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Abstract

Chronic perinatal hypoxia causes a significant loss of total brain volume, brain
weight and cortical neuron number. These measures are completely reversed following
recovery in normoxic conditions. Yet, the cellular and molecular mechanisms underlying
this plasticity are not well understood. Here, we show that hypoxia from postnatal days
3 (P3) to 10-11 causes a 30% decrease in cortical neurons and a 24% decrease in
cortical volume. Excitatory neuron numbers were completely recovered one month after
the insult, but the mice showed a residual deficit in GABAergic interneurons. In contrast,

hypoxic mice carrying a disrupted fibroblast growth factor receptor-1 (Fgfr1) gene in
GFAP™ cells [Fgfr1 conditional knock-out (cKO)], showed a persistent loss of excitatory
cortical neurons and an increased interneuron defect. Labeling proliferating progenitors
at P17-18 revealed increased generation of cortical NeuN* and Tbr1* neurons in wild-

type mice subjected to hypoxic insult, whereas Fgfr1 cKO failed to mount a cortical
neurogenetic response. Hypoxic wild-type mice also demonstrated a twofold increase in
cell proliferation in the subventricular zone (SVZ) at P17-18 and a threefold increase in
neurogenesis in the olfactory bulb (OB) at P48-49, compared with normoxic mice. In

contrast, Fgfr1 cKO mice had decreased SVZ cell proliferation and curtailed reactive
neurogenesis in the OB. Thus, the activation of Fgfr1 in GFAPY cells is required for

neuronal recovery after perinatal hypoxic injury. In contrast, there is incomplete recovery
of inhibitory neurons following injury, which may account for persistent behavioral

deficits in adult mice following early perinatal injury.
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Introduction

Very low birth weight (VLBW) preterm infants comprise 2% of all live births. This
poses a substantial public health problem, both in the pediatric population and possibly
later in life (Hack et al.,, 2002; Als et al., 2007). Despite improved survival rates
approaching 85% for preterm infants weighing less than 1500g (Fanaroff et al., 2007),
half of these children sustain cognitive and neurodevelopmental disabilities. However,
recent long-term studies demonstrate progressive improvement over time in children
without grade 3/4 intraventricular hemorrhages or significant white matter injury (Ment et
al., 20083; for a review, see Saigal and Doyle, 2008), suggesting a capacity for recovery
which has yet to be fully investigated. Despite early differences, serial neurocognitive
evaluations have demonstrated progressive improvement such that by adolescence,
language scores for preterm subjects approach those of term controls (see review by
Saigal and Doyle, 2008; Ment et al., 2003). This long-term behavioral outcome is
paralleled by significant structural plasticity in the preterm brain. For example, while
there are decreases in brain volume at birth (Peterson et al., 2003; Inder et al., 2005a),
there appear to be no significant difference in total volume measures as these children
reach adulthood (Fearon et al., 2004; Allin et al., 2007). However, subtle differences in
the volume of subcortical structures and ventricular enlargement persist (Allin et al.,
2004; Fearon et al., 2004). A voxel-based morphometry study (Nosarti et al., 2008)
found that there were not only regions of loss but interestingly other areas with relatively
greater volumes when preterm adolescents were compared to term controls at 14-15
years of age. This increase in the volume of certain regions was more prominent in

preterm children that had neonatal ultrasound evidence of periventricular hemorrhage



and ventricular dilation, suggesting that in cases of more severe brain injury, the brain
appears to compensate by increasing cell number in order to adapt. Yet even in preterm
infants without evidence of periventricular hemorrhage and ventricular dilation, the grey
matter in the cingulate, temporal and parahippocampal gyri and white matter in the
frontal, parietal and occipital cortices were increased. It is not clear whether these
increases are a compensatory mechanism for injury or a delay in the natural maturation
process resulting in the absence of age appropriate pruning. Further, the mechanisms

responsible for these long-term alterations are not well understood.

Magnetic resonance imaging (MRI) has demonstrated not only structural but
functional differences in the brain development of preterm children compared to term
controls from infancy to early adolescence (Ment et al., 2009; Inder et al., 2005a;
Gimenez et al., 2006a,b; Nosarti et al., 2008; Srinivasan et al., 2007). At all ages
studied, preterm children have smaller volumes in certain brain regions including
cerebral grey matter, basal ganglia and cerebellum (Inder et al., 2005a; Nosarti et al.,
2008). Recent advances in imaging technology such as diffusion tensor imaging (DTI),
allowing for the evaluation of microstructural alterations, have revealed changes in white
matter organization and function. DTI provides quantitative measurements of fractional
anisotropy (FA), or the degree to which water diffusion is restricted in one direction
compared to others. MRI studies have confirmed that preterm children demonstrate FA
differences at birth through adolescence (12—-15 years of age) (Constable et al., 2008;

Skranes et al., 2007).



Numerous factors, genetic as well as environmental have been hypothesized to
influence cognitive development and micro-structural changes in the developing brain.
Als et al. (2004) found that low-risk preterm infants enrolled in a Newborn Individual
Developmental Care and Assessment Intervention Program (NID-CAP) had greater FA
in the internal capsule and frontal region white matter than those who did not receive
this care, suggesting that activity-dependent mechanisms may have a significant impact
on the degree of structural and functional recovery. These studies suggest that
environmental and perinatal events may influence brain development. Genetics may
also play a role. It is well established that overall white matter fiber architecture is
genetically pre-programmed, with the understanding that the cortical milieu can alter
their programmed trajectory. In a study of monozygotic and dizygotic twins using FA and
DTI, white matter integrity was highly heritable and correlated with their performance on
intelligence quotient measures (Chiang et al., 2009). It has also been shown that grey
matter structures in frontal, sensorimotor and language related cortices are heritable in

the monozygotic compared to dizygotic twins (Thompson et al., 2001).

It is difficult to disentangle the respective contribution of the degree of injury and
environmental and genetic variables responsible for both the apparent gross recovery of
preterm infants as well as the more subtle, long-term differences. Additionally, it is likely
that these factors interact with each other to condition the variable response to injury. In
order to better understand the environmental and genetic factors contributing to the
outcome of preterm children, these variables must be studied independently and in their
reciprocal interactions with each other. Given obvious reasons, human studies and

interventions are fairly limited. Therefore the study of premature brain injury is based in



large part on animal models. This also provides the opportunity to study genetically
altered mice, to knock-out or over-express individual genes of interest. Yet for an animal
model to be relevant it must accurately reflect the histopathological spectrum of a
specific injury to the developing brain, correlate with developmental changes observed
in children and display the functional outcomes seen in human pathology. Various
investigators have studied neonatal brain injury using different methods to induce injury,
resulting in neuropathological changes that resemble those found in humans. In order to
mimic the injury and outcome of less severely affected preterm children, we have
focused on a model of perinatal hypoxia among a wild-type mouse population as well as

those that have been genetically modified.

The premature infant is subject to failure in oxygenation due to immature lungs
and respiratory disturbances resulting in hypoxia. This is an important contributor to
brain injury in premature infants and results in altered neuronal differentiation and
synaptogenesis as well as a loss of neurons, glia and their progenitors due to increased
apoptosis. There are two main models of hypoxia, which are not mutually exclusive,
chronic and intermittent (Fagel et al., 2006; Douglas et al., 2007). We have chosen to
focus all of our studies on a model of chronic perinatal in which mice are subjected to
sublethal hypoxia during the first 10-11 days after birth, a period of rapid brain
development, resulting in very consistent results, namely global injury and long-term
behavioral impairment. First, we exposed mice pups to hypoxia (9.5-10.5% 02) from
P3 to P11 followed by recovery in normoxic conditions until P49. These mice initially
suffer ventriculomegaly and a significant loss of cortical neuron number, cortical volume

and brain weight as well as a diminished corpus callosum and subcortical white matter



(Fagel et al., 2006). Similar to findings in human studies on preterm infants, the initial
decrease in cortical grey matter, subsequently makes a full recovery. However, mice
subjected to hypoxia suffer long-term neurobehavioral sequelae including hyperactivity,
increased anxiety (Weiss et al., 2004) and impairment in learning tasks and
discrimination (Dell’Anna et al., 1991; Nyakas et al., 1996). While the hyperactivity
subsides within several weeks, working memory and other impairments appear to be
permanent (Chahboune et al., 2009). Taken together, our data suggest that this model

causes alterations in brain development similar to those found in humans.

The early postnatal brain has a unique capacity to recover from various types of
developmental injuries. This plasticity can be attributed to the reorganization of existing
circuitry, via neurogenesis, synaptogenesis and differential axon growth and guidance.
Studies utilizing various injury models have shown that the postnatal brain contains an
endogenous pool of multipotent progenitor cells with the ability to proliferate and
differentiate into new neurons and glial cells following insult (Fagel et al., 2006, 2009;
Plane et al., 2004; Felling et al., 2006; Yang et al., 2007). The germinative zones where
these cells reside are the subgranular layer of the hippocampal dentate gyrus and the
subventricular zone (SVZ) adjacent to the lateral ventricles of the forebrain. Precursor
cells may also exist in the latent stage in white matter and diffusely in grey matter
(Palmer et al., 1999). The SVZ has been of particular interest in our studies because in
humans it plays a prominent role during mid to late gestation (corresponding to the first
perinatal week in mice). Other studies have demonstrated that during this critical period,
the SVZ is comprised of immature cell types that are at different stages of lineage

restriction with the capacity to provide neural precursors in the event of perinatal injury



(Yang and Levison, 2006). In both humans and mice, slowly dividing GFAP+ multipotent
progenitor cells in the hippocampus and the SVZ neurogenic niches give rise to
proliferating neural progenitors which in turn produce new neurons, thus enabling
recovery (Doetsch et al., 1999). While progenitor cells proliferate as a normal response,

premature birth likely alters the natural course of development for these cells.

