
INTRODUCTION
In the course of one year in the United States approximately

80000 individuals will suffer strokes, over 10000 will have
spinal cord injuries, over 200000 will experience traumatic brain
injury and of the 60000 very low birth weight preterm infants
born, 5000 will test in the mentally retarded range. The impacts
of these injuries to the patients, their families, the health care
system and society are devastating. While survival from these
injuries has improved over the years, treatments affecting
recovery are still limited.

Following all these injuries the repair/recovery process is
thought to involve both angiogenesis and neurogenesis. During
development and throughout our lifetime neuronal death,
maintenance and neurogenesis occur in a tightly controlled
fashion (1-4). The neurogenic zones, replete with neural stem
cells (NSC) are found in the subventricular zones, located along
the lateral aspects of the lateral ventricles and the subgranular
zones (SGZ), located in the dentate gyrus of the hippocampus.
These neurogenic zones are intimately associated with their local
microvasculature beds (EC). Further, the behaviors of the
neuronal stem cells and microvasculature in these zones are
thought to be reciprocally co-regulated, in part, via oxygen
tension, local NSC and EC soluble and solid phase factors
including neurotrophins, vascular growth factors, cytokines and
nitric oxide (5-9). Following injury, NSC, supported by their
local vasculature, are thought to proliferate, migrate to and
differentiate at injury sites, affecting variable degrees of
structural and functional recovery (10). Unfortunately, in many
instances recovery from injury is incomplete.

THE ROLE OF THE SVZ NEUROVASCULAR NICHE 
IN RECOVERY FROM NEURODEVELOPMENTAL

HANDICAPS ASSOCIATED WITH PRETERM BIRTH
While preterm birth results in significant cognitive and

motor disabilities, recent evidence suggests that there can be
some recovery over time (11-14). Analysis of recent data
indicates that over 1% of the offspring of all live births in the
USA weigh under 1000 grams at birth and the survival rate for
these often critically ill individuals ranges from approximately
60 to 85% (15). While survival rates of these infants has
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 (16, 17). Over two-thirds of very low birth
weight preterm infants suffer from both apnea and respiratory
distress syndromes that result in cerebral hypoxemia. Of this
cohort, almost one quarter are functioning in the mentally
retarded or borderline ranges at school; approximately 10% have
cerebral palsy; and at eight 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 four billion
dollars. The deleterious effects of low O2 in the perinatal period
are thought to be the consequences of altered neuronal
differentiation, synaptogenesis and loss of neurons, glia, and
their progenitor cells due to excessive apoptosis (18). Recently,
several studies have reported significant improvement in
academic functioning over time in this population, which
correlated with increases in brain volumes (11). Although
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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 SVZ (a known
area of neurogenesis) following the period of chronic sublethal
hypoxia experienced by these neonates. Indeed, in a murine
model mimicking the chronic hypoxia associated with premature
birth demonstrated twice as many BrdU-labeled cells expressed
neuronal markers in the neocortex in mice recovering from
hypoxia as compared to controls (10). In both hypoxic-reared
infant/juvenile mice, putative neuroblasts could be seen
detaching from the forebrain subventricular zone, migrating
through the subcortical white matter and entering the lower
cortical layers 5 to 11 days after their last mitotic division (19).
These data suggest that cortical neurogenesis may play a
significant role in repairing neuronal losses after hypoxic
neonatal injury. 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 (20). Thus, the
induction of neurogenesis following the insult of chronic
sublethal hypoxia in the premature newborn may explain the
cognitive improvement observed over time (19). However, the
variability of this improvement warrants a more complete

understanding of the mechanisms involved in modulating
neurogenesis occurring in the subventricular zone (SVZ) so
treatment modalities can be investigated to elicit a greater and
more complete recovery.

The SVZ has been characterized as a “neurovascular niche”
- an area bordered by ependymal cells and comprised of
neuroblasts, astrocytes and neural stem cells/neuronal precursor
cells in close apposition to a rich microvascular network (21-23).
Distinct neurogenic regions including the SVZ and the
subgranular zone (SGZ) have been shown to respond
differentially to injuries and stimuli. The vasculature is an
integral component of these neurogenic areas and angio- and
neuro-genesis in these areas appears to be co-regulated and
reciprocally signaled (7). Signaling among the cell types present
is thought occur via soluble and solid phase factors and their
cognate receptors (5-8, 24).

