation and decreased
degradation of HIF-1� in the CD-1 NSCs. We also found
that, compared with CD-1 NSCs, C57 NSCs exhibit
blunted migratory responsiveness to SDF-1, decreased
induction of matrix metalloproteinase (MMP)-9 and in-
creased neuronal differentiation after migratory stimuli.
Last, we demonstrated significant differences in SVZ vas-
cular density, NSC proliferation, and selected behaviors
in adult C57 mice compared with those in CD-1 adult
mice after 8 days of hypoxic insult (10% O2) at postnatal
day (P) 3 to P11. This is consistent with our hypothesis
that the behavioral data exhibited by the C57 pups is a
consequence of their lower NSC proliferative and migra-
tory rates and higher susceptibility to undergo apoptosis
in response to a reduction in O2% because of their rela-
tively blunted HIF-1� response compared with that of
CD-1 mice. The information gained from these and future
studies will aid in the rational design and effective use of
novel preventive therapies (directed at specific receptors
and signaling pathway components) in the very low weight
infant population.

Materials and Methods

Animal Model of Hypoxia

All animal studies were performed with approval and in
full compliance with the Yale University Animal Care com-
mittee (protocol 2008-07366). CD-1 and C57BL/6 (C57)
male and female breeders were obtained from Charles
River Laboratories (Wilmington, MA) or laboratory stock
derived from Charles River Laboratories breeders.14 At
P3 (approximates a 23-week gestational age in hu-
mans),15,16 cohorts of mothers and pups were subjected
to hypoxic (10% O2) treatment; control mice remained
under normoxic conditions as described.12 Pups used for
tissue analyses of SVZ NSC survival proliferation14 were
sacrificed at P11 (approximates a full-term gestation in
humans).15,16 Mice to be used for behavioral analysis
were exposed in the same manner between P3 and P11
and were then kept under normoxic conditions from P12
until the completion of testing.

Behavioral Testing

All behavioral testing was performed exclusively on
males. We recognize that gender effects on behavior in
rodents have been documented17 and is a potential lim-
itation of our interpretations of this study.

Reflex Activity

The righting and whisker-orienting reflexes and fore-
limb placing were assessed on P12. The righting reflex
was tested by placing the animal on its back and
assessing the time and ability to turn over and right to
all four feet. The whisker-orienting reflex was assessed
by brushing the whiskers with a small brush. Normal
mice stop moving the whiskers when touched and will
orient the head to the side touched. Finally, forelimb
placing was examined by holding the animal by the body
and bringing the hanging forelimbs in contact with the
tabletop and observing the extension of the forelimbs to
the surface of the tabletop.

Open-Field Activity

Spontaneous open-field behavior was evaluated in
mice between P18 and P19. Nineteen normoxic (9 CD-1
and 10 C57) and 23 hypoxic (11 CD-1 and 12 C57) mice
were tested by placing them in a Plexiglas enclosed open
field (25 � 25 � 40 cm) equipped with infrared photo
beams coupled to a computer running TruScan software
(Coulbourn Instruments, Whitehall, PA) to automatically
record movements within the field. Activity was monitored
during a single 28-minute session and measures of total
distance moved (cm/4 minutes), the average velocity of
movements (cm/1 minute), the amount of time without
movement (rest time; seconds/4 minutes), and center
time were recorded. Data were binned into three 4-minute
intervals and were analyzed using a multiple analysis of
variance test with repeated measures.
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Free-Swim Test

At 4 months of age mice were assessed using the
free-swim task. This test assesses behavioral laterality
and cerebral asymmetries and is particularly sensitive to
the organization and integrity of the corpus callosum
linking the two hemispheres.18–20 Mice were tested for 5
minutes in each of three test sessions spaced approxi-
mately 48 hours apart. In each session the mouse was
placed in the center of a tank of water with a depth of 33
cm and measuring 33 cm in diameter. The swimming
activity of the mouse was videotaped and the amount of
movement in the clockwise and counterclockwise direc-
tions, changes in the direction of swimming and the consis-
tency of preferred swimming direction across sessions
was analyzed in 30-degree increments. Each swimming
activity of 30 degrees was scored as a turn in a given
direction (clockwise or counterclockwise).

Morris Water Maze

Mice were assessed using the water maze between 3
and 5 months of age. This test provides an assessment of
learning and memory abilities related to hippocampal
and cortical memory systems.21 Mice were given four
trials per day for 8 consecutive days to find and swim to
a transparent Plexiglas platform hidden just below the
surface of the water within one quadrant of a circular
opaque plastic tub (1.5 m in diameter). A video tracking
system (Coulbourn Instruments) monitored the path and
time to reach the platform for each trial. To assess the
strength of initial learning, a 60-second probe trial was
given on the 9th day during which the hidden platform
was removed. The total path length, % time spent in the
platform (training) quadrant, and the probe preference
score (PPS) were calculated from the video records.
Probe preference reflects the time spent in the training
quadrant (T) relative to time in the other three quadrants
(opposite, right, and left) on the probe trial. The PPS is
equal to [(T � O) � (T � R) � (T � L)]/3.

NSC Isolation and Culture

NSCs were isolated from the brains of P1 C57 and CD-1
pups as described and cultured in NSC medium (Dul-
becco’s modified Eagle’s medium/F12 supplemented
with N-2 [Gibco, Carlsbad, CA], 20 ng/ml of epidermal
growth factor, 10 ng/ml basic fibroblast growth factor, 1%
L-glutamine, 1% penicillin/streptomycin, and Fungizone)
and incubated in 5% CO2 at 37°C.14 Primary cultures
were incubated for 15 to 20 days, at which time neuro-
spheres form. The NSCs were plated at 1 � 104 or 1 �
105 cells/ml and plated into six-well cluster plates and
cultured under either normoxic or hypoxic (5%O2) con-
ditions for 6 days.