Our studies focused primarily on neuronal cell populations and examined the
long-term developmental and morphological outcomes. Mice subjected to chronic
perinatal hypoxia from P3 to P10-11 suffered a 30% decrease in brain weight, cortical
volume and neuron specific neuronal nuclei (NeuN)+ neuron number in the cerebral
cortex immediately after cessation of injury. However, after one week of recovery in
normoxic conditions, the hypoxic reared mice showed a substantial increase in the
number of proliferating cells, marked by the incorporation of 5-bromo-2-deoxyuridine
(BrdU), many of which co-expressed astroglial markers, including vimentin, brain lipid
binding protein (BLBP) and astrocyte-specific glutamate transporter (Fagel et al., 2006).
Cells of the radial glial lineage express these proteins during embryogenesis, giving rise
to neural precursors (Feng et al., 1994; Shibata et al., 1997). To examine the fate of the
proliferative precursors, BrdU was incorporated into these cells one week after the
cessation of hypoxia and a detailed analyses of the long-term fate of BrdU+ cells was
performed. Our study revealed a two-fold increase in the number of BrdU+ cells in the
cortex four weeks after the insult, and a parallel increase in neurogenesis as well as
gliogenesis, with no changes in the proportion of differentiated neurons, astrocytes and
oligodendrocytes (Fagel et al., 2006). Our more recent studies examining the genesis of

different neuronal subtypes revealed a preferential generation of T-brain-1 (Tbr1)+

10



excitatory as opposed to Parvalbumin+ and Calretenin+ inhibitory neurons (Fagel et al.,
2009). This mismatch may correlate with the long-term cognitive deficits that these

hypoxic mice continue to exhibit and may provide a clue for future interventions.

The nature of injury may also play a determinant role in recovery. For example,
adult rodents that suffer infarct-producing ischemic events can regenerate striatal and
hippocampal neurons, but not cortical neurons (Yoshimura et al., 2001; Arvidsson et al.,
2002; Parent et al., 2002; Hoehn et al., 2005), whereas diffuse neuronal apoptosis
stimulates the genesis of cortical projection neurons from endogenous progenitors
(Magavi and Macklis, 2002). Others have reported the generation of cortical inhibitory
interneurons after perinatal hypoxia-ischemia, although many of these cells appear to
be transient (Yang et al., 2007). Prior to our work, neurogenesis had yet to be seen in
adult rodent or macaque cerebral cortex, under basal conditions (Kornack and Rakic,
2001). In the mammalian CNS, neurogenesis is thought to be limited to the embryonic
period; the only exceptions being the olfactory bulb (OB) and hippocampal dentate
gyrus (DG), in which neurogenesis continues throughout life (Altman and Das, 1965;
Gage, 1998; Lois and Alvarez-Buylla, 1993; Luskin, 1993). Despite the paucity of
evidence of postnatal cortical neurogenesis, we set out to test our hypothesis that
neurogenesis can occur constitutively in the immature cortex and that it plays a role in

recovering neurons after hypoxic damage. Still, the mechanism remained illusive.

In order to understand the neurobiological substrates responsible for premature
brain injury, altered developmental trajectories, and the potential for recovery, molecular

manipulation of key regulatory proteins and genes are necessary. This is difficult in large
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animal models, thus necessitating investigation using mice. Advances in murine
genetics and in the understanding of the molecular mechanisms that regulate gene
expression have allowed scientists to develop null-mutant or transgenic mouse strains
to examine the role of specific genes in the response to injury. For example, it is known
that during embryogenesis, key secreted factors play a critical role in brain development
such as fibroblast growth factor (FGF), insulin like growth factor (IGF), vascular
endothelial growth factor (VEGF), epidermal growth factor (EGF), brain-derived
neurotrophic factor (BDNF), and Sonic Hedgehog (SHH). In the postnatal brain, these
factors continue to be expressed in the SVZ. Many of these factors show altered
expression after injury. We hypothesized that FGF may play the most important role in

recovery and thus we focused our studies on this growth factor.

Neurogenesis in the embryonic and perinatal periods is regulated by FGF (Tao et
al., 1996; Vaccarino et al., 1999a, 2001). FGF can induce neural fate in uncommitted
stem cells (Stavridis et al., 2007) and increase progenitor proliferation (Vaccarino et al.,
1999b; Wagner et al., 1999). In the embryonic cortex, Fgf2 increases the number of
neural progenitors (Raballo et al., 2000) and the differentiation of inhibitory as well as
excitatory neurons (Dono et al., 1998; Ortega et al., 1998; Vaccarino et al., 1999b; Shin
et al., 2004). Further, both endogenous Fgf2 (Yoshimura et al., 2001) and exogenously
administered Fgf2 (Nakatomi et al., 2002; Androutsellis-Theotokis et al., 2006; Monfils
et al., 2006) promote neurogenesis in the DG and behavioral recovery after a number of
injuries in adult rodents, including mechanical motor cortex injury, local cortical ischemic

lesions and global hypoxia-ischemia.
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Indeed, our initial studies demonstrated that FGF gene expression is upregulated
in various brain regions following hypoxia, possibly leading to the appearance of radial
glial type cells, a subset of which co-express FGF receptor 1 (Fgfr1) (Ganat et al.,
2002). This led to speculation that astroglial cells respond to perinatal injury either by
reverting back to immature radial glia or that injury during this critical period hinders
normal maturation of radial glial into GFAP+ astrocytes, diverting their differentiation
away from glial and towards neuronal progenitor cells. Using mice with a disrupted
Fgfr1 gene in GFAP+ cells, we assessed whether this FGF receptor may be responsible
for reconstituting brain structure after chronic sublethal hypoxic injury and the role of
neurogenesis in this process. An unbiased stereological analysis of the number of newly
generated cortical and olfactory bulb neurons was performed in parallel with an
assessment of the total number of excitatory and inhibitory neurons several weeks after
the insult. The data suggest that Fgfr1 signaling is required not only for cell proliferation
and neurogenesis after an insult, but also for indirect effects leading to enhanced

neuronal survival or maturation in the post-hypoxic environment.
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Methods

Mouse Lines

Initial studies were conducted on wild-type C57/Bl mice. Later experiments

utilized a knockout mouse model to study the role of a specific gene. To conditionally

knockout the Fgfr1 gene, mice carrying the Fgfr1f allele (Trokovic et al., 2003) were
crossed with GFAPCT mice, which express Cre under the control of the human GFAP

promoter (Zhuo et al., 2001). The Fgfr1f/f;hGFAP Cre mice lack Fgfr1 gene expression

in telencephalic precursors, as described previously (Ohkubo et al., 2004; Smith et al.,
2006). Cre negative littermate mice were used as controls. The genetic background of
the knockout mice is a mixed 129/Sv, C57/BL, FVB and CD1. All experimental
procedures were performed in accordance with the Yale Animal Resources Center and

Institutional Animal Care and Use Committee policies.

Hypoxic Rearing

The experimental paradigm is schematized in Fig 1. C57/Bl mice were placed in
an airtight Plexiglas hypoxia chamber maintaining a 9.5 — 10.5% O2 concentration by
displacement with N2 as described previously (Ganat et al., 2002; Turner et al., 2003;
Weiss et al., 2004). Hypoxia was begun at postnatal day 3 (P3) and was continued for
24 h in one group (P4) or for 8 days (P11) in all other mice. A separate group of control,
normoxic mice were used and matched for strain, age, and supplier. Due to a
diminished survival rate among the cKO mice, this group (as well as its normoxic
counterparts) received one less day of hypoxia ending at P10 instead of P11. Both

hypoxic-reared and normoxic mice (four to eight mice per group) were fostered to CD1
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dams. In Fig 1, the hypoxia period is represented by a shaded bar on the thick black
line. Mice were analyzed at various times after hypoxia (represented by marks on the
thick black line in Fig. 1) with previous injection(s) of 5- bromo-3-deoxyuridine (BrdU)
(see below). cKO mice were sacrificed at P10, P17 or P48. Mice were perfused
transcardially with 20 ml of PBS followed by 35 ml of 4% paraformaldehyde (PFA).
Brains were postfixed overnight in PFA, cryoprotected in a 20% sucrose solution
overnight, and stored at -80°C after embedding in Tissue-Tek O.C.T. Compound

(Electron Microscopy Sciences) medium.

2-Bromodeoxyuridine Birthdating Assay

BrdU (4 mg/ml in 0.007 N HCI/0.9% NaCl, Sigma) was administered
intraperitoneally (50 mg/kg) every 4 hours at either P18 or P17 (0, 4, 8 and 12h), and
animals were killed at 14h or 31d later. In both cases, the total labeling time was ~14 h,
since BrdU avail- ability time is estimated to last for 4-5 h after injection (Hayes and
Nowakowski, 2000). The reason for this cumulative labeling protocol is that it should
label all constitutively proliferating cells of the subventricular zone (SVZ), as their cell
cycle is ~13 h (Zheng et al., 2004). Based on double labeling of BrdU and 3H thymidine,
this dosage of BrdU has been shown to label S-phase cells (Nowakowski et al., 1989;

Hayes and Nowakowski, 2000).

Immunohistochemistry

In most cases, free-floating immunocytochemistry in serial sections was used.
Brains were serially sectioned at 50 um thickness, and sections were stored in 0.04%

sodium azide (NaN3)/PBS solution at +4°C. For BrdU immunostaining, sections were
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washed in PBS, incubated in 1.5 N HCI at 37-C for 30 min, washed 3 times with PBS,
blocked in 0.1% Tween-20/0.2% Triton in PBS (PBS++) containing 10% normal goat
serum (NGS/PBS++), and then incubated in either mouse anti-BrdU (1:500, Becton-
Dickinson, San Jose, CA) or rat anti-BrdU (1:500, Accurate Chemical, Westbury, NY)
overnight at 4-C in 5% NGS/PBS++. Sections were then washed 3 times with PBS and
incubated for 1 h in anti-mouse Alexa 594 (1:500, Molecular Probes, Eugene, OR) or
anti-rat rhodamine cross-absorbed (1:400, Jackson, West Grove, PA) in 5% NGS/PBS+,
washed again, mounted, and coverslipped using Vectashield with DAPI (Vector,

Burlingame, CA).