Endothelial cells are known to modulate neurogenesis, in part,
through the secretion of soluble factors including NGF, BDNF and
VEGF (7-9), several of which are also known to be synthesized by
neuronal cells and modulate endothelial cells, suggesting a
complex, dynamic cross-talk between endothelial cells and
neuronal cells including neural stem cells (2-4, 7, 22, 25, 26).

This sophisticated cross-talk among the cellular elements
comprising the neurovascular niche is illustrated in Fig. 1.
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Fig. 1 .Schematic of the neurovascular
niche. Distinct neurogenic regions
including the SVZ (illustrated here)
and the subgranular zone (SGZ) that
have been shown to respond
differentially to injuries and stimuli.
The vasculature is an integral
component of these neurogenic areas
and angio- and neuro-genesis in these
areas appears to be co-regulated and
reciprocally signaled (7). Signaling
among the cell types present is thought
occur via soluble and solid phase
factors and their cognate receptors ).

Fig. 2. Premature delivery causes an
uncoupling of the involution/
stabilization of the germinal matrix
(GM) subventricular zone (SVZ)
vasculature. During normal in utero
development the fetal brain undergoes
a coupled involution/stabilization of
the vasculature of the germinal matrix
(SVZ) over several weeks. Premature
delivery (arrows) elicits rapid,
accelerated involution of the SVZ
vasculature, resulting in GM
intraparenchymal  and interventricular
hemorrhage (not shown) and chronic
sublethal hypoxia eliciting ectasia (B)
and increased permeability (C) of the
microvasculature, resulting in
dysfunction of neurovascular niche-
mediated repair/recovery.



Over the past several years our knowledge and appreciation
of stem cells and their potential as therapeutic agents in a wide
variety of disease and repair conditions has blossomed. One
particular area, that of neural stem cells and their biology, has
become of great interest to neuroscientists and clinicians alike ).
Similar to stem cells in other tissues and organs, NSC appear to
occupy specific niches in the CNS (the subventricular and
subgranular zones as described above) and have been found to
be closely associated with microvessels (1, 3, 22, 23, 25, 27).
Several recent publications have described roles of endothelial
cells in modulating the self-renewal and neurogenesis of neural
stem cells (3) dorsal root ganglion (28) and differentiation of
neural stem cells to the endothelial lineage (21, 29, 30). These
studies are consistent with a complex, dynamic coupling of
neurogenesis and vasculogenesis (21). Consistent with these
observations and concepts is the evidence of sophisticated cross-
talk between neurons and endothelial cells via VEGF,
neurotrophins and their cognate receptors on both neurons and
endothelial cells (5, 9, 24, 31). These data, coupled with the
recent findings that demonstrated CNS niche-specific
neurogenesis following sublethal chronic hypoxia in a murine
animal model mimicking the chronic sublethal hypoxia of the
premature newborn (10), suggest a dynamic cross-talk among
cells comprising the neurovascular niche.

MODELING THE NEUROVASCULAR NICHE
Using animal models (canine and rodent), we determined

that there was an uncoupling of the tightly controlled
involution/stabilization of the SVZ vasculature following
premature delivery resulting in involution of the SVZ
vasculature without stabilization of the surviving vessels,
leading to increased intraparenchymal and interventricular
hemorrhage. The sublethal hypoxia associated with premature
delivery also elicited brain microvascular ectasia and persistent
increased permeability (32-34) (Fig. 2).

We then went on to demonstrate that perinatal indomethicin
treatment (prescribed for closure of the ductus arteriosis) reduces
this hemorrhage by inducing earlier secretion, deposition and
organization of the SVZ endothelial basement membrane,
endothelial tight junction formaion and astrocytic end-foot
apposition, stabilizing the SVZ vascular bed (32-34) (Fig. 3).
Interestingly, indomethicin treatment has been shown to elicit
increases in VEGF, FGF-2, TGFβ receptor III and PDGF
receptor α and β in rat renal cortex, all of which are known to

modulate vascular behavior (35). It therefore would be of
interest to assess brain and serum levels of these entities in our
transient sublethal hypoxia model and to correlate these findings
with cognitive and motor development.