Although our in vivo model of murine chronic sublethal
hypoxia mimics the human counterpart, moving to in vitro
models, although valuable and useful for elucidating
mechanisms, should be approached with the knowledge
that any in vitro culture conditions will elicit changes in

cell-cell and cell-matrix interactions and changes in me-
tabolism that can influence any data accrued. Further,
standard tissue culture conditions are usually set at 20%
O2, a hyperoxic environment. Our approach to this con-
cern has been to assess whether the endothelial cells
and NSCs that we use are capable of resetting their
normoxic set point when grown in a range of O2 percent-
ages and exhibit induction of HIF-1� in response to low-
ering O2% values over a range of O2 percentages as has
been recently demonstrated.22 Indeed, we have ob-
served that our NSCs are capable of this and exhibit
induction of HIF-1� when O2% is changed from 20 to
10%, from 10 to 5%, and from 20 to 5% as illustrated in
Figure 1, A–G. When O2% was changed from 5 to 1%
considerable apoptosis was observed (not shown).

In light of these studies illustrating similar HIF-1� in-
ductions (and BDNF [not shown]) as well as graded
effects on proliferation and apoptosis when O2% was
changed from 20 to 10%, 20 to 5%, and from 10 to 5%
and good correlation between our previously published in
vivo and in vitro studies,14 we elected to use a 20 to 5%
reduction in O2% for our in vitro studies. In addition, when
C57 and CD-1 NSC apoptosis (assessed using cleaved
caspase 3) and proliferation (assessed using proliferat-
ing cell nuclear antigen [PCNA]) were investigated at
various O2 levels we observed that C57 NSCs appeared
to be more sensitive to reductions in O2% compared with
CD-1 NSCs, exhibiting increased cleaved caspase 3 and
decreased PCNA expression levels as O2% was reduced
from 20 to 10% and from 10 to 5%.

Endothelial Cell Culture

Immortalized mouse C57 wild-type brain endothelial cells
(BECs) were obtained from Dr. Britta Engelhardt (The
Theodor Kocher Institute, Bern, Switzerland) and cultured
with BEC medium (Dulbecco’s modified Eagle’s medium
and 10% fetal bovine serum, 1% L-glutamine,1% nones-
sential amino acid, 1% sodium pyruvate, 1% HEPES, and
10�5 M �-mercaptoethanol) and incubated in 8% CO2 at
37°C as described previously.23–25

RT-PCR

Total RNA of CD-1 and C57 NSCs was isolated with
TRIzol (Invitrogen, Carlsbad, CA). A real-time quantitative
RT-PCR was performed using the iCycler iQ system (Bio-
Rad Laboratories, Hercules, CA). cDNA was prepared,
starting from 1 �g of total RNA using the iScrypt cDNA
Synthesis Kit according to the manufacturer’s instruc-
tions. PCR reactions for HIF-1� were performed with the
following primer set: sense primer 5�-TGTGAACCCATTC-
CTCATCCGTCA-3� and antisense primer 5�-TCCGGCT-
CATAACCCATCAACTCA-3�. Primers for the internal con-
trol, glyceraldehyde-3-phosphate dehydrogenase were
included in each reaction: sense primer 5�-TCCAGTAT-
GATTCCACCCATGGCA-3� and antisense primer 5�-
ACGTACTCAGTGTCAGCATCACCA-3�. PCR was per-
formed using iQ SYBR Green Supermix (Bio-Rad
Laboratories) in a final volume of 25 �l, starting with a
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3-minute template denaturation step at 95°C followed by 40
cycles of 95°C for 30 seconds and 55°C for 30 seconds.

Immunoblotting

NSCs were homogenized in lysis buffer composed of 50
mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 1% Nonidet
P-40, 10% glycerol, 1 mmol/L sodium orthovanadate, 1
mmol/L phenylmethylsulfonyl fluoride, and protease inhibi-
tor cocktail (Boehringer Mannheim GmbH, Mannheim, Ger-
many). Equal amounts of total protein (20 �g) were run on
10 or 12% SDS-polyacrylamide gels, transferred to polyvi-
nylidene difluoride membranes, and immunoblotted with
antibodies according to the manufacturer’s instructions. An-
tibodies used included rabbit anti-HIF-1� (1:200), anti-
PHD2 (Novus Biologicals, Inc., Littleton, CO), anti-phospho
mammalian target of rapamycin (mTOR), anti-mTOR, anti-
phospho AKT, anti-AKT, anti-phospho P70, anti-P70, anti-
phospho eIF4E, anti-eIF4E, anti-phospho p4E-BP1, and
anti-p4E-BP1 at a dilution of 1:1000 (Cell Signaling Tech-
nology, Danvers, MA); anti-cleaved caspase 3; anti-PCNA;
(Cell Signaling Technology, Danvers, MA) and anti-�-actin
(1:1000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Bound antibodies were detected by using horseradish per-
oxidase-conjugated anti-IgG (Cell Signaling Technology)
and a chemiluminescence detection system as described
previously.25 Quantitation was performed on scanned den-
sitometric images (Agfa Arcus II Scanner with Adobe Pho-
toshop CS, Adobe Systems, Beaverton, OR) using Quantity
One software (Bio-Rad Laboratories). 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.

Immunohistochemistry

Neurospheres were fixed with 4% paraformaldehyde in
PBS, pH 7.2, for 10 minutes. Immunofluorescence stain-
ing was performed with the following antibodies: antibod-