The following primary antibodies were used: mouse anti-NeuN (1:500, Millipore),
rabbit anti-Tbr1 (1:1000) (gift from Dr. Hevner, University of Washington School of
Medicine, Seattle, WA), mouse anti-SMI-32 (1:1000; Covance), rabbit anti-caspase-3
(1:500, Cell Signaling, Beverly, MA), rabbit anti-S100h (1:300, Sigma), rabbit anti-
GLAST (astrocyte-specific glutamate transporter, 1:2000, kind gift from Dr. Watanabe,
Hokkaido University, Sapporo, Japan), rabbit anti-BLBP (brain lipid-binding protein,
1:1000, kind gift from Dr. Heintz, Rockefeller University, New York, NY), mouse anti-
GFAP (glial fibrillary acidic protein, 1:400, Sigma), mouse anti-Mash1 (1:10, kind gift
from Dr. Guillemot, National Inst. of Medical Research, The Ridgeway Mill Hill, United
Kingdom), rabbit anti-GFAP (1:500, Sigma), mouse anti-PSA-NCAM (polysialic acid-
NCAM, 1:400, Chemicon), rabbit anti-DLX-2 (1;100, kind gift from Dr. Rubenstein,
University of California at San Francisco, San Francisco, CA), mouse anti-Rip (1:500,
Chemicon), mouse anti-HuC/HuD (1:500, Molecular Probes), mouse anti-GABA (g-

aminobutyric acid, 1:500, Sigma), and goat anti-Dcx (doublecortin, 1:500, Santa Cruz,
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Santa Cruz, CA), mouse anti-Parvalbumin (PV) (1:2500, Sigma), rabbit anti-Calretinin
(CR) (1:2000, Millipore), rat anti-BrdU (1:500, Accurate Chemical), mouse anti-Fgfr1
(1:500, Upstate), rabbit anti-Sox2 (1:3000, Millipore), rabbit anti-Pax6 (1:1000,
University of lowa, lowa City, IA) and rabbit anti-Tbr2 (1:2000, gift from Dr. Hevner). The
following secondary reagents were also used: anti-mouse Alexa 488 (1:500, Molecular
Probes, Invitrogen), anti-mouse Alexa 488 cross absorbed (1:500, Molecular Probes,
Invitrogen), anti-rabbit Alexa 594 (1:700, Molecular Probes, Invitrogen), anti-rabbit Alexa
488 (1:1000, Molecular Probes, Invitrogen), anti-mouse rhodamine red cross absorbed
(1:400, Jackson), anti-mouse, anti- goat, and anti-rabbit biotinylated (1:200, Vector), and
avidin flourescein (1:1000, Vector). For immunoperoxidase detection, the ABC Elite kit

(Vector) was used as directed.

For detection of migrating neuroblasts and evaluation of differentiated BrdU
labeled cells, brains were perfused with 2% PFA in PBS, and 10 Am-thick cryostat
sections were collected serially and stored at -80°C. Series of 1:50 sections were
reacted directly on slides. The immunoflourescent procedure described above was
followed except that sections were blocked in 0.1% Triton in PBS (PBS+) containing
10% NGS (NGS/PBS+) and incubated in a cocktail containing the primary antibodies in
10% NGS/PBS+ for 48 h at 4-C. For fluorescent labeling of Dcx-positive cells, sections
were washed in 1% Triton in PBS for 15 min and then processed with secondary

reagents as described above.
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Morphometry and Cell Counting

Unbiased estimates for volumes and cell numbers were obtained using a
computer coupled to a Zeiss Axioskope 2 Mot Plus, running the Stereolnvestigator
software with Neurolucida (Microbrightfield). For the cortex, one in every twenty serial
sections were selected for analyses; for the SVZ and OB, one in every ten sections
were selected. Contours were drawn around the cerebral cortex including the
infralimbic, orbital, cingulate, entorhinal and retrosplenial cortices, and cell counting was

performed as described previously (Korada et al., 2002; Fagel et al., 2006). To estimate

the total number of newly generated neurons in the cortex, NeuN*t/BrdU cells as well

as Tbr1*/BrdU™ and SMI-32%/Tbr1* cells were simultaneously visualized by a 594 and

488 nm double-exposure filter and counted using the optical fractionator method in a 3-
dimensional counting frame of 100 x 100 x 5 um using a sampling grid of 1500 x 1500
um for NeuN, 750 x 750 um for Tbr1 and 1000 x 1000 um for SMI-32, PV and CR. At
P10, 5-6 coronal sections were sampled per brain, whereas at P48, 6—7 sections were
sampled. Approximately 40 NeuN, 180 Tbr1 and 120 SMI-32, PV and CR sampling sites
were counted for each cortex. The contours of the granular layer of the OB were drawn

based on its increased cellular density in DAPI-stained sections. To estimate the total
number of Neun*/ BrdU™ cells in the OB, cells were counted in a counting frame of 50 x

50 x 5 um, using a sampling grid of 500 x 500 um. At P48, 5—6 coronal sections and ~50
sampling sites were counted for each OB. Cells were classified as double-stained only if
both colors were in sharp focus within a narrow (~2 um) focal plane, using the z-axis

encoder. The contours of the SVZ were drawn based on its increased cellular density in
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DAPI-stained sections and included the entire extent of the SVZ from its rostral end until
the beginning of the hippocampal commissure. To estimate the total number of BrdU™

cells in the SVZ, cells were counted in a counting frame of 50 x 50 x 5 um, using a
sampling grid of 200 x 200 um. Between 3 and 4 coronal sections and ~25 sampling
sites were counted for each SVZ. The average Schaffer coefficient of error for cell

counting was 0.04 — 0.07 for cortex, 0.06 — 0.10 for OB and 0.15— 0.17 for SVZ.

Statistical Analyses

The percent difference was defined as the mean of hypoxia minus the mean of
normoxia divided by the mean of normoxia. P values were calculated from the t test and
validated by nonparametric Wilcox test (the results are generally consistent between the
two tests, and the P values from the Wilcox test are not reported). Data were also
analyzed by ANOVA or Student’s t test using the DataDesk statistical program. The
number of samples is specified in each case in the figure legends. Post hoc analyses

were performed via the Sheffe post hoc test.
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Results

Transient cell loss following chronic perinatal hypoxia
Mice were exposed to sublethal hypoxia for 8 days, from P3 to P11 (shaded bar

in Fig. 1). Although 24 h of hypoxia was not sufficient to cause any apparent changes in
brain weight, by P11, there was a statistically significant 24% decrease. This was fully
reversed after 7 days of normoxia (Table 1). To confirm that the weight loss was due to
structural brain abnormalities, we examined serial sections stained with cresyl violet.
Consistent with previous findings using this model (Turner et al., 2003), we found an
increase in ventricular volume as well as a thinning of the cerebral cortical mantle at
P11 (Figs. 2A,B). To investigate whether these morphometric changes were due to a
loss of neurons, we immunostained serial sections with NeuN, a marker for neuronal
cell nuclei, and estimated cortical volume and neuron number by unbiased stereological
techniques. Hypoxic-reared mice were found to have a 30% loss of neurons in the
cerebral cortex at P11 and a corresponding decrease in cortical volume (Figs. 3E,F). To
determine what types of neurons were vulnerable to hypoxia, we immunostained the
P11 brain with SMI-32, a monoclonal antibody that recognizes a non-phosphorylated
neurofilament epitope in pyramidal neurons of the cerebral cortex. Qualitative
examination of SMI-32 immunostaining revealed decreased density of pyramidal cells

within the P11 cortex (Figs. 2 C—F).

20



PO P3P4 P11 P1819 P23 P29 P49 P78

A b

BPrjU BPLL Pé%ﬂ 8 differentiation of BrdU-labeled cells
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Figure 1. Timeline of the experiment. Shaded bar indicates chronic hypoxic exposure, and shaded arrows
indicate injection of BrdU. Hypoxia was begun at P3 and continued for 24 h in one group (P4) or for 8
days in all other mice (P11). To assess proliferation, a single BrdU injection was administered at P4, P11,
and P18, and mice were perfused after 30 min. To assess differentiation, the same dose was cumulatively
delivered every 4 h beginning at P18 for a total labeling of 16 h or every 6 h beginning at P16 for a total of
54 h (multiple arrows between P16 and P18). BrdU-injected mice were allowed to survive for 1, 5, 11, 31,
or 60 days (marks on black arrow corresponding to P19, P23, P29, P49, and P78).

Brain weights (mg) Table 1. Mice were exposed
to a PO2 of 9.5% beginning

P4 Pl P18 P49 P78 at P3 for 1 day (P4) or 8
Days of 1/0 8/0 8/7 8/31 8/60 days (P11) then allowed to
hypoxia/ recover in a normoxic

environment for a variable

recovery period of time as indicated
Normoxic 170 £4.0 335+ 13 381 £16.3 463 £9.1 462 £15.7 N = 8 for all time points.