In additional studies (not shown) we determined that chronic
sublethal hypoxia, in addition to altering the permeability
characteristics of the cerebral vasculature, elicited persistent
angiogenesis, induced, in part, by increased VEGF and BDNF
secretion by endothelial cells and astrocytes (5, 6, 9, 24, 36, 37).

Using co-cultures of astrocytes and endothelial cells in two-
and three-dimensional culture we determined that the presence
of astrocytes mimicked endothelial cell-astrocyte interactions in
vivo (astrocytic end-foot process investiture of endothelial cell
tube-like structures), modulated endothelial cell metabolism and
blunted hypoxic insult to endothelial cells by providing
increased secretion of VEGF (24, 36, 37).

In more recent studies we demonstrated a complex cross-talk
between cerebral endothelial cells and neurons via VEGF and
BDNF, resulting in activation of distinct signaling pathways
modulating cell survival, proliferation and differentiation (5, 9).
To better mimic the architecture and organization of the SVZ we
utilized porous biocompatible hydrogels to co-culture brain-
derived endothelial cells and neural stem cells in three-
dimensional culture. These culture systems permit organization
of endothelial cells into stable tube-like structures with neural
stem cells and/or astrocytes in intimate contact with the
abluminal aspects of the tubes. When implanted subcutaneously
in syngenic mice and rats, these implants exhibited inosculation
of their vessels with host vessels and resulted in blood
circulation through the implants providing a model system to
investigate the role of blood flow in an ectopic model of the SVZ
(38, 39) (Fig. 4).

These in vitro studies to date have illustrated the importance
of VEGF and BDNF in mediating the complex cross-talk
between these cell types and confirm our recent in vivo studies,
indicating the importance of these two factors in the SVZ
responses and recovery following hypoxia (7, 8, 24) (Fig. 5).

In other studies, utilizing DNA microarray methods
combined with immunochemical and protein assays, we
investigated the changes in protein expression and brain structure
following chronic sublethal hypoxia in our murine model and
observed that sublethal hypoxia accentuates genes subserving
presynaptic function and vasculogenesis/angiogenesis,
suppresses genes involved with synaptic maturation, postsynaptic
function, and neurotransmission as well as those involved with
glial maturation, and components of the cortical and microtubular
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Fig. 3. Indomethicin treatment
(dashed lines) reduces
intraparenchymal and interventricular
hemorrhages (solid lines = no
indomethicin), eliciting earlier
basement membrane deposition
(green lines), tight junction formation
and astrocytic endfoot apposition
(blue lines) of the SVZ
microvasculature. In additional
studies (not shown) we determined
that chronic sublethal hypoxia altered
the permeability characteristics of the
cerebral vasculature and elicited
persistent angiogenesis, induced, in
part, by increased VEGF and BDNF
secretion by endothelial cells and
astrocytes (5, 6, 9, 24, 35, 36).



cytoskeleton (18). Additionally, we observed significant
ventriculomegaly of the ventricles of the hypoxic pups (Fig. 6).

The distribution of synapsin 1 in the hypoxic postnatal brain
is consistent with alterations in synapse development (Fig. 7).
By P11 of normoxic development, cortical synapses are
abundant. This pattern was evident in the normoxic animals
examined, (measured by the diffuse appearance of fine punctate
staining of the cortical neuropil with synapsin 1, with modest
residual staining of soma, axons, and white matter). Under
normoxic conditions, cortical structures develop a mature
synapsin 1 pattern prior to limbic structures, recapitulating the
pattern of fetal neurogenesis. Synapses in the cingulate gyrus are