Figure 1. A and B: SVZ BEC and NSC HIF-1� induction by hypoxia in vivo.
Double labeling with anti-CD31 (red fluorescence) and anti-HIF-1� (green
fluorescence) reveals a low baseline HIF-1� expression in SVZ vasculature
and neuropils under normoxia (Nx) (slight orange fluorescence in the vas-
cular compartment and a slight green fluorescence in the neuropil), which is
induced after hypoxia (Hx) (intense orange fluorescence in the vascular
compartment and increased green fluorescence in the neuropil). C and D:
CD-1 NSCs (C) and BECs (D) cultured in 20% O2 and moved to 10% O2

exhibited similar inductions of HIF-1�. n � 3; *P � 0.05. E: NSCs cultured at
20% O2 (white bar, CD-1 20% O2), NSCs cultured at 20% O2 and moved to
10% O2 (light gray bar, CD-1 10% O2), and NSCs cultured at 10% O2 and
moved to 5% O2 (dark gray bar, CD-1 5% O2) exhibited similar inductions of
HIF-1�, whereas NSCs cultured at 5% O2 and moved to 1% O2 exhibited
considerable apoptosis and no induction of HIF-1� (not shown). n � 3; *P �
0.05. F: C57 and CD-1 NSCs cultured at 20% O2 and kept at 20% exhibit
similar cleaved caspase 3 levels. On reduction of O2% from 20 to 10%, the
C57 NSCs exhibited increased cleaved caspase 3 expression, whereas the
CD-1 NSCs did not. On reduction of O2% from 10 to 5%, both the C57 and the
CD-1 NSCs exhibited increased expression of cleaved caspase 3, with the C57
NSCs exhibiting the higher levels. n � 6; *P � 0.05. G: CD-1 NSCs cultured
at 20% O2 and kept at 20% expressed higher PCNA compared with C57 NSCs,
as expected. On reduction of O2% from 20 to 10% the C57 NSCs exhibited
decreased PCNA expression, whereas the CD-1 NSCs did not. On reduction
of O2% from 10 to 5% both the C57 and the CD-1 NSCs exhibited decreased
expression of PCNA, with the C57 NSCs exhibiting the greater reduction. n �
6; *P � 0.05.
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ies against mouse nestin (1:200, BD Pharmingen, San
Diego, CA), glial fibrillary acidic protein (GFAP) (1:200,
Sigma-Aldrich, St. Louis, MO), and �-tubulin III (1:200,
Sigma-Aldrich). Secondary antibodies were goat anti-
rabbit 594 and goat anti-mouse Alexa Fluor 488 (1:200,
Molecular Probes, Eugene, OR). Coverslips were mounted
with Vectashield (with 4,6-diamidino-2-phenylindole), and
specimens were imaged using confocal microscopy. Con-
focal images were obtained using a laser-scanning confo-
cal microscope (FluoView, Olympus, Tokyo, Japan) inte-
grated with a microscope (IX70-S1F2, Olympus) with
LCPlanFl �40 NA 0.60 objectives (Olympus) and were ac-
quired using FluoView software (Olympus).

NSC Migration Measurement

We used the three rapid procedures described by Dur-
bec et al26 to test the effect of specific factors on the NSC
migration process.

Chemotaxis Assay

Chemotaxis assays were performed with BD Biocoat
growth factor reduced Matrigel invasion chambers (8-
�m-pore Transwells, BD Sciences, San Jose, CA). C57
and CD-1 neurospheres were dissociated with 0.1% tryp-
sin and then 2.5 � 104 cells were placed in the wells of
the upper compartments of 8-�m-pore Transwell cham-
bers, with the lower compartment containing NSC me-
dium without or with SDF-1 for 24 hours.

For the coculture assays, 1 � 105 BECs in 500 �l of
BEC medium were added to the lower chambers for 4
hours. The wells were washed with PBS twice and then
2.5 � 104 CD-1 or C57 NSCs were added to the upper
chamber with 500 �l of NSC medium including 1 �g/ml
anti SDF-1. After 24 hours, the cells on the upper side of
the membrane were removed with a cotton swab. The
cells on the lower surface of the membrane were air-
dried, fixed, and stained with 4,6-diamidino-2-phenylin-
dole. Six random selected �10 magnification micro-
scopic fields of each membrane were counted and three
inserts were counted per condition with the average
value was taken as the final result.

Radial Migration Assays

CD31 brain-derived microvascular endothelial cells
(2 � 104) were seeded in 24-well plates and cultured with
BEC medium overnight. On the second day the BEC
medium was removed, and the BECs were washed once
with 1� PBS buffer. Individual C57 and CD-1 neuro-
spheres of approximately the same size (80 to 100 �m in
diameter) were selected, gently plated in the center of
each well, and covered with 500 �l of NSC medium with
or without exogenous SDF-1 (10 ng/ml) or anti SDF-1 (1
�g/ml). The plates were incubated at 37°C in a 5% CO2-
humidified incubator. Images were captured at 48 hours
with an Olympus IX71 fluorescence microscope using an
Optronics Microfire C camera. Distances covered by
cells migrating out of the neurosphere were measured by

using NIH ImageJ. Three independent experiments were
performed, for which each data point is a pool of 12 to 14
neurospheres.

Chain Migration Assays

Brains from 10-day-old CD-1 and C57 mouse pups
were harvested and Vibratome-sectioned. Frontal sec-
tions containing the SVZ were placed in Petri dishes; SVZ
fragments were then dissected out, cut into small pieces
(�0.2 mm), and embedded in Matrigel in four-well cluster
dishes. Four explants/dish were arranged in the Matrigel,
and 500 �l of medium was added to cover the three-
dimensional gel. To test the effect of SDF-1 on the migra-
tion of NSCs in both CD-1 and C57 isolated SVZs, exog-
enous SDF-1 (10 ng/ml) or anti SDF-1 (1 �g/ml) was
added to the culture medium separately. Forty-eight
hours after culture, the neuronal precursors were ob-
served to migrate radially out of the explants in chain-like
organizations, forming a complex three-dimensional net-
work. Migration quantification was obtained by a direct
measurement of cell migration around the explants from
the border of the explant to the migration front under
microscopy using an Olympus IX71 fluorescence micro-
scope with an Optronics Microfire C camera. Distances
covered by chains of cells migrating out of the nSVZs
were measured by using NIH ImageJ. Eight measure-
ments were performed on each sample and n SVZ ex-
plants per condition were analyzed. The averages of the
distances were calculated.