Hypoxic 173 +49 255+ 6.6 385+3.6 431 +13.7 450 £ 26.5 « P <0.01, Student’s t test.
% decrease —1.8% 23.9% —1% 6.9% 2.6%

The most remarkable aspect of this model was that one week after the cessation
of injury, hypoxia-induced changes were apparently reversed in these mice. Thus at
P18, hypoxic-reared mice were indistinguishable from normoxic mice with respect to
brain weight (Table 1), cortical volume, and number of NeuN-positive cells in the
cerebral cortex (Figs. 3E,F). Similarly, hypoxic-reared mice did not show substantial
differences in the density of neuronal cell bodies immunostained with Parvalbumin (PV),
Calbindin (CA), or SMI-32 at this age. SMI-32 staining in the neuropil of the cerebral
cortex and the basal ganglia, however, remained decreased in mice recovering from
hypoxia; and specifically, although in control tissue most pyramidal cells had already
extended a prominent apical dendrite, such dendrites were still absent in hypoxic

cortical tissue.
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Figure 2. Volume and neuron number are decreased in hypoxic brains at P11 and recovered at P49. (A,
C, E, G, I, K) Normoxic and (B, D, F, H, J, L) hypoxic brains (coronal sections). (A—B) Cresyl violet-stained
sections at P11 showing decreased forebrain volume and ventriculomegaly after hypoxia. (C—F) SMI-32
immunostaining at P11; panels (E) and (F) are high power images of panels (C) and (D), respectively,
showing decreased number of pyramidal neurons in the medial prefrontal cortex in hypoxic brains. (G—H)
Cresyl violet staining at P49 showing recovered volume of the anterior cerebral cortex in hypoxia. (I-L)
SMI-32 immunostaining at P49 showing normal neuronal density but decreased dendritic arborization in
hypoxic mice in medial prefrontal (I, J) and dorsolateral prefrontal cortex (K, L). Scale bar = 200 Am in A,
B; 100 Amin C, D and G, H; 25 Amin E, F and |-L.

To address the permanence of these effects, we examined hypoxic-reared mice
at P49, after 31 additional days of recovery, as compared to normoxic controls. There
was no significant difference among hypoxic and normoxic mice in volume or number of
neurons for the cerebral cortex, the hippocampus and the basal ganglia (Figs. 2G,H;
Figs. 3E,F; Table 2). The only detectable abnormality at P49 was a subtle change in

pyramidal cell dendritic arbors in the cerebral cortex, which appeared much thinner and
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less regularly arrayed as revealed by SMI-32 immunostaining (Fig. 2, arrows in I,K and

J,L). Together, these data suggest that perinatal hypoxia causes an initial loss of cortical

neurons that may be responsible in part for the decrease in brain weight and volume

and the ventriculomegaly. These abnormalities were recovered over the ensuing period

of normoxia, except for a persistent disorganization of cortical neuropil.
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Figure 3. Number of
proliferative cells, apoptotic
cell density, and
morphometric analysis of
the cerebral cortex in
hypoxic mice. (A) Number of
BrdU-positive cells in the
neurogenic areas of control
(open bars) and hypoxic
(diagonally striped bars) at
P11 and (B) at P18 (N = 3,
N = 4 per group,
respectively). (C) Density of
apoptotic cells (number of

cells per mm3) in the
neurogenic areas of control
(open bars) and hypoxic
(diagonally striped bars) at
P11 and (D) at P18 (N = 4
per group). (E) Number of
NeuN-positive neurons in
the cerebral cortex and (F)
cortical volume of control
and hypoxic mice at P11,
P18, and P49 (N = 4 for
each group) *P < 0.05, **P <
0.005, comparing normoxia
versus hypoxia at each age
by Student’s t test.



To test if perinatal hypoxia influenced the
rate of cell death, we immunostained brain

sections for the active form of caspase-3,
dg

an enzyme which triggers most forms of
apoptosis. Although on average hypoxic

: brains had an increased density of cells

h
E
svZ
V'

Fig. 4. Cell proliferation is decreased during hypoxia ~ Of apoptotic cells, the magnitude of this

and increased after the cessation of the insult. (A, C,

E, G) Normoxic and (B, D, F, H) hypoxic brains  nhenomenon was difficult to appreciate
(coronal sections). DAPI (blue) and BrdU (red) at P4

(A-B), P11 (C-D), and P18 (E-H). DG, dentate _ .

gyrus; SVZ, subventricular zone; V, ventricle. Scale with current teChnquGS-

bar =20 Am in A—F; 40 Am in G, H.

A
C
B expressing active caspase-3, this was
statistically significant only in the

hippocampal DG at P18 (Figs. 3C,D).

These data suggest that apoptosis is most

likely enhanced by perinatal hypoxia,

however, because of the transient nature

Proliferation of astroglial cells in the SVZ after hypoxic rearing

To examine ways in which the brain undergoes self-repair after the chronic insult,
we assessed cell proliferation within the two classic neurogenic regions of the postnatal
mammalian brain, the SVZ and DG. After 24h of hypoxia, the density of proliferative
cells was decreased in both the DG (Figs. 4A,B) and the SVZ (data not shown). This
decrease in cell proliferation in hypoxic mice was also observed at P11 but was not as

drastic at P4 (Figs. 4C,D). Unbiased estimates of the number of proliferative cells at P11
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revealed that the decrease was significant in the DG but did not reach statistical
significance in the SVZ due to a large variability in the response to hypoxia in different
animals (Fig. 3A). These data suggest that hypoxia decreases cell proliferation in the
SVZ and DG and that this acute effect diminishes as the hypoxia enters a chronic stage.

When hypoxic mice were allowed to recover for 7 days (P18) under normoxic
conditions, there was an increase in the number of proliferative cells as compared to
controls, both in the SVZ (Figs. 4E,F) and DG (Figs. 4G,H). Unbiased counts of BrdU-
positive cells confirmed that the total number of BrdU-labeled cells was increased in
both neurogenic regions, particularly in the SVZ (Figs. 3B and 5A,B). This increase was
mostly attributable to the increased density of BrdU-positive cells with only a small
increase in SVZ volume (average volume was 0.079 mmg3 in hypoxic compared to 0.062
mm3 in normoxic mice). Very few BrdU-positive cells were present in the parenchyma of
the brain outside the SVZ, DG, and rostral migratory stream (RMS). These results

suggest that cell proliferation is enhanced during the recovery in the SVZ and DG.

To characterize these progenitors, we used antibodies to GLAST and BLBP,
proteins expressed by radial glia—astrocyte cells in the VZ during embryogenesis
(Edwards et al., 1990; Feng et al., 1994; Shibata et al., 1997). The SVZ of P18 hypoxic
mouse brains showed an increased density of GLAST+ cells compared to age-matched
controls (Figs. 5AV,BV). Similar increases were found using Vimentin . The neurogenic
zones of hypoxic mice were also notable for increased in BLBP immunoreactivity (Figs.
5CV,DV). Furthermore, an increased number of both GLAST- and BLBP-immunor-
eactive cells incorporated a short pulse of BrdU in hypoxic-reared animals, both in the

SVZ and DG (Figs. 5AW,BW and data not shown). The density of cells expressing
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GFAP immunoreactivity was not changed, however, progenitor cells co-localizing BLBP
and GFAP immunoreactivities were increased in hypoxic-reared mice (Fig. 5, compare
CW with DW, arrows). These results indicate that an increased number of cells of the

astroglial lineage are proliferating in the neurogenic zones after hypoxia.

Figure 5. Characterization of proliferative cells in the neurogenic zones of P18 mice after hypoxic insult.
(A and C) normoxic and (B and D) hypoxic brains (coronal sections). (A and B) Confocal images of BrdU
(green) and GLAST (red) in the SVZ. (C and D) Confocal images of GFAP (green) and BLBP (red) in the
SVZ. V, ventricle. Scale bar =20 Amin Aand B and 13 Am in C and D.
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Migration of neuroblasts from the SVZ to the cerebral cortex

Astroglial cells give rise to neuroblasts, which migrate to the OB or DG via the
RMS. To investigate whether the increased proliferation of astroglial cells resulted in an
increased production of cells of the neuronal lineage, we immunostained sections for
Mash1, PSA-NCAM, DLX-2, and Dcx. These proteins are transiently expressed by
newly generated neurons, although Mash1 and DLX2 have also been associated with
oligodendrocytes progenitors (Marshall and Goldman, 2002; Parras et al., 2004). PSA-
NCAM-positive neuroblasts were restricted to the SVZ and the RMS (Doetsch et al,,
1997). A subset of the PSA-NCAM cells co-expressed Mash1 (Figs. 6G,H, arrow-
heads); yet, as cells began to migrate from the SVZ, they no longer expressed both
markers and were either PSA-NCAM or Mash1 immunoreactive (Figs. 6G,H, arrows).
We found a small percent of Mash1+ neuroblasts detached from the main stream of
migrating cells in the RMS and changed their course from an anterior to a dorsal
direction, penetrating the subcortical white matter and entering the inferior cortical
layers (Figs. 6A-D, arrows). During this migration into the cortex, Mash1+ neuroblasts
were closely apposed to GFAP+ astroglial cells in the subcortical white matter (Figs.
6A-D, arrowheads). Upon entering the cerebral cortex (Figs. 6A-D, marked by a
dashed line), Mash1+ cells appeared detached from astrocytes (Figs. 6A-D, arrows)
and soon afterwards Mash1 expression was apparently down-regulated. Likewise, PSA-
NCAM-positive cells were detected changing trajectory to migrate dorsally. Among
those neuroblasts that traveled dorsally, most were Mash1+, however, a few also
expressed PSA-NCAM and DLX2 immunoreactivities, except that these proteins were

more rapidly down-regulated before entering the cortical plate (Figs. 6G,H and |,J).
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Figure 6. Migration of
neuroblasts from the SVZ
to the inferior cortical
layers in the hypoxic brain
at P29. Images are sagittal
section from hypoxic-
reared mice. (A-D) Mash1
(red) and GFAP (green)
immunoreactivity.
Arrowheads indicate
Mashi1 neuroblasts
attached to GFAP
astrocytes, whereas
arrows indicate detached
Mash1 cells. (E) DAPI
image showing location of
panels (A—F). (F-F”) NeuN
(F, green), BrdU (F’, red)
and merged image (F”) in
the inferior cortical layer.
(G and H) Mash1 (green)
and PSA NCAM (orange)
showing co-localization
and migration patterns in
theSVZ and RMS. Arrow -
heads show co-localized
cells, whereas arrows
indicate distinct neuronal
subsets. (I and J) DLX-2
(red) and DAPI (blue). St,
Striatum; RMS, Rostral
Migratory Stream; Ctx,
Cortex. Scale bar = 50 Am
in A-D, 10 Am F—F” and 25
Am in G—J.