less mature, as illustrated by a coarser pattern of synapsin 1
staining and a preponderance of synapsin 1 concentrated in the
soma and axons. In the hippocampus, coarse staining is evident
in the dentate gyrus and CA3 and CA4 regions at P11. In
contrast, hypoxic brains display a developmentally inappropriate
pattern of synaptic maturation in all regions. Specifically, the
coarse synapsin 1 staining of the cortical plate, observed in early
postpartum animals is absent, significant residual synapsin was
noted in the white matter, as well as in the soma and axonal
processes of the cortical neurons. The density of mature
synapses, (measured by the abundance of punctate synapsin 1-
positive boutons), is significantly reduced by hypoxia (Fig. 7).
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Fig. 4. Examples of three-dimensional endothelial cell-astrocyte (A) (reproduced from (24)) and endothelial cell-neural stem cell (B)
(reproduced from (37)) co-cultures illustrating the close, intimate contact between these cell types that approximates their interactions
in vivo. In both instances there is endothelial cell tube formation noted by organized rhodamine-labeled CD31 positive endothelial
cells. Astrocytic end-feet are GFAP fluorescein-labelled in panel (A) and NSC are GFP-labeled in panel (B). Panel (C) illustrates some
of the autocrine, paracrine and juxtacrine signaling occurring between and among these cell types comprising the SVZ. We are
currently developing a tri-culture three-dimensional model consisting of astrocytes, endothelial cells and neural stem cells. BDNF =
Brain Derived Neurotrophic Factor; VEGF = Vascular Endothelial Growth Factor; SDF-1 = Stromal Cell-Derived Factor-1; NO =
Nitric Oxide; BEC = Endotheial Cell; Astro = Astrocyte; NSC = Neural Stem Cell; BM = Basement Membrane; GFP = Green
Fluorescent Protein; CD31 = PECAM-1; GFAP = glial fibrillary acidic protein.

Fig. 5. Our working model of the dynamic interactions between NSC (Green Cells), BEC (Red Cells), Astrocytes (Yellow Cells) and
Neurons (Blue Cells). NSC-derived NO induces the BECs to increase their expression of VEGF and BDNF. The BDNF and VEGF
then engage and activate BEC VEGFR2 and TrkB receptors and induce angiogenesis in the BEC via autocrine and paracrine pathways.
The VEGF and BDNF induced by NSC NO also stimulate NSC activation (phosphorylation) of eNOS that results in increased NSC
NO generation and NSC proliferation. The persistent NO induction elicits a persistence of BEC VEGF and BDNF expression, which
in turn stabilizes the formed tube-like structures and elicits NSC self-renewal. Addition of rVEGF and rBDNF (green color) to NSC
cultures results in increased expression of eNOS, increased eNOS activation (phosphorylation) and increased NO generation. This
induction is abrogated by addition of L-NMMA and sTrkB and sFlt-1 (red color). Addition of NO donor (NOC-18) (green color) to
BEC cultures induces increased expression of BDNF and VEGF. Addition of an NO scavenger (C-PTIO) (red color) abrogates this
induction. Addition of rBDNF and rVEGF (green color) to BEC cultures induces robust angiogenesis. Addition of sTRkB or sFlt-1
(red color) abrogates this induction.



These changes suggest that hypoxia causes a loss of
synchronization in the rate of synapse formation in different
brain regions, consistent with the observed alterations in gene
expression noted in our array data (18).

Other genes affecting synapse development and neural
transmission concern central myelination. The oligodendrocyte
genes encoding proteolipid protein, cyclic nucleotide
phosphodiesterase, platelet-derived growth factor receptor-α
(PDGFRα) (not shown), and myelin-associated protein (MAG)
(Fig. 8) are down-regulated, illustrating the susceptability of glia
to hypoxic stress. MAG is a marker of mature oligodendroglia,
and its loss is a surrogate marker of the loss of mature glia under
hypoxia. As measured by immunofluorescence, MAG appears to
be reduced throughout the developing corpus callosum and fiber
pathways of the P11 hypoxic brain (Fig. 8).

DIFFERENT MURINE STRAINS MIMIC THE RANGE 
OF RESPONSIVENESS TO HYPOXIA OBSERVED 

IN THE PREMATURE INFANT POPULATION
Recently we have observed marked differences in the

responsiveness of selected mouse strains to chronic hypoxia.
Specifically, CD-1 strain mice routinely survive a thirty day
exposure to 9.5% O2, while C57BL6 mice succumb after
thirteen days of this level of hypoxia (8, 40). This observation
may shed considerable light on the variable cognitive outcomes
observed in the human premature population. Using data
accrued from our previous cell biological and microarray studies
(5, 7, 9, 18) we have begun to develop a battery of proteins that
were found to be modulated in response to the hypoxic insult and
have the potential of being involved in mediating the variable
survivability between the CD-1 and C57BL6 mouse strains and
the variable responses observed in the human population. Given
the importance of HIF-1α and several downstream signaling
molecules illustrated in Fig. 13, we have begun to assess
potential differences in these two murine strains.