SDS-PAGE Zymography

Conditioned media were collected and concentrated us-
ing Centricon concentrators (30,000 molecular weight
cutoff) (Millipore, Bedford, MA), protein concentrations
were determined with a Bio-Rad system. Equal amounts
of protein (20 �g) for each sample were mixed with 3�
sample buffer and loaded on a 10% polyacrylamide gel
incorporated with 0.1% gelatin for electrophoresis. After
electrophoresis, gels were washed in 2.5% Triton X-100
for 1 hour, incubated overnight at 37°C in collagenase
buffer, and stained for 1 hour with 0.1% Coomassie Bril-
liant Blue. Gelatinolytic activity was visualized as a trans-
parent band against a blue background. Quantitation
was performed using Quantity One software. Duplicate
samples incubated with EDTA served as collagenase
controls.27–29

Statistical Analysis

All experiments were repeated at least three times. The
statistical significance of differences was evaluated by
Statview 5.0 using N-way analysis of variance (SAS Insti-
tute, Cary, NC), and significance was taken as P � 0.05.
Statistical significance is denoted by the horizontal lines
(SDs) and associated P values above pairs of individual
columns in the figures.
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Results

Our previous data showed that CD-1 P3 pups survive a
30-day exposure to hypoxia (9.5% O2), whereas C57BL/6
pups expire at day 13 under similar conditions. CD-1 and
C57BL/6 pups reared under hypoxic conditions have
significantly lower body weights (P � 0.05) at the mid-
point and end of the hypoxic period than normal controls.
By P11, the mean weight of CD-1 hypoxic mice is 72% of
that of CD-1 controls and weight of hypoxic C57BL/6
mice is 60% of that of controls. In this model the hypoxia-
induced changes in brain weight are indistinguishable
from those of normoxic mice.12 In vivo data revealed a
higher baseline proliferation of CD-1 NSCs compared
with those of C57BL/6 pups, indicating that CD-1 NSC
self-renewal ability is greater than that observed in
C57BL/6 NSCs. In addition, cleaved caspase-3 staining
and Western blots showed that C57BL/6 NSCs exhibited
significantly increased apoptosis in SVZ tissue and in
culture under hypoxic conditions compared with that in
the CD-1 mice NSCs (Table 1).14

Neither C57 or CD-1 mice exposed to hypoxia between
P3 and P11 exhibited significant differences in the presence
or execution of the righting, forelimb placing, and whisker
orientation reflexes compared with age-matched normoxic
mice. Assessment of open-field behavior revealed that C57
mice reared under hypoxia exhibited significantly increased
locomotor activity (hyperactivity) on measures of the total

distance traveled, the velocity of movements, center time,
and rest time compared with normoxic controls (Table 2).

In contrast, CD-1 mice showed no significant differ-
ences between hypoxic and normoxic conditions on any
measure of activity at P16 to P18 (CD-1 normoxic and
hypoxic data, Table 2). These data suggest a correlation
of behavioral recovery with SVZ NSC self-renewal and
survival capabilities of these two mouse strains.

CD-1 and C57 NSCs Exhibit Different Levels of
HIF-1� Translation, Expression, and Activation
in Normoxia and After Hypoxic Insult

Particular strains of mice can exhibit a variety of re-
sponses to specific insults. This has been observed in
comparisons of the CD-1 and C57 strains after hypoxic
insults. Specifically, after middle cerebral artery occlu-
sion, the CD-1 mice do not recover as well as the C57
mice.30 However, after a sublethal chronic hypoxic insult
we and others have found that the CD-1 mice exhibit a
more robust recovery compared with C57 mice (examin-
ing physiological parameters, HIF-1�, and downstream
signaling pathway components, angiogenesis, NSC pro-
liferation, and apoptosis).14,31

These data prompted us to investigate whether these
biochemical and behavioral differences would be corre-
lated with HIF-1� mRNA and/or protein levels and sub-
cellular localization. Real-time RT-PCR and Western blot
data revealed that HIF-1� mRNA was higher in CD-1 NSC
lysates than in C57 NSC lysates after reduced O2 condi-
tions (Figure 2A), whereas HIF-1� protein expression was
higher in CD-1 NSC lysates compared with C57 NSC
lysates under both 20% and 5% O2 culture conditions
(Figure 2B).

In addition to the increases in HIF-1� mRNA and pro-
tein levels in CD-1 NSCs, the subcellular localization
profiles (cytoplasmic versus nuclear) of HIF-1� and
PHD2 were significantly different in NSCs of the two
strains (Figure 2, C and D). Namely, the nuclear (active)
fraction of HIF-1� was increased in CD-1 NSCs cultured
in both 20% and 5% O2 conditions, whereas the nuclear
fraction of PHD2 was found to be significantly higher in
C57 NSCs cultured in both culture conditions, suggesting

Table 1. C56BL/6 and CD-1 NSC Normoxic and Hypoxic
Proliferation and Apoptosis

P11 NSC
proliferation (%)

P11 NSC
apoptosis (%)

Normoxia Hypoxia Normoxia Hypoxia

C57 20.6 � 8.0 8.6 � 1.5 6.7 � 2.5 30.0 � 6.0
CD-1 30.2 � 7.2 21.2 � 2.7 2.8�1.0 14.7 � 7.2

Our previous studies14 revealed a higher proliferation of CD-1 NSCs
compared with those of C57BL/6 pups (30.2% versus 20.6% 	P � 0.05

in normoxia and 21.2% versus 8.6% 	P � 0.05
 in hypoxia 	10% O2
),
indicating that CD-1 NSC self-renewal ability is greater than that
observed in C57BL/6 NSCs. In addition, cleaved caspase 3 staining
and Western blots showed that C56BL/6 NSCs exhibited significantly
increased apoptosis in SVZ tissue (6.7% versus 2.8% 	P � 0.05
 in
normoxia 	20% O2
 and 30.0% versus 14.7% 	P � 0.05
 in hypoxia
	10% O2
) and in culture under hypoxic conditions (not shown) than
CD-1 NSCs. n � 6. Data from Ref.14

Table 2. C56BL/6 and CD-1 NCS Open-Field Activity

P16–18 activity measures in a 28-minute session (SD)

Strain and group
Total distance
(cm/4 minutes)