To confirm this phenomenon, we immunostained sections with Dcx, an
established marker for migrating young cortical neurons (Bai et al., 2003). A similar

migratory pattern from the SVZ and RMS to the subcortical white matter was observed
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for Dcx+ neurons. This phenomenon of dorsal migration was observed in both hypoxic
and normoxic mice at P23—-29 (Fig. 6 shows hypoxic-reared mice). These data suggest

the possible mechanism for replacing the cortical neurons lost due to chronic hypoxia.

To investigate the time required for this neuronal migration from the SVZ to the
cerebral cortex, we labeled precursor cells with BrdU between P16-18 and allowed
them to differentiate for 5 or 11 days (P23 and P29, respectively). The generation of
new cortical neurons was confirmed using antibodies to the Hu protein, which is present
in immature neurons (Gultekin et al., 2000; Pincus et al., 1998). Several Brd/Hu double-
labeled young neurons were identified in the inferior cortical layers, above the SVZ and
RMS at P23. A few days later, at P29, BrdU/NeuN co-labeled neurons were identified in
the inferior cortical layers (Fig. 6FW). Hence, the location of these newly born neurons

is within the migratory streams visualized with previous neuroblast markers.

Differentiation of cells born during hypoxic recovery

Next we examined the fate of the cells proliferating at P18. BrdU injections were
given at P16 for 54h, and BrdU+ cells were allowed 31 days to differentiate. We
determined the phenotype of BrdU+ cells by double-labeling with the oligodendrocyte
marker Rip, the astrocyte marker GFAP, or the mature neuronal marker NeuN. The
proportion of BrdU+ cells that acquired oligodendroglial, astroglial, or neuronal cell fates
was ascertained by examining at least 100 randomly sampled cells (Fig. 7A). In
normoxic animals, the largest percentage of newly generated cells (42.8%) became
oligodendrocytes, while 35.5% became mature astrocytes and 9.2% differentiated into

neurons. These percentages did not significantly differ in hypoxic animals (Fig. 7A).
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Percent total

Figure 7. Phenotypic characterization of
newly generated cortical cells. BrdU
injected P16-18. Cells analyzed after 31
days (N=3 per condition). 100-200 BrdU+
cells were counted per brain. (A) Percent
of Brdu+ cells co-localized with Rip, GFAP,
or NeuN, markers for oligo-dendrocytes,
astrocytes, and neurons, respectively. The
majority differentiated into oligodend-
rocytes (42.8%, normoxic and 43.5%,
hypoxic). Rest became astrocytes (35.5,
normoxic and 34.9%, hypoxic) or neurons
(9.2%, normoxic and 10.2%, hypoxic).
Unidentified cells accounted for 12.5% in
normoxic and 11.4% in hypoxic. (B-D)
Double immunostaining of representative
cells. BrdU (B-D, red) and RIP (B, green),
GFAP (C, green) and NeuN (D, green;
DAPI, blue). Scale bar = 20 Am.
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Because the generation of new cortical neurons in mice during the postnatal
period has not been previously reported, we carried out more detailed analyses by
labeling proliferating cells for either 16 h or 54 h and allowing them to survive for either
5, 31, or 60 days. BrdU/NeuN double-labeled cells were found in the cerebral cortex at
31 and 60 but not at 5 days. These cells did not appear to be satellite glia because the
BrdU immunoreactivity was disseminated within the NeuN+ nucleus, as detected by
confocal analyses in the z plane (Figs. 8A — F). BrdU/NeuN double-labeled neuronal
cells varied in size and were apparently distributed throughout the cerebral cortex, with
a preference for frontal regions (Figs. BAW-DW). BrdU/Hu double-labeled neurons were
also detected 31 days after BrdU incorporation (Fig. 8EW). Hu-positive cells tended to
be smaller than NeuN, possibly because NeuN partly labels the neuronal cytoplasm
while Hu is strictly nuclear. To determine if the newly generated neuronal cells were
pyramidal neurons, we attempted to double-label BrdU-positive cells with antibodies to
SMI-32, however, among more than 200 BrdU-positive cortical cells sampled, we could

not detect any BrdU/SMI-32 double-labeled neurons after 31 or 60 days of
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differentiation. This can in part be attributed to the fact that neuronal cell bodies are
poorly stained for neurofilaments. Next, we examined whether the new neurons were
expressing GABAergic markers. Among more than 200 BrdU+ cortical cells examined, 4
were double-stained with GABA antibodies (Fig. 8FW). However, no BrdU/parvalbumin

double-stained neurons were detected.

Because our initial data suggested that cortical neuron loss was rapidly reversed
during recovery, we compared the amount of neurogenesis in normoxic versus hypoxic
animals. BrdU injections were given at P18 and cells were allowed to differentiate for 31
days. We then used stereological analyses in serial sections encompassing the whole
brain to assess the total number of BrdU+ cells as well as the number that expressed
NeuN in the cerebral cortex, basal ganglia, and DG of hypoxic and normoxic animals.
We estimated that in the cerebral cortex of control mice, there were about 280,000
BrdU-immunoreactive cells and approximately 19,000 (or 6.8%) of these BrdU+ cells
expressed the NeuN neuron marker (Table 2). In contrast, there were on average about
400,000 BrdU+ cells in the cortex of hypoxic mice, and approximately 40,000 of these
cells (or 10%) were double-labeled with NeuN (Table 2). Hence, there were twice as
many BrdU/NeuN-positive cells in the cerebral cortex of mice recovering from hypoxia.
As expected, more than 60% of the newly generated cells in the DG were neurons, and
this proportion was nearly equal in hypoxic and normoxic conditions (64.6% versus
67.3%, respectively; Table 2). On average, 30% more newly generated neurons were
found in the DG of hypoxic-reared mice, however, the difference was not statistically
significant (Table 2). In contrast, no BrdU/ NeuN double-stained cells could be detected

in the basal ganglia under either hypoxic or normoxic rearing conditions (Table 2).
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Mice recovering from perinatal hypoxia had twice as many newly generated ~ Tgple 2. Mice were exposed to chronic hypoxia
cortical neurons with respect to normoxic controls from P3 to P11 or were kept under normoxic

Normoxia Hypoxia % conditions. Proliferative cells were labeled by in
Cerebral cortex vivo BrdU incorporation for 16h at P18. The total
Total neurons (NeuN) 15,967,403 14,215,905 ~' numbers of NeuN-immunostained neurons and
(£1,419,335) (+479,818)
Total BrdU-positive 283,817 400,929 1413 Of newly generated BrdU-labeled cells were
(£107,721.8) (£96,961.39) estimated in brain regions of P49 mice by
Total BrdU/NeuN 19,308 40,043+ +107.4 unbiased stereological analyses in serial
(+6,649) (£5,468) sections. The number of BrdU/NeuN double-
0, 0,
Percent BrdU/NeuN 6.80% 9:99% labeled cells represents the number of neurons
Basal ganglia that unde_rwent t.he last mlto§|s at P1.8 during the
Total neurons (NeuN) 2,039,572 2,035,003 —02 16h labeling period and survived until P49. N = 4
(£522,083) (£281,535) control and 4 hypoxic animals. Percent of BrdU/
Total BrdU-positive 48,953 36,309 —258  NeuN indicated the percentages of BrdU/NeuN
+ + :
(+10,916) (11,927) double-labeled cells with respect to the total
Total BrdU/NeuN 0 0
Percent BrdU/NeuN 0 0 number of BrdU-labeled cells.
* P < 0.05, Student’s t test.
Dentate gyrus
Total neurons (NeuN) 588,590 572,826 —-2.7
(+105,280) (+82,885)
Total BrdU-positive 12,458 16,837 +35.2
(+1,386) (+3,963)
Total BrdU/NeuN 8,386 10,876 429.7
(+1,060) (+2,664)
Percent BrdU/NeuN 67.3% 64.6%

Neurons can incorporate BrdU as a result of repairing their DNA, thus
invalidating the assumption that BrdU was incorporated into cells undergoing S phase
(Nowakowski et al., 1989). To address this issue, we performed a control experiment by
administering an identical series of cumulative BrdU injections at P18 and sacrificing the
animals 20 h later. Based on a time course performed in the hippocampal DG, BrdU-
labeled cells begin to express NeuN after 3 days (Brandt et al., 2003). Thus, we
assumed that 20h would not be enough time for S-phase cells to differentiate into NeuN
+ neurons and that BrdU/NeuN double-labeled cells at this short survival time would
reflect the labeling due to neurons undergoing DNA repair. Indeed, confocal analyses
demonstrated that few NeuN+ cortical neurons incorporated a very small amount of
BrdU at the 20-h time point. If the 19,000 BrdU/NeuN double-immunoreactive cells

detected at P49 in the normoxic brains were to be accounted for by this DNA repair
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phenomenon, their number should have been the same as that obtained at P19.
However, the total number of BrdU/NeuN double-stained cortical cells present at P19
was variable, estimated to be on average 3940 cells on the basis of counts obtained in
three brains. Moreover, there was only a single spot of BrdU incorporation in the
chromatin of BrdU-labeled neurons at P19, which is consistent with lower rates of DNA
synthesis in DNA repair. In contrast, our estimation of BrdU double-labeled cells at P49
included only cells with extensive BrdU incorporation in their nuclei (Figs. 7 and 8),
which is consistent with S-phase labeling. Together, these data suggest that the number
and morphology of BrdU/NeuN double-stained cells found in the cerebral cortex of
hypoxic and normoxic mice at P49 was not consistent with cells undergoing DNA repair

and thus these double-stained cells likely derived from progenitors dividing at P18.