In recent studies we and others discovered that different
mouse strains respond differently to chronic hypoxia, mimicking
the variable response/recovery observed in the human premature
infant population (8, 41, 42). In these studies we determined that
the differences in survival, apoptosis, proliferation and

differentiation of SVZ endothelial cells and neural stem cells
were due to differences in HIF-1α responsiveness to the hypoxic
insult by endothelial cells and neural stem cells in the SVZ and
HIF-1α’s differential induction of several downstream pathways
involving VEGF, BDNF, SDF-1 and NO (7, 8).

In these studies we have found that CD-1 and C57BL/6
mice exhibit differential subventricular zone (SVZ) neural
progenitor cell (NPC) proliferation (Fig. 9A), apoptosis (Fig.
9B) and microvascular densities (Fig. 9C). P11 pups, either
reared under normoxic conditions from P0 to P11 or hypoxic
conditions from P3 to P11 were injected with BrdU and
perfusion fixed. Immunohistochemical analysis at P11 revealed
that CD-1 pups exhibited increased SVZ proliferation of nestin
positive cells (30.2% vs. 20.6% respectively); decreased nestin
positive, cleaved caspase 3 (CC3) positive cells (2.8% vs. 6.7%
respectively) and higher microvascular densities (40.6%
increase) in their SVZ areas compared to C57BL/6 P11 pups.
CD-1 pups also exhibited substantially increased proliferation
(21.2% vs. 8.2% respectively), reduced apoptosis (14.7% vs.
30.0% respectively) and increased vascular density (53%
relative increase) compared to C57BL/6 P11 pups under
hypoxic conditions.

These findings were confirmed by Western blotting and
ELISA of brain lysates of similarly treated mice (Fig. 10) (8).

99

Fig. 6. Representative sections through the lateral ventricles of
Normoxic P11 (left panel) and hypoxic P11 (right panel) mouse
pup brains illustrating significant ventriculomegaly (boxed
areas) of hypoxic reared pups.

Fig. 7. Representative micrographs of P11 synapsin 1 staining of
normoxic and hypoxic hippocampus and cortex. Hypoxia elicits
disruption of synapse formation in the hippocampus and cortex.
Under hypoxic conditions, synapsin 1 is unapparent at P11 in the
hippocampus (B & D, box #1) but increased in the optic tract and
internal capsule while robust staining is noted in the normoxic
condition (A&C, box #1) (DG, dentate gyrus). High-resolution
images of synapsin 1 (red fluorescence, panels E&F, box #2)
reveal a finely punctate pattern of synaptic boutons in the
Normoxic cortex (E), whereas, in the same region of the
Hypoxic cortex (F), synapsin 1 is confined to the soma and
coarse neurites, a pattern characteristic of immature neurons.
Nuclei are stained blue with 4,6-diamidino- 2-phenylindole
(DAPI). Reproduced from (18).



Specifically CD-1 lysates normalized for protein load and β-
actin levels exhibited increased hypoxic induction levels of HIF-
1α and several proteins known to be downstream of HIF-1α
including BDNF, phospho-TrkB, neuropilin-1 CXCR4 and SDF-
1 compared to C57BL/6 pups (8) (Fig. 9). These data represent
global changes in whole brain lysates. Examination of brain
regions (cortex, cerebellum, brain stem, periventricular areas)
and specific cell types (endothelial, astrocytic, neuronal and
stem cell) will likely exhibit more dramatic differences as will
immunohistochemical analyses and in situ hybridizations as we
have demonstrated previously (5, 6, 9, 18).

Analyses of NSC isolated from C57BL/6 and CD-1 P0
brains confirmed the tissue NSC proliferation and apoptosis
findings as well as the differential hypoxic induction of HIF-1α
and several known downstream proteins including VEGF,
neuropilin-1, BDNF, CXCR4 and SDF-1 observed in the brain
lysates (8) (Fig. 11).