Velocity
(cm/min)

Rest time
(seconds/4 minutes)

Center time
(seconds/4 minutes)

CD-1 normoxic (n � 9) 710 (103) 177 (26) 98 (10) 49 (13)
CD-1 hypoxic (n � 11) 645 (104) 161 (26) 106 (12) 43 (21)
C57BL/6 normoxic (n � 10) 408 (61) 102 (15) 128 (12) 109 (60)
C57BL/6 hypoxic (n � 12) 485 (98)* 121 (24)* 124 (14) 60 (35)*

After hypoxic exposure from P3 to P11 spontaneous open-field behavior was examined between P16 and P18 over a 28-minute session.
Comparison of C57BL/6 normoxic and hypoxic mice revealed a significant increase in activity for hypoxic mice. Measure of total distance moved, and
the average velocities of movements were significantly increased (P � 0.05), whereas the time spent in the center of the arena (approximately the
central two thirds) was significantly decreased. The latter observation is consistent with a greater level of anxiety or fearfulness. Comparison of CD-1
normoxic and hypoxic mice revealed no significant differences in any measure of activity. These data are consistent with the differential SVZ NSC self-
renewal and survival.

*P � 0.05.
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increased HIF-1� protein expression and decreased
HIF-1� hydroxylation in the CD-1 NSCs.

To further elucidate the mechanisms involved in mod-
ulating HIF-1� expression levels in these two murine
strains after hypoxic insult we examined the elements
involved in control of protein translation. Specifically, we
found that after a hypoxic insult (20% O2 to 5% O2) CD-1
Akt, mTOR, P70, eIF4E, and 4E-BP1 exhibited increased
levels of phosphorylation, consistent with increased pro-
tein (HIF-1�) translation (Figure 3, A–H). Interestingly,
inhibition of mTOR with rapamycin in both C57 and CD-1
NSC cultures grown at 20% O2 and reduced O2 (5% O2)
inhibited mTOR and 4E-BP1 phosphorylation and HIF-1�
expression, suggesting that NSC translational respon-
siveness to a reduced O2 environment is, in part, mTOR-

dependent (Figure 3, F–H). These data suggest that
CD-1 NSCs exhibit increased HIF-1� protein expression
and decreased HIF-1� hydroxylation (inactivation) com-
pared with C57 NSCs after hypoxic insult, possibly re-
sulting in decreased levels of CD-1 NSC apoptosis and
increased levels of CD-1 NSC proliferation.

C57 and CD-1 NSCs Exhibit Differential
Signaling and Migration Responses to SDF-1

In our previous studies we documented differences in
CXCR4 expression in C57 and CD-1 brain homogenates
and cultured C57 and CD-1 NSCs, with CD-1 brain ho-
mogenates exhibiting a 1.6-fold increase in CXCR4 ex-

Figure 2. A and B: Reduced O2 culture conditions increased HIF-1� mRNA and protein expression in CD-1 NSCs, but not in C57 cells. A: C57 and CD-1 NSCs
were incubated in reduced O2 culture conditions (5% O2) for 3, 6, and 11 days, and the mRNA levels of HIF-1� were analyzed by RT-PCR. B: The protein levels
of HIF-1� in NSCs were analyzed by Western blot after 6 days of reduced O2 culture conditions (5% O2). n � 3; *P � 0.05. C and D: The cytoplasmic and nuclear
fractions of C57 and CD-1 NSCs were isolated after 6 days of reduced O2 culture (5% O2). The protein levels of HIF-1� (C) and PHD2 (D) in cytoplasmic and
nuclear fractions were detected by Western blot. n � 3; *P � 0.05.

Figure 3. A–E: Elements modulating protein translation levels in C57 (open boxes) and CD-1 (shaded boxes) mice. Western blots of C57 and CD-1 NSC AKT (A),
mTOR (B), p70 (C), eIf4E (D), and 4E-BP1 (E) all exhibited increased phosphorylation after 6 days of reduced O2 (5% O2). n � 3; *P � 0.05. F–H: Western blots
of C57 (open boxes) and CD-1 (shaded boxes) NSC pmTOR/mTOR (F), p4E-BP1/4E-BP1 (G), and HIF-1�/�-actin (H) in the absence (�) and presence (�) of
rapamycin, illustrating inhibition of mTOR phosphorylation and a blunting of 4E-BP1 phosphorylation and HIF-1� expression in the presence of rapamycin after
6 days of normoxia (20% O2) and reduced O2 (5% O2). n � 3; *P � 0.05.
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pression compared with C57 brain homogenates under
reduced O2 conditions (10% O2). In addition, CD-1 NSCs
expressed a 1.3-fold increase in CXCR4 protein com-
pared with C57 NSCs under 20% O2 culture conditions
and a 1.6-fold increase in CXCR4 protein compared with
C57 NSCs under 10% O2 culture conditions.14 To assess
what effect this may have on C57 and CD-1 NSC survival,
proliferation, and migration, we treated the NSCs with
recombinant (r) SDF-1 or anti-SDF-1 and measured the
effects on survival, proliferation, and migration in mono-
and coculture with BECs as illustrated in Figure 4, A–H.

Figure 4A demonstrates significant increases in PCNA
expression after SDF-1 treatment observed in C57 and
CD-1 NSCs (P � 0.05).14 In contrast, no differences in
cleaved caspase 3 were observed at baseline conditions
or after rSDF-1 treatment (Figure 4B).

To better understand the underlying signaling mech-
anisms engaged by activation of the CXCR4 receptors
in the NSCs isolated from these two mouse strains, we
assessed the phosphorylation states of the signaling
components known to be activated after SDF-1 en-
gagement of CXCR4, specifically phospho (p)-phos-

phatidylinositol 3-kinase (PI3K), pAkt, phospho-extra-
cellular signal-regulated kinase, and pp38, whose
activations are thought to modulate survival, proliferation,
adhesion, migration, and differentiation after CXCR4
engagement.32–36

As seen in Figure 4, C and D, although there were no
significant differences in p85 activation and a nonstatis-
tically significant trend in Akt activation after SDF-1 treat-
ment observed in C57 NSCs, there was a significant
increase in CD-1 NSC p85 and Akt activation after SDF-1
treatment (P � 0.05). In contrast, extracellular signal-
regulated kinase, p38, signal transducer and activator of
transcription 3, and Janus tyrosine kinase-1 NSC activa-
tion levels did not significantly change in response to
SDF-1 treatment in either strain (not shown).