The recovery of cortical neurons after hypoxia requires Fgfr1

To determine the role that Fgfr1 plays in neurogenesis after hypoxia, Fgfr1 cKO
mice (which lack the intact Fgfr1 gene in GFAP+ cells) (Ohkubo et al., 2004) were
exposed to sublethal hypoxia (9.5-10.5% Oo) for 7d, from P3 to P10. After injury on
P10, the hypoxic mice exhibited a decrease in cortical thickness (Fig. 9 A,B) and a
significant 24% decrease in cortical volume (70.57 +/-2.54 mm3 for normoxic vs 53.67

+/-2.21 mm3 for hypoxic; p < 0.05). The number of NeuN+ neurons in the cerebral

cortex, quantified by stereological analysis, declined from 10.2 +/-0.4 x 108 to 7.3 +/-0.8
x 108 cells (p < 0.05), revealing a 29% decrease compared with age-matched normoxic
controls (Fig. 9 I, blue bars). To determine whether hypoxia decreased the number of

excitatory neurons, sections were immunostained using antibodies to the transcription
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Fig. 8. Newly generated neurons in the cerebral cortex of P49 and P78 normoxic and hypoxic mice. Mice
were subjected to hypoxia from P3 to P11, cumulatively treated with BrdU between P16 and P18, and
allowed to survive until P49 (A-E) or P78 (F). (A-B) Normoxic and (C—F) Hypoxic. (A—F) Neuronal
markers: (A—D) NeuN; (E) Hu; (F) GABA. (AV-FV) BrdU labeling; (AW-FW) merged confocal images (z-
stack analysis in shown in side panels). Arrows indicate examples of newly generated cells, and
arrowheads indicate examples of satellite glia. V = blood vessel. Scale bar = 20 Am.
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factor Tbr1 and the neurofilament epitope SMI-32, which label subsets of cortical
pyramidal neurons (Campbell et al., 1991; Hevner et al., 2006). Tbr1 regulates the
differentiation of early born glutamatergic cortical neurons (Hevner et al., 2001). In the
immature cortex, Tbr1 is expressed by pyramidal cells, in the subplate and in layer 1
Reelin+ cells. In adulthood, Tbr1 becomes progressively restricted to layer 6 pyramidal
cells, although in rostral cortex it is expressed in layers 5 and 2/3 as well (Bulfone et al.,
1995; Hevner et al., 2001, 2006). At P10, the number of Tbr1+ neurons in the cortex of
hypoxic mice declined from 6.3 +/-0.4 x 10 to 4.4 +/-0.3 x 10 cells (p < 0.05), revealing a
31% statistically significant deficit in Tbr1+ cells in the supra- and infra-granular layers
(Fig. 1A,B,J, blue bars). Total loss of Tbr1+ excitatory neurons (1.95 X 108 neurons)
accounted for 67% of NeuN+ neurons lost (2.92 x 108) (Fig. 9, compare |,J). There was

an even greater decrease (66%) in SMI-32+ neurons (Fig. 9 E,F K, blue bars).

Previous findings link FGF to the development of excitatory neurons (Korada et
al., 2002), Tbr1+ neurons (Shin et al., 2004) during embryogenesis. Fgfr1 continues to
be expressed by cells of the postnatal SVZ and astrocytes throughout the brain, (see
Supplemental Fig 1. and Fgfr1 BAC-EGFP transgenic mouse in Gensat Project, http://
www.gensat.org/index.html). To investigate the role of Fgfr1 in recovery, the cKO were
exposed to hypoxia. Notably, the Fgfr1 cKO mice did not exhibit any baseline defect in
NeuN+, Tbr1+ or SMI-32+ cortical neuron number (Fig. 10 A,C,I-K ), suggesting that in
the absence of injury, Fgfr1 does not play a major role in cortical morphogenesis.
Similar to wild-type mice, hypoxic Fgfr1 cKO mice suffered a 33%, 31%, and 70% loss
of NeuN+, Tbr1+ andSMI-32+ cortical neurons, respectively (Fig.10 C,D,G,H,I-K).

Hence, the absence of Fgfr1 did not worsen the neuronal loss caused by hypoxia.
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Figure 9. Cortical neuron number and thickness are decreased after exposure to hypoxia. A-D,
Immunostaining for Tbr1 (red) in the cerebral cortex of wild-type (A, B) or Fgfr1 cKO mice (C, D) at P10
under normoxia (A, C) or after hypoxia from P3 to P10 (B,D). Inset shows DAPI low magnification. Each
panel is the composite of four 20x images demonstrating the entire extent of the cerebral cortex. E-H,
SMI-32 (green) and DAPI (blue) stained cortices of wild-type (E,F) or Fgfr1 cKO mice (G,H) at P10 under
normoxia (E, G) or after hypoxia from P3 to P10 (F, H). Scale bars, 100 um. I-K, Total number of NeuN
(I, Tbr1 (J) and SMI-32 (K) immunoreactive neurons in the cerebral cortex by stereological analyses in
wild-type (blue bars) and Fgfr1 cKO (red bars) mice. Values are expressed in 106 units. N = 3 for each
group. *p<0.05 by ANOVA with Sheffe post hoc test.
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Figure 10. Neuron numbers recover in hypoxic wild-type mice but not in Fgfr1 cKO mice. A-D, Double
immunostaining for NeuN (green) and Tbr1 (red) in the P48 cerebral cortex of wild-type (A, B) or Fgfr1
cKO mice (C, D) under normoxia (A, C) or after hypoxia (B, D). Inset shows DAPI low magnification. Each
panel is the composite of five 20x images. E-H, SMI-32- (green) and DAPI- (blue) stained cortices of
wild-type (E, F) or Fgfr1 cKO mice (G, H) at P48 under normoxia (E, G) or after hypoxia from P3 to P10
(F, H). Scale bars, 100 um. I-K, Total number of NeuN (I), Tbr1 (J) and SMI-32 (K) immunoreactive
neurons in the cerebral cortex by stereological analyses in wild-type (blue bars) and Fgfr1 cKO (red bars)
mice. Values expressed in 106 units. N = 3 for each group. *p < 0.05 by ANOVA with Sheffe post hoc test.
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Although there was a residual 17% decrease in cortical volume (103.49 +/-4.16
mm?3 for normoxic vs 85.75 +/-1.29 mm3 for hypoxic; p < 0.05) the initial deficit in NeuN+
neurons was no longer present in the hypoxic wild-type mice at P48, after 4 weeks of
recovery (Fig. 12 A,B,l), confirming our previous results in mice of pure C57BL
background (Fagel et al., 2006). To determine the proportion of neuronal subtypes in
normoxic and hypoxic mice at this stage, we estimated the number of cortical excitatory
neurons expressing Tbr1 and SMI-32 and that of inhibitory neurons expressing PV and
CR by stereological analyses. Hypoxic mice showed no significant difference in the total

number of Tbr1+ and SMI-32+ cortical neurons compared with normoxic controls at P48
(Fig. 10 A,B,E,F,J,K, blue bars). In contrast, total number of PV+ and CR+ interneurons

was significantly decreased by 32 and 43%, respectively, in hypoxia-reared mice (p
<0.01) (Fig. 11 A,B,E,F,M,N, blue bars). Given that PV and CR cells comprise a much
smaller population, compared with Tbr1+ excitatory neurons, no changes in the total
number of cortical neurons were detected in hypoxic mice, as shown by the analysis of
NeuN (Fig. 10 I). However, the proportion of excitatory and inhibitory neurons changed
substantially in the cerebral cortex at 4 weeks post injury. The ratio between Tbr1+ and
the sum of PV+ and CR+ neurons in the normoxic cortex was ~7 to 1, whereas this ratio
was 12 to 1 in the hypoxic cortex. In sum, the data show no evidence for long-term
neuronal loss but a substantial imbalance in the proportion of excitatory versus

inhibitory neurons after hypoxia.

In normoxic conditions, no difference in NeuN+, Tbri+ or SMI-32+ neuron

number was detected between Fgfr1 cKO mice and wild-type mice (Fig. 10 I-K );
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however, these mice exhibited a basal 32% deficit of PV+ interneurons (Fig. 11 M,N ) as
described previously (Muller-Smith et al., 2008). This 32% loss of interneurons was not
accompanied by a detectable decrease in total neurons, presumably because PV+
interneurons comprise a relatively small subset of total cortical neurons (i.e., 1.07 +/-

0.06 million cells for PV+ neurons vs 15.98 +/-1.19 million cells for NeuN+ neurons).

The long-term response to hypoxia was significantly different in Fgfr1 cKO and
wild-type mice. First, hypoxic Fgfri cKO mice continued to show statistically significant
deficits of 27%, 29% and 37% in NeuN+, Tbr1+ and SMI-32+ cortical neurons,

respectively (p<0.05) (Fig. 2 C,D,G,H,I-K, red bars). Second, Fgfr1 cKO mice, which

had a baseline 32% decrease in PV+ interneurons, showed an additional decrease of

39% and a 53% in PV+ and CR+ cells, respectively, after hypoxia (Fig. 3 C,D,M,N ).

Hypoxia-induced cortical and olfactory bulb neurogenesis requires Fgfr1

We next investigated the possible mechanisms underlying the recovery of Tbri+
cortical neuron number after hypoxia in wild-type mice and the absence of this recovery
in Fgfr1 cKO mice. We first examined whether progenitors, labeled with BrdU 1 week
after hypoxia, can differentiate into Tbr1+ neurons. Proliferative cells were labeled with
four cumulative BrdU injections administered at P17 to incorporate BrdU in the whole
population of constitutively proliferating cells and their fate was analyzed 31 days later
at P48. Our estimate suggested the presence of 54,800 NeuN+ /BrdU+ and 19,200
Tbr1+/ BrdU+ cortical neurons in normoxic cortices. These cells had a relatively small

nucleus and were often present in doublets, suggesting that they were the product of a
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recent cell division (Fig. 12 A-Q). In hypoxic mice, NeuN+/BrdU+ cortical neurons at
P48 were estimated to be 114,040, while Tbr1+/BrdU+ neurons were estimated to be
72,225, which represent a 108% and a 280% increase, respectively, compared with
normoxic controls (Fig. 12 R,S, blue bars). Tbr1+/BrdU+ neurons accounted for just
35% of all NeuN+/BrdU+ neurons in normoxic mice, whereas they accounted for 63% of
all NeuN+/BrdU+ neurons in hypoxic mice. The data suggest that proliferative
progenitors give rise to new neurons in the immature cerebral cortex, that this
phenomenon is increased by previous exposure to hypoxic insult, and that the

proportion of progenitors giving rise to Tbr1+ neurons is higher in hypoxic-reared mice.