Further, low nanogram additions of rVEGF, rSDF-1 and
rBDNF enhanced C57BL/6 NSC proliferation to CD-1 levels
and sequestration of these factors blunted CD-1 proliferative
rates to that of C57BL/6 NSCs (8), confirming functional roles

for these factors and their differential expression levels (data
not shown).

Since NO is a known autocrine and paracrine modulator of
neuronal behaviors and has been shown to stabilize HIF-1α via
direct S-nitrosylation and indirectly by inhibiting prolyl
hydroxylases (43-45), we examined the roles of eNOS and NO
in NSC HIF-1α and prolyl hydroxylase domain 2 (PHD2)
expression and NSC proliferation. In both 20% and 10% O2
environments C57BL/6 NSCs exhibit minimal NO expression
(Fig. 12A and B), while CD-1 NSCs exhibit a robust NO
expression, which is not appreciably different in either the
normoxic or hypoxic environments studied (Fig. 12C and 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 NSCs expressed 2-fold
more eNOS compared to C57BL/6 NPCs in both conditions
(Fig. 12E) (2.19 fold increase, p<0.02). Determination of NPC
proliferation in C57BL/6 NSC neurospheres using PCNA
expression levels in the absence and presence of NOC-18, a
slow release NO donor, revealed a two-fold increase in
proliferation; while treatment of CD-1 NPC neurospheres with
C-PTIO, an NO scavenger, revealed a 2.5 fold decrease in
proliferation (Fig. 12F). Examination of HIF-1α levels in
C57BL/6 NSC neurospheres in the absence and presence of
NOC-18 revealed a three-fold increase in HIF-1α in the
presence of NOC-18, bringing the HIF-1α level up to that
observed in CD-1 NPC neurosphere cultures; while treatment of
CD-1 NSC neurospheres with C-PTIO reduced HIF-1α levels
to that of C57BL/6 NSCs (Fig. 11G). Additionally, C-PTIO
treatment of CD-1 NPCs resulted in a 2.3-fold increase in prolyl
hydroxylase domain 2 (Fig. 11H). These findings are consistent
with our findings of increased HIF-1α expression and a trend
toward lower PHD2 levels in CD-1 brain lysates and NSCs and
are consistent with findings recently published by Berchner-
Pfannschmidt et al., (46) who have demonstrated NO
modulation of a HIF-1α/PHD2 autoregulatory loop (8).

Very recent studies have shown that the neural stem cells
(NSCs) derived from these two murine strains exhibit distinct
matrix metalloproteinase-9 activities, consistent with their distinct
NSC migration rates and levels of recovery following perinatal
hypoxic insult (47). These data are consistent with recent findings
of modulation of MMP-2 and MMP-9 activities following
hypoxic-ischemic brain damage in the immature rat (48).

Our current working model of the signaling pathway
components that are differentially regulated in C57BL/6 and
CD-1 pup brain tissues and cultured NSCs under normoxic and
hypoxic conditions is illustrated in Fig. 13.

In addition to our murine data, there have been several
reports suggesting that plasma levels of VEGF and BDNF may
be potentially useful biomarkers in the assessment of several
CNS diseases (49-52).
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Fig. 8. Representative micrographs of P11 myelin-associated
protein staining of normoxic and hypoxic brains. Hypoxia
induced a loss of myelin-associated proteins (MAG). In hypoxic
P11 brains (A, right panel) there was a down-regulation of MAG
transcription and other myelin associated genes compared to
normoxic brains (A, left panel). In hypoxic P11 brains MAG is
lost from the developing corpus callosum and myelinated fiber
pathways (C) compared to normoxic P11 brains (B). Hypoxia
also induces an unusual MAG investiture of discrete clusters of
cortical microvessels (C, area outlined by dashed line).
Reproduced from (18).