In addition to these differences, C57 NSCs were found
to exhibit no appreciable increase in their migratory re-
sponse to rSDF-1 compared with the robust increase in
migration rate in response to rSDF-1 observed in CD-1
NSCs. In addition, in coculture with brain-derived micro-
vascular endothelial cells and in culture of SVZ tissue
sections, C57 NSCs do not exhibit any inhibition of their

Figure 4. A and B: Western blots of C57 and CD-1 NSC lysates illustrating averaged PCNA (A) and cleaved caspase 3 (B) expression under baseline conditions
and in response to rSDF-1 (normalized to �-actin). n � 3; *P � 0.05. C and D: Western blot comparisons of C57 and CD-1 NSC lysate pp85/p85 PI3K (C) and
pAKT/Akt (D) relative ratios illustrating baseline levels and after induction by rSDF-1. n � 3; *P � 0.05. E–H: SDF-1 responsiveness plays an important role in the
differential regulation of CD-1 and C57 NSC migration. E: Chemotaxis assay. Dissociated neural cells placed in the wells of the upper compartments of 8-�m-pore
Transwell chambers, with the lower compartment containing medium without or with SDF-1 for 24 hours. *P � 0.05 vs. C57 NSC; **P � 0.05 vs CD1 NSC; ***P � 0.05
vs. CD1 NSC � BEC. F: Dissociated neural cells placed in the wells of the upper compartments of 8-�m-pore Transwell chambers, with the lower compartment containing
brain-derived microvascular endothelial cells in medium without or with anti-SDF-1 for 24 hours. Cells situated on the lower side of the filter are fixed, stained, and
counted. G: Radial migration analysis of individual neural spheres cocultured with subconfluent brain-derived microvascular endothelial cells in medium without or with
either SDF-1 or anti-SDF-1 for 48 hours. H: Chain migration assay. Single SVZ tissues harvested from P15 pups were embedded in Matrigel and cultured in medium
without or with either SDF-1 or anti-SDF-1. After 3 days, radial chain migration of neurites was measured. n � 3; *P � 0.05. Cont, control. GF, growth factor.
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migratory rate in response to addition of anti-SDF-1. In
contrast, CD-1 NSCs exhibit significant blunting of their
migratory rate in response to addition of anti-SDF-1 (Fig-
ure 4, E–H). These data are consistent with a differential
responsiveness to SDF-1 engagement of CXCR4 in the
NSCs of these two mouse strains that affects their migra-
tion rates and possibly their abilities to recover from
hypoxic insult.

CD-1 and C57 NSCs Exhibit Distinct Neuronal
Differentiation and MMP Expression Patterns

After a stimulus to migrate, CD-1 and C57 NSCs migrat-
ing outward from neurospheres exhibit unique differenti-
ation and MMP profiles. Specifically, whereas migrating
CD-1 NSCs retain their robust nestin staining and exhibit
only minimal GFAP staining and no appreciable �-tubulin
III staining (Figure 5, B and D), migrating C57 NSCs
exhibit decreased nestin staining and increased GFAP
and �-tubulin III staining (Figure 5, A and C). Interest-
ingly, CD-1 NSCs exhibit increased MMP-9 activity in
response to hypoxic conditions, whereas C57 NSCs ex-
hibit only a nonstatistically significant change (Figure 5, E
and F). These data are consistent with an earlier glial and
neuronal differentiation, possibly resulting in decreased
migration and recovery from reduction in O2% (hypoxic
insult) in C57 mice.

Adult CD-1 and C57 Mice Exhibit Significant
Differences in Their Behavior after 8 Days of
Hypoxic Insult (10% O2) at P3 to P11

Although the previous differences between C57 and
CD-1 pups and NSCs support our hypothesis,14,31 the
differences measured were all obtained over a relatively
short time period of P0 through P11. As the variable

recovery from chronic hypoxic insult in the premature
infant population is known to occur over several years, we
are now testing the animals over a longer time period
(P40 through P120) to better mimic the human condition.
Recently, we assessed the SVZ vascular densities of
C57 and CD-1 mice reared in normoxic conditions from
P0 to P40 and mice reared in hypoxic conditions (O2 �
10%) from P3 to P11, followed by normoxic conditions
until P40.

After the hypoxic insult, both strains exhibit a decrease
in SVZ vascular density at P11 (Figure 6A).37 This de-
crease in vessel density is thought to be due to the
increased apoptosis noted in the SVZ microvasculature
after the hypoxic period (Table 1).14 However, at P17
significantly more angiogenesis was noted (illustrated by
increased �v�3 staining of angiogenic sprouts) in the
CD-1 pups (data not shown). At P40, although both
strains exhibit increased vascular density compared with
that at P11, the CD-1 mice exhibit significantly greater
SVZ vascular density than the C57 cohort. In contrast,
SVZ NSC proliferation (assessed by 5-bromo-2�-de-
oxyuridine incorporation), although decreased in both
strains at P11 after hypoxia, was noted to be decreased
at P40 compared with P11 under normoxic conditions.
This decrease is consistent with the normally occurring
pruning of neurons in the postnatal period of brain devel-
opment and maturation observed in rodents.38 However,
at P40 in both normoxic- and hypoxic-reared animals, the
CD-1 mice exhibited greater NSC proliferation (Figure
6B).37 These findings i) are consistent with persistent
differences in the recovery phase in these two mouse
strains39 and ii) confirm the concept of neurovascular
coupling (a dynamic coordinated interaction of neuro-
genesis and angiogenesis observed in normal brain and
in a wide variety of disease states including hypertension,
stroke, and Alzheimer’s disease.40–43