These results indicate that hypoxic Fgfri cKO mice were unable to upregulate
the rate of cortical neurogenesis 1 week after the insult (Fig. 12 R,S, red bars). Hypoxic
Fgfr1 cKO showed the same amount of newly generated neurons as their normoxic
counterparts, although it remains possible that the Fgfr1 cKO have a smaller
neurogenetic response that reaches completion before P17, that is insufficient to
reverse the deficits. We also noticed that in the absence of injury, the Fgfr1 cKO mice
showed a 48% basal deficit in NeuN+/BrdU+ cortical neurons, but not in Tbr1+/BrdU+
neurons, compared with wild-type littermates (Fig. 12 R,S). Hence, whereas Tbr1+/BrdU
+ neurons accounted for just 35% of NeuN+/BrdU+ neurons in normoxic wild-type mice,
the Tbr1+/BrdU+ cells accounted for 95% of NeuN+/BrdU+ neurons in normoxic Fgfr1
cKO mice (Fig. 12 R,S). The data indicate that Fgfr1 is required for the production of
non-Tbr1+ neurons under normoxic conditions, as well as for the production of both

non-Tbr1+ and Tbr1+ neurons after injury.
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Figure 11. Cortical interneuron number is decreased at P48 in both hypoxic wild-type and Fgfr1 cKO
mice. A—D, Double immunostaining for PV (green) and CR (red) in the P48 cerebral cortex of wild-type (A,
B) or Fgfr1 cKO mice (C, D) under normoxia (A, C) or after hypoxia (B, D). Each panel is the composite of
two images to show all layers of the cerebral cortex. E-L, Individual PV+ and CR+ neurons in hypoxia-
reared mice (F, J, H, L) and their normoxic counterparts (E, I, G, K). Scale bars: (A—D) 100 um; (E-L) 10
pum. M, N, Total number of PV (M) and CR (N) immunoreactive neurons by stereological analyses in wild-
type (blue bars) and Fgfr1 cKO (red bars) mice. Values are expressed in 10¢ units. N = 3 for each group.
*p < 0.05 and **p < 0.01 by ANOVA with Sheffe post hoc test.
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Figure 12. Newly generated NeuN+ and Tbr1+ cortical neurons are increased at P48 in hypoxic wild-type
but not in Fgfr1 cKO mice. A—Q, Apotome 1 um single slices of BrdU staining in the P48 cerebral cortex
double-immunostained with NeuN (A—H) or Tbr1 (I-Q). BrdU was injected at P17 and analysis performed
at P48. The image analyses on the z-axis are shown in the side panels. NeuN (A, E), Tbr1 (I, M), BrdU
(B,F,J,0), DAPI (C,G,K,P), and merged images (D,H,L,Q). BrdU colocalization is observed in neurons
born at P17 in normoxic (A-D, I-L) and hypoxic cortex (E-H, M-Q). R, S, Total number of NeuN/Brdu (R)
and Tbr1/Brdu (S) double-labeled neurons in the cerebral cortex by stereological analyses in wild-type
(blue bars) and Fgfr1 cKO (red bars). Scale bar, 10 um. Values are expressed in 108 units. N = 3 for each
group. *p < 0.05 by ANOVA with Sheffe post hoc test.
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Fgfr1 is required for the hypoxia-induced increase in OB neurogenesis

NeuN density BrdU/NeuN density Ratio BrdU/ NeuN
Condition (cells/mm?) (cells/mm?) to total NeuN
Normoxic WT 547,795 * 62,476 56,388 = 9895 0.102 = 0.01
Hypoxic WT 634,300 = 58,263° 189,575 = 20,981** 0.303 = 0.04**
Normoxic Fgfr1 cKO 620,820 = 206,132 61,181 = 30,414 0.088 = 0.02
Hypoxic Fgfr1 ckO 658,110 = 30,250 104,210 = 4605 0.160 = 0.01*

Table 3. Mice were exposed to chronic hypoxia from P3 to P10 or were kept under normoxic conditions.
Proliferative cells were labeled by in vivo BrdU incorporation for 14h at P17. The density of NeuN+
neurons and that of newly generated BrdU+/NeuN+ labeled neurons was estimated in the granular layer
of the OB at P48 by unbiased stereological analyses. The ratio between newly generated BrdU+/NeuN+
neurons to total NeuN+ neurons is shown in the last column. N = 3 control and 4 hypoxic animals. *p <
0.05 and **p < 0.005 by Student’s t test comparing hypoxic versus normoxic mice. WT, Wild type. 2 Not
statistically different from normoxic mice.

Neurogenesis was also assessed in the OB at P48, after the cumulative BrdU
injections at P17. The results indicate that while the total density of NeuN+/BrdU+ cells
in the granular layer of the OB increased by 335% in hypoxic wild-type mice (p < 0.005),
the hypoxic cKO did not show any significant increase compared with their normoxic
counterparts (Table 3). The proportion of neurons that were newly generated from these
BrdU-labeled cells with respect to all neurons in the OB was 30% in hypoxic wild-type
compared with 10% in the normoxic mice, a difference which was highly significant (p <
0.005). Interestingly, the hypoxic cKO did show a modest increase in percentage of OB
neurons that arose from BrdU-labeled precursors compared with their normoxic

counterparts (from 8% to 16%, p < 0.05) yet smaller than wild type (Table 3).

Fgfr1-dependent proliferation of neural progenitors in the reactive period

Confirming data obtained in rat tissue (Ganat et al., 2002), we observed that after

cessation of the hypoxic insult, there was a 60% increase in Fgfr-1 immunoreactivity in
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the SVZ of wild-type mice along with an increase in immunoreactivity for Sox2, Pax6
and Tbr2 which are transcription factors expressed by neural stem and precursor cells
in the SVZ. As expected, in Fgfr-1 cKO mice, the Fgfr-1 protein was not detected in the
SVZ neuroepithelium, and the upregulation in Sox2+, Pax6+ and Tbr2+ cells induced by

chronic hypoxia was attenuated (Supplemental Fig. 1).

To assess whether Fgfr1 expression in neural progenitors played a role in their
proliferation or survival, BrdU was administered shortly before sacrifice at both P10 and
P17. At P10, the hypoxic wild-type and Fgfr1 cKO showed a 30 and 45% loss of BrdU+
cells in the SVZ, respectively, compared with their normoxic counterparts (Fig. 13 1). To
understand whether some of the stem/progenitor cells may have undergone apoptosis
during the exposure to hypoxia, we analyzed the SVZ for activated Caspase-3, a
marker for cells undergoing apoptosis, immediately after cessation of injury. In both wild-
type and Fgfr1 cKO mice, hypoxia caused a near doubling in number of apoptotic cells
in the SVZ at P10 (Fig. 13 E-H, J). These data suggest that hypoxia decreases cell
proliferation in the SVZ by promoting progenitor apoptosis, and that Fgfr1 does not play
a major role in stem/ progenitor cell proliferation or survival in normal development,

neither it changes their susceptibility to die in response to injury.

Short-term BrdU incorporation assays were then performed 1 week later, at P17,
to assess cell proliferation in the posthypoxia reactive phase in both wild-type and Fgfr1
cKO mice. In the absence of injury, the Fgfr1 cKO mice did not show any difference in
cell proliferation compared with the wild-type littermates. After injury, the wild-type

hypoxic mice showed an 85% increase in BrdU+ cells in the SVZ compared with their
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Figure 13. Increase in proliferation in the SVZ during recovery requires Fgfr1. A-D, BrdU immunostaining
in the SVZ at P17 of wild-type (A, B) or Fgfr1 cKO mice (C, D) under normoxia (A, C) or after hypoxia (B,
D). Insets show high magnifications. E-H, Caspase-3 immunostaining in the SVZ at P10 of wild-type (E,
F) or Fgfr1 cKO (G, H) mice under normoxia (E, G) or after hypoxia (F,H). |,J, Total number of BrdU+ cells
(I) at P10 and P17 and caspase-3+ cells (J) at P10 in the SVZ by stereological analyses in wild-type (blue
bars) and Fgfr1 cKO (red bars). Scale bar, 100 um. N=3 for each group. *p < 0.05 and **p < 0.01 by
ANOVA with Sheffe post hoc test.
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normoxic counterparts (Fig. 13 A, B,l). In Fgfr1 cKO mice, however the number of BrdU
+ cells at P17 further declined to 47% below that of their normoxic counterparts (Fig. 13
C,D,l ). Our data demonstrate that while basal cell proliferation in non-hypoxic mice was
not dependent upon Fgfr1 functioning, Fgfr1 was clearly required for the surge in SVZ
cell proliferation after hypoxia, suggesting that this receptor may be an essential
component of the hypoxia-induced proliferative response. Combined, these data
indicate that after exposure to hypoxia, Fgfri may be critical for inducing cell

proliferation in normally quiescent astroglial stem/progenitor cells in the SVZ.
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Supplemental Figure 1. Fgfr1 in stem cells and progenitor cells of the SVZ. Immunocytochemistry for
Fafr1 (green) together with Sox2 (A-B’), Pax6 (C-D’) or Tbr2 (G-H’) (all in red) in P17 mice. E-F’ and |-J’
show green channel alone corresponding to the Fgfr1 immunostaining in C-D’ and G-H’, respectively.
Note the apparent hypoxia-induced upregulation of Fgfr1 in the SVZ of wild type mice and the absence of
Fgfr1 expression in the SVZ of cKO mice, with the exception of some staining in the endothelium and
ependyma. Also note that the hypoxia-induced upregulation of Sox2+, Pax6+ and Tbr2+ cells was
attenuated in Fgfr1 cKO hypoxic mice. Arrowheads point to precursor cells devoid of Fgfr1 expression
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Discussion