Fig. 9. Quantitation of immunohisto-
chemical staining of normoxic and
hypoxic P11 C57BL/6 and CD-1
SVZs (as illustrated in Fig. 6) for
proliferation (A) (nestin+ & BrdU+
cells), apoptosis (B) (nestin+ &
cleaved caspase 3+ cells) and vessel
densities (C) (PECAM-1+ structures)
in the two mouse strains (n = 6).
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Fig. 10. P11 C57BL/6 brain homogenates exhibit distinct normoxic and hypoxic selected transcription factor, growth factor and
receptor protein expression levels compared to CD-1 pups. Western blot (A,B,C,E,F,G &H) and ELISA (D) analyses of expression
levels of HIF1α (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 21% O2 normoxic (NX) and a 10% O2 hypoxic (HX) conditions (vertical bars
represent standard deviations; n = 3). Reproduced from (8).

Fig. 11. C57BL/6 NSC culture homogenates exhibit distinct normoxic and hypoxic selected transcription factor, growth factor and
receptor protein expression levels compared to CD-1 NSC. Western blot (A,B,E,F,G & H) and ELISA (C & D) analyses of expression
levels of HIF1α (A), PHD2 (B), VEGF (C & D), (E), Nrp-1, (F) BDNF, (G) CXCR4, (H) SDF-1 in C57BL/6 (open boxes) and CD-
1 (shaded boxes) NSC homogenates in a 20% O2 culture environment (NX) and a 10% O2 culture environment (HX) - which induces
a HIF-1α response (vertical bars represent standard deviations; n = 3) Reproduced from (8).



CONCLUSIONS
With the continued advent of new techniques and equipment

enabling the medical community to rescue and maintain
premature infants of increasingly low birth weight, the pediatric
neurology community continues to see increasing numbers of
infants, toddlers and school age children suffering from a variety
and range of neurodevelopmental abnormalities (11, 16). A
major risk factor associated with increased neurodevelopmental
abnormalities continues to be chronic sublethal hypoxia. This
common complication (due to immaturity of the lungs at time of
birth) results in changes in the neuropil and the
neurovasculature, which, in turn, is thought to be a cause of the

subsequent observed motor and cognitive handicaps. Although
recent studies have documented improvement of cognitive
function over time in this population, the improvement is
variable and mechanisms of recovery are still incompletely
understood (14).

The emerging role of the neurovascular niche areas (SVZ
and SGZ) in recovery from this and other CNS injuries warrant
continued investigation into the control of neuro- and vasculo-
genesis in these areas and the factors that mediate these
processes. Thus, a better understanding of the consequences of
chronic sublethal hypoxia to CNS tissues and cells (in particular
the neurovascular niches) and the perturbations of endothelial
cells, neural stem cells, astrocytes and neuronal cells
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Fig. 12. Primary cultured C57BL/6
neurospheres exhibit reduced NO expression
compared to 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 six
days illustrating relative NO expression levels.
(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-1α (G) in C57
NSC neurospheres in the absence (Cont) and
presence of the NO donor NOC-18  (NOC) and
CD-1 NSC neurosphere in the absence (Cont)
and presence of the NO scavenger C-PTIO. (H)
Western blot analysis of expression levels of
PHD2 in C57 NSC neurospheres in the absence
(Cont) and presence of NOC-18 (NOC) and
CD-1 NSC neurosphere in the absence (Cont)
and presence of C-PTIO.  (vertical bars
represent standard deviations; n = 3)
Reproduced from (8).

Fig. 13. Working model of the HIF-1α
mediated signaling cascades differentially
activated in C57BL/6 and CD-1 pups in
response to hypoxic insult affecting survival,
hematopoietic stem cell and neural stem cell
proliferative and survival behaviors and SVZ
vessel densities in these two mouse strains.
These differences may, in part, be explained by
differences in HIF-1α modulated signaling
pathways mediated by VEGF, BDNF and SDF-
1, all of which are known to exhibit modulation
by HIF-1α, whose expression level is regulated
by an NO-mediated HIF-1α/PHD2
autoregulatory loop (7, 8). We have also
recently determined that HIF-1α translation
mediated in part by mTOR is more robust in
CD-1 NSCs. Green colored agents =
stimulators of this loop; Red colored agents =
inhibitors of this loop.



comprising these niches and their dynamic interactions are
warranted (Fig. 14). The information gained from such 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
premature infant population.
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