Figure 5. A and B: Confocal images of immu-
nofluorescence staining of C57 (A) and CD-1 (B)
neurospheres with nestin (green) and GFAP
(red) after 48 hours of hypoxia. C and D: Con-
focal images of immunofluorescence staining of
C57 (C) and CD-1 (D) neurospheres with nestin
(green), �-tubulin III (red), and 4,6-diamidino-
2-phenylindole (DAPI) (blue) after 48 hours of
hypoxia. E: Representative zymography experi-
ment of C57 and CD-1 NSCs cultured in nor-
moxic (Nx) and hypoxic (Hx) conditions illus-
trating MMP-9 levels. F: Quantization of three
zymography experiments illustrating increased
activity of MMP-9 in the CD-1 NSCs.
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Further complementing our in vivo and in vitro biochem-
ical analyses, we have begun behavioral studies with the
aim of correlating changes in biochemical parameters
with changes in behavior. The extent to which modifica-
tions in cortical and hippocampal organization occur as a
result of hypoxia are also reflected in alterations of com-
plex behaviors such as learning and memory, which were
examined with the Morris water maze hidden platform
task. The percentage of time mice spent swimming in the
platform quadrant during the probe trial (PPS) was used
as a measure of strength of initial learning. t-tests com-
paring the probe preference scores revealed that nor-
moxic C57 mice spent significantly more time in the train-
ing quadrant than hypoxic-reared mice (P � 0.001)

(Figure 6C)37, whereas no significant difference was
found for the score of the CD-1 normoxic and hypoxic
groups.

Consistent with our biochemical analyses, the results
of the behavioral analysis looking at open-field activity
and spatial memory using the Morris water maze suggest
that there are substantial differences in the impact of 8
days of hypoxia on the behavior of CD-1 versus C57
mice, with CD-1 mice being less adversely affected.
However, analysis of these groups using the free swim
task suggests that the CD-1 mice are not immune to the
impact of hypoxia on certain classes of behavioral ca-
pacity and performance. Studies using the free-swim-
ming test indicate that variations in rotational preference
and lateralization for this task are linked to patterns of
callosal connectivity and behavioral lateralization of the
cerebral hemispheres. For example, mice with callosal
agenesis18,44 or transection of the corpus callosum19

exhibit greater laterality in this task than normal mice.
Further, the earlier the age at which callosal alteration
occurs, the greater the impact on long-term laterality.19

Our analysis revealed that CD-1 and C57 hypoxic mice
were significantly less lateralized in their swimming pref-
erences than normoxic mice. In addition, the total number
of turns for hypoxic C57 mice was significantly reduced
compared with that for normoxic controls (Figure 6D).37

The effect of hypoxia on total turns in the C57 animals
may reflect an additional effect on the emotional re-
sponses of these animals not apparent in the CD-1 mice,
which is consistent with the reduced time exploring the
center of the area in our open-field testing of these mice.

These findings not only i) are consistent with persistent
differences in the SVZ NSC and vascular recovery phase
in these two mouse strains and ii) confirm the concept of

Figure 7. Current working model of the signaling pathway components
(shaded areas) that are differentially regulated in C57 and CD-1 pup brain
tissues and cultured NSCs under normoxic and hypoxic (Hx) conditions.
Inducers rBDNF, rVEGF, rSDF-1 are shown in bold type; inhibitors sFLT-1,
sTrkB, anti-SDF-1, C-PTIO, L-NG-monomethyl arginine citrate (L-NMMA) are
shown in bold italic type. NO, nitric oxide; eNOS, endothelial nitric oxide
synthase; MEK, mitogen-activated protein kinase kinase; Janus tyrosine ki-
nase (JAK), STAT, signal transducer and activator of transcription; AMPK,
AMP-activated protein kinase. (Drawn from data and concepts presented in
Nakamura et al,49 Liu and Simon,51 van den Beucken et al,52 Simon et al,53

Li et al,14, 25 and this study). sFLT-1, soluble fms-like tyrosine kinase-1; sTrkB,
soluble neurotrophic tyrosine kines, receptor, type 2; c-PTIO, carboxy-2-
phenyl-4, 4, 5, 5 tetramethylimidazoline-1-oxyl-3 oxide.

Figure 6. A–D: Adult CD-1 and C57 mice exhibit significant differences in
their SVZ vascular density, NSC proliferation and behavior after 8 days of
hypoxic insult (10% O2) at P3 to P11. A: Quantitation of platelet endothelial
cell adhesion molecule 1 (PECAM-1) immunohistochemical staining of nor-
moxic (Nx) and hypoxic (Hx) P11 and P40 C57 and CD-1 SVZs of relative
vessel densities (PECAM-1-positive structures) in the two mouse strains
(open boxes, C57; shaded boxes, CD-1), illustrating the more robust re-
sponse of the CD-1 mice. n � 6; *P � 0.05. B: Quantitation of 5-bromo-2�-
deoxyuridine (BrdU)/nestin immunohistochemical staining of normoxic and
hypoxic P11 and P40 C57 and CD-1 SVZs (open boxes, C57; shaded boxes,
CD-1) illustrating a more robust response in the CD-1 mice. n � 6; *P � 0.05.
C: To assess the strength of learning after 8 days of training in the Morris
water maze, a 60-second probe trial was given on the 9th day during which
the hidden platform was removed. The total time spent in the platform
(training) quadrant, as well as the other three quadrants was calculated from
the video records and the PPS was determined. Probe preference reflects the
time spent in the training quadrant (T) relative to time in the other three
quadrants (opposite, right, and left) on the probe trial and is equal to [(T �
O) � (T � R) � (T � L)]/3. Individual t-tests were run to compare the PPS
between CD-1 hypoxic (n � 11) and normoxic mice (n � 9) and C57
normoxic (n � 10) and hypoxic mice (n � 12). C57 hypoxic mice had a
significantly lower PPS score than C57 normoxic mice, whereas there was no
significant difference between these groups for CD-1 mice. These data are
consistent with a more profound effect of early hypoxia on spatial memory
in C57 than in CD-1 mice. *P � 0.001. D: Mice were assessed using the free
swim test at approximately 4 months of age. Over three 5-minute test sessions
spaced 48 hours apart, the swimming activity of each mouse was videotaped,
and the direction of swimming (clockwise or counterclockwise) and extent of
swimming in each direction was scored in 30-degree increments. Each move-
ment of 30 degrees in one direction was scored as a turn. The degree of laterality
was calculated as the percentage of turns in the preferred direction of swimming.
Both C57 and CD-1 hypoxic mice had significantly lower lateralization scores
compared with normoxic mice. In addition, hypoxic C57 but not CD-1 mice
made fewer turns, suggesting an additional effect on the emotional responses of
these animals not present for CD-1 mice. *P � 0.05. Data for C57 mice have been
published previously in Chahboune et al.37
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neurovascular coupling in the SVZ but they also suggest
iii) a correlation of behaviors with the responsiveness/
recovery of the SVZ in these two mouse strains.