We report that chronic sublethal hypoxia in newborn mice produces an initial
30% deficit in cortical neurons, two-thirds of which are excitatory neurons expressing
the transcription factor Tbr1. Over the ensuing 4 weeks in normoxic conditions, the
deficit in neuron number recovers, such that neither NeuN+, Tbr1+ nor SMI-32+
neurons are decreased in the cortex of hypoxic-reared mice at P48. However, there is
an enduring loss in PV+ and CR+ inhibitory interneurons in the hypoxic mice, which

creates an imbalance between excitatory and inhibitory neurons in the hypoxic cortex.
Disrupting the Fgfr1 gene in GFAP+ cells of the developing dorsal telencephalon
(including cortical radial glial cells and all their progeny) does not alter the initial loss of
cortical neurons but precludes the recovery of NeuN+ , Tbr1+ and SMI-32+ neuron
number in the cerebral cortex. Hypoxic exposure increases cell proliferation and the
generation of Tbr1¥ cortical excitatory neurons and that of OB granular neurons,

processes that are absent or greatly attenuated in Fgfr1 cKO mice. Thus the juvenile
cerebral cortex possesses an unsuspected capacity to recover from a postnatal hypoxic
insult, which depends on the functioning of critical signaling systems, i.e., Fgfr1. As
rodents are born earlier in the developmental program compared with primates, this
hypoxic protocol models injury during late human gestation and the neonatal period, as
it typically occurs in prematurely born infants, as well as ensuing recovery processes in

human childhood.
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The reconstitution of excitatory cortical neuron number after the hypoxic insult is
surprising, as excitatory neurons were previously thought to be generated only during
embryogenesis. It is possible that the initial loss may be less profound than what is
revealed by NeuN and Tbr1 neuron counts, since some of the damaged neurons may
not express neuronal markers and may subsequently recover. We cannot exclude that
our assessment of the initial extent of neuron loss may be an over-estimate due to such
a process. Nevertheless, we consistently observed corresponding decreases in neuron
number, brain weight and cortical thickness in the hypoxia-reared mice, in at least two
genetic backgrounds (Fig. 1 A, B) (Fagel et al., 2006; Fagel et al., 2009. Further, we

show that cell death is twofold higher in hypoxic brains, indicating probable cell losses.

We noticed that in the current mixed strain of mice, the total number of cortical
neurons increases by almost 6 million cells between P10 and P48 in normoxic mice
(compare Figs. 9 and 10), suggesting a high degree of cellular plasticity even in the
normal juvenile mouse cerebral cortex. This is consistent with recent unbiased
stereological studies suggesting that total neuron number progressively increases in the
early postnatal rodent cerebral cortex, albeit to varying degrees in different mouse
strains, and that there is delayed acquisition of cortical neuron features over the
postnatal period (Lyck et al., 2007). Thus, part of the postnatal increase in the number
of cortical neurons may be attributable to a progressive accumulation of neuronal
antigens, such as NeuN and SMI-32. Nonetheless, using BrdU birthdating assays, we
report that part of the increase in cortical neuron number is attributable to the addition of
new cortical neurons in the third postnatal week after birth. These BrdU+ neurons are

unlikely to be the result of neuronal repair or impending neuronal death (Kuan et al.,
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2004), because apoptotic cells would have been already eliminated 4 weeks after BrdU
incorporation. Furthermore, we have previously shown (Zheng et al., 2004) that neurons
strongly immunolabeled with BrdU do not reflect ongoing DNA repair at these dosages
of the nucleotide. Also supporting the idea of a hypoxia-induced proliferative effect as
opposed to DNA repair are the increase in total number of cells and volume of the SVZ
observed by us (Fagel et al., 2006; Fagel et. al., 2009) and others (Plane et al., 2004)
and the absence of a correlation between apoptotic cell number and BrdU+ cells in the
SVZ at different survival times after the hypoxic insult (Fagel et al., 2006). Finally, we
have detected postnatal addition of neurons to the immature cerebral cortex using
genetic fate mapping, which allowed us to mark with B-galactosidase GFAP+ neural

stem cells in vivo (Ganat et al., 2006).

In wild-type hypoxic mice, BrdU/NeuN and BrdU/Tbr1 double-positive neurons
increased twofold and threefold, respectively, compared with age-matched normoxic
mice. This can be attributed to hypoxia increasing the proliferation or survival of
progenitors, particularly those committed to a Tbr1+ phenotype. Alternatively, hypoxia
may increase the capacity of newly born, post-mitotic neurons to differentiate and
survive in the cortical environment. The first hypothesis is supported by a nearly twofold
increase in cell proliferation in the SVZ in hypoxia-exposed mice compared with age-
matched controls (Fagel et al., 2006; Fagel et al., 2009), and by previous reports
suggesting that hypoxia-ischemia increases cell proliferation in the brain (Plane et al.,
2004; Ong et al.,, 2005; Park et al., 2006; Zhao et al., 2008). Furthermore, neural
precursor cells expressing the neurogenic transcription factors Sox2, Pax6 and Tbr2 in

the SVZ appear to increase after hypoxia. In contrast, in the hypoxic Fgfr1 cKO mice,
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the SVZ proliferative response is absent, and the increase in Sox2-, Pax6- and Tbr2-
immunoreactive cells is attenuated. These data highlight the central role of Fgfr1, whose
expression is restricted to glial cells (Belluardo et al., 1997; Vaccarino et al., 2001;
Ganat et al., 2002) (Gensat Project: http://www.gensat.org/ index.html) in promoting

neuronal progenitor proliferation after postnatal hypoxic injury.

Dividing precursors in the SVZ and rostral migratory stream generate neurons for
the OB (Luskin, 1993; Alvarez-Buylla and Garcia-Verdugo, 2002; Aguirre and Gallo,
2004; Hack et al., 2005) and Fgf2 (a ligand for Fgfr1) is required for the maintenance of
this proliferating cell pool (Zheng et al., 2004). Consistently, Fgfr1 cKO mice are unable
to properly upregulate OB neurogenesis in response to hypoxia. The failure to observe
a statistically significant increase in density of NeuN+/BrdU+ cells in the OB of Fgfr1
cKO mice may be attributable in part to the large variability between animals; however,
the mean increase in NeuN+/BrdU+ cells from normoxic to hypoxic cKO (70%) is much
less than that observed wild-type mice (236%), suggesting that if there was an increase
in OB neurogenesis in the hypoxic cKO, it was more modest. Thus, the absence of a
post-hypoxic proliferative response in the SVZ of Fgfr1 cKO mice likely underlies their
decreased ability to regenerate OB neurons, although other events unrelated to Fgfr1,

such as cell survival, may play a compensatory role in regulating OB neurogenesis.

Fafr1 cKO mice exposed to hypoxia suffer the same level of apoptosis and initial
cortical cell loss as wild-type mice, but fail to recover, exhibiting a persistent 31-33%
deficit in total neurons and excitatory cortical neurons 5 weeks later. Furthermore, in the

absence of Fgfr1, the generation of cortical neurons from BrdU-labeled cells is not

50


http://www.gensat.org
http://www.gensat.org

upregulated in the recovery period. These data suggest that Fgfr1 is not involved in
neuroprotection after injury, but rather, in the regenerative and reactive response. At
present, we do not understand whether the unresponsiveness of SVZ progenitors
underlies the failure to boost cortical neurogenesis in the Fgfr1 cKO mice, as BrdU
birthdating cannot reveal whether the progenitors that generate cortical neurons arise
from the SVZ. It is possible that increased generation of NeuN+ and Tbri1+ cortical
neurons occurs from proliferative progenitors in the cortex itself, as mature cortical
astrocytes may re-enter the cell cycle and acquire multipotency in vitro after cortical
injury (Buffo et al., 2008). Furthermore, although Fgfri1 is clearly required for the
hypoxia-induced increase in proliferation in the SVZ, it may play an additional role in
fostering neuronal repair in the brain parenchyma, and thus contribute to the recovery of
neurons damaged by hypoxia. For example, the loss of Fgfr-1 may alter the ability of
astroglial cells to regulate the exchange of molecules involved in energy regulation, or

secrete trophic factors that might affect neuronal progenitors in a paracrine manner.

In contrast to the recovery of Tbr1+ neuron number, hypoxia caused an enduring
deficit in inhibitory cortical PV+ and CR+ interneurons (32 and 43%, respectively). We
could not estimate the extent of the initial loss of PV+ and CR+ inhibitory neurons after
hypoxia, since at P11 the maturation of calcium-binding protein immunoreactivities is
not yet complete. Hence, we cannot ascertain whether the significant decreases in PV+
and CR+ cells present in hypoxia-reared mice represent an enduring loss, a failure to

properly mature, or a progressive demise.

51



In conclusion, chronic neonatal hypoxia induces a chain of linked events,
beginning with the upregulation of Fgfr1 expression in neural stem cells, which in turn
increases the generation of Tbr2+ and Pax6+ proliferative neuronal progenitors. This
work provides the first demonstration that after neonatal chronic hypoxic injury, the initial
loss of SMI-32 and Tbr1-expressing excitatory cortical neurons spontaneously recovers
in the juvenile cerebral cortex. Furthermore, glial Fgfr1 plays a central role in driving this
recovery, as both the increased neurogenesis and reconstitution of normal cortical
neuron number are not seen in mice that lack Fgfr1 in GFAP+ cells. This reconstituted
neuron number is stable 9 weeks after neonatal hypoxic injury (Fagel et al., 2006). In
contrast, we show that PV and CR inhibitory interneurons do not show a comparable
degree of recovery, resulting in marked imbalance in excitatory/inhibitory neurons in the

hypoxic cerebral cortex.
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