Discussion

Our studies revealed that CD-1 NSC self-renewal ability is
appreciably greater than that observed in C57 NSCs and
that this may, in part, explain the differences in behavior
observed in these two strains after exposure to hypoxia.
In addition to our previous findings, which documented
significant differences in HIF-1�, BDNF, VEGF, SDF-1,
neuropilin-1, and CXCR4 expression in brain tissues and
NSC lysates in these two strains,14 our current studies
showed that CD-1 NSCs, in addition to exhibiting less
apoptosis after hypoxic insult, exhibit increased HIF-1�
mRNA and protein as well as increased HIF-1� and de-
creased PHD2 protein levels in their nuclear fractions
compared with those in C57 cells, which is consistent
with increased transcription and translation and de-
creased degradation of HIF-1� in the CD-1 NSCs.

The increased translation of HIF-1� was found to be
mTOR-dependent. The role of mTOR in the modulation of
cellular responses to hypoxic insult is complex and prob-
ably cell type- and culture condition-dependent,45 with
evidence consistent with either HIF-1� translation being
mTOR-independent46 or mTOR-dependent, with mTOR
either being inhibited by hypoxic insult via AMP-activated
protein kinase and Redd1 pathways47,48 or being acti-
vated via growth factor pathways.45,49,50 Our data are
consistent with a growth factor (BDNF, VEGF, and SDF-
1)-mediated stimulation of mTOR via the PI3K/Akt path-
way14,25 (illustrated in Figure 7).49,51–53

In this study, we found that C57 and CD-1 NSCs exhibit
similar proliferative and survival responses but differential
migratory responses32,54,55 to exogenous rSDF-1. When
examined, selected known signaling components down-
stream of CXCR4,34 including PI3K and Akt, but not ex-
tracellular signal-regulated kinase, Janus tyrosine ki-
nase-1, signal transducer and activator of transcription-1,
and p38, were found to be differentially phosphorylated
in response to exogenous rSDF-1 in the two mouse
strains. Specifically, C57 NSCs did not exhibit any signif-
icant induction after treatment with rSDF-1, whereas CD-1
NSCs exhibited significant PI3K and Akt activation.

C57 NSCs were also found to exhibit a blunted migra-
tory responsiveness to SDF-1 (known to mediate neural
progenitor cell motility after ischemia56) and decreased
induction of MMP-9 (known to be involved in modulating
neuroblast migration from the SVZ after stroke and isch-
emia57,58) compared with CD-1 NSCs. This finding is
consistent with our hypothesis that the behavioral data
exhibited by the C57 pups may be a consequence of
their relative lower proliferative and migratory rates and
higher susceptibility to undergo apoptosis in response to
a reduction in O2% because of their relatively blunted
HIF-1� response compared with that of CD-1 pups and in
part mediated by their blunted response to SDF-1.59

Interestingly, we observed increased glial and neuro-
nal differentiation (a process known to be affected by

SDF-1-CXCR4 signaling)60 in C57 NSCs after radial mi-
gration outward from cultured neurospheres, suggesting
that in addition to the other above-mentioned factors that
may influence their responsiveness to a hypoxic insult,
the earlier progression of the c57 NSCs to neuronal dif-
ferentiation (evidenced by increased GFAP and �-tubulin
III expression) may influence their migration and hence
their ability to affect optimal recovery after a hypoxic
insult in vivo.

Although contributing to variability in responsiveness
to hypoxic insult in these mouse strains, the signaling
pathways discussed here probably account for only a
subset of potential differences between these two strains
(and probably the variable recovery from hypoxic insult
observed in the very low birth weight infant human pop-
ulation). Other potential mechanisms involved in eliciting
a differential response/recovery from hypoxic insult may
include differences in VEGF expression and induction,61

differences in BDNF expression level, induction,62 and
polymorphism63 and polymorphisms in several cytokines
and extracellular matrix components.64,65

Thus, in this report we have documented significant
differences in HIF-1� translation and responsiveness to
SDF-1 in C57 and CD-1 NSCs (shaded aspects of the
signaling pathways are illustrated in Figure 7).48,50–52

Specifically, C57 NSCs exhibit blunted HIF-1� translation
in response to a reduced O2 culture environment. Simi-
larly, C57 NSCs also display an earlier neuronal differen-
tiation and a diminished migratory response to exoge-
nous rSDF-1. In addition, the strain differences in SVZ
vessel density and NSC proliferation observed immedi-
ately after the P3 to P11 hypoxic insult are manifested in
the adult animals at P40. These strain differences may
provide insights needed to develop a better understand-
ing of NSC behavior during the variable repair/recovery
observed after chronic hypoxic injury in the very low birth
weight newborn population, as well as in adult popula-
tions after stroke and during neurodegeneration. Investi-
gations using these mouse strains and cells derived from
them may also aid in the development of rational thera-
peutic modalities that may affect recovery beneficially in
these at-risk populations.
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