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Continuous generation of new neurons has been demonstrated
in the adult mammalian brain, and this process was shown to be
stimulated by various pathologic conditions, including cerebral
ischemia. Because brain oxygen deprivation is particularly fre-
quent in neonates and represents the primary event of asphyxia,
we analyzed long-term consequences of transient hypoxia in the
newborn rat. Within 24 h after birth, animals were exposed to
100% N2 for 20 min at 36°C, and temporal changes in the
vulnerable CA1 hippocampus were monitored. Cell density mea-
surements revealed delayed cell death in the pyramidal cell layer
reflecting apoptosis, as shown by characteristic nuclear morphol-
ogy and expression levels of Bcl-2, Bax, and caspase-3. Neuronal
loss was confirmed by reduced density of neuron-specific enolase
(NSE)–labeled cells, and peaked by 1 wk post insult, to reach
27% of total cells. A gradual recovery then occurred, and no
significant difference in cell density could be detected between
controls and hypoxic rats at postnatal d 21. Repeated injections

of bromodeoxyuridine (50 mg/kg) showed that newly divided
cells expressing neuronal markers increased by 225% in the
germinative subventricular zone, and they tended to migrate
along the posterior periventricle toward the hippocampus. There-
fore, transient hypoxia in the newborn rat triggered apoptosis in
the CA1 hippocampus followed by increased neurogenesis and
apparent anatomical recovery, suggesting that the developing
brain may have a high capacity for self-repair. (Pediatr Res 55:
561–567, 2004)

Abbreviations
BrdU, bromodeoxyuridine
CO, cytochrome oxidase
DAPI, 4,6-diamidino-2-phenylindole
DG, dentate gyrus
NSE, neuron-specific enolase
SVZ, subventricular zone

Transient reduction of oxygen supply to the brain is a
common feature of the perinatal period, and remains a major
cause of neurologic damage (1–3). Depending on the charac-
teristics of the initial insult, consequences may vary from
restricted neuronal loss to extensive brain infarction, reflecting
the participation of an apoptotic-necrotic continuum (4–7). In
this respect, hypoxic insults have been associated with delayed
selective neuronal apoptosis that involves the active participa-
tion of specific gene products (8–12).

The brain response to oxygen deprivation appears as a
balance between the activation of neurodestructive components
and endogenous protective mechanisms (5, 10). Among the
various adaptative responses of the brain to severe injury, it has

been recently reported that new neurons can be generated
through the proliferation of progenitor cells, and thus might
help to repair the damaged CNS (13, 14). Several studies have
documented that experimental ischemia in the adult brain can
trigger neurogenesis as a compensatory mechanism to neural
cell death (15–19). Indeed, it is now clearly established that
continuous generation of new neurons occurs in the adult
mammalian brain (20, 21). Newborn cells originate from spe-
cific germinative zones, namely the SVZ surrounding the
lateral ventricle, and the subgranular cell layer of DG in the
hippocampus (22, 23), although neurogenesis has been re-
ported in other regions, e.g. the cerebral cortex and the spinal
cord (24, 25).

The developing brain displays specific sensitivity to oxygen
supply (26, 27), and its capacities of plasticity and remodeling
are particularly high. By studying the effects of pure hypoxic
conditions on the fetal and postnatal rat brains by transient
exposure to hypoxia of mother rats during late gestation, Li et
al. (28) observed a significant cell degeneration in various
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brain areas of the rat pups, but neuron density was then found
to be restored to normal levels by 1 wk after hypoxia. We
therefore tested the hypothesis that exposure to transient neo-
natal hypoxia may secondarily induce neurogenesis in the rat
brain. For this purpose, rat pups were exposed to a 20-min
episode of oxygen deprivation within 24 h after birth, a treat-
ment thought to mimic birth asphyxia (29, 30). The temporal
effects of hypoxia were characterized in the CA1 hippocampus,
a brain region known to be exquisitely sensitive to oxygen
delivery (31), and potential neurogenesis was monitored by the
DNA incorporation of the thymidine analogue, BrdU.

METHODS

Induction of hypoxia. Animal experiments were carried out
with the highest standards of animal care and housing, accord-
ing to the NIH Guide for the Care and Use of Laboratory
Animals. Pregnant female Sprague-Dawley rats (R. Janvier, Le
Genest-St-Isle, France) were constantly maintained under stan-
dard laboratory conditions on a 12-h light/dark cycle (lights on
at 0600 h), with food and water available ad libitum.

Between 8 and 24 h after delivery, half of the neonates were
placed for 20 min in a thermostated Plexiglas chamber flushed
with 100% N2, whereas the remaining pups were taken as
matched controls and exposed to 21% O2/79% N2 (i.e. oxygen
concentration corresponding to normal atmosphere) for the
same time. The temperature inside the chamber was adjusted to
36°C to maintain body temperature in the physiologic range.
All pups were allowed to recover for 20 min in normoxic
conditions, and they were then returned to their dams. In such
experimental conditions, the overall mortality was 4% in hy-
poxic rats, and the litter size was finally reduced to 10 pups,
corresponding to 5 controls and 5 hypoxic rats, for homoge-
neity in subsequent experiments. Animals were killed by de-
capitation at various time intervals posttreatment, i.e. at d 1, 2,
3, 4, 5, 6, 7, 13, 20, 40, or 60 after exposure to gas for
histopathological studies and monitoring of apoptosis, at d 3, 6,
13, or 20 for protein immunohistochemistry and measurements
of CO activity, and at d 20 for BrdU labeling studies. Their
brains were rapidly collected and immediately frozen in meth-
ylbutane previously chilled to �30°C. Subsequently, they were
coated with embedding medium (4% carboxymethylcellulose
in water), and cut at �20°C in a cryostat (Frigocut 2800,
Reichert-Jung, Les Ulis, France) to generate 20-�m sagittal
sections, starting from the sagittal zero plane that bisects the
brain mid-sagittally, as defined in the developing rat brain atlas
of Sherwood and Timiras (32). Tissue sections were finally
mounted onto glass slides, and stored at �80°C for further
analyses.

Histopathological studies. Cell density was measured in the
CA1 pyramidal cell layer of the hippocampus by incubating
brain sections for 10 min in PBS containing the nuclear
fluorescent dye 4,6-diamidino-2-phenylindole (DAPI, 0.5 �g/
mL, Sigma Chemical, St. Louis, MO, U.S.A.), according to
Wolvetang et al. (33). The number of cell nuclei selectively
labeled by DAPI was scored at 365 nm under fluorescence
microscopy (Axioscop, Zeiss, Strasbourg, France). Cell density
was assessed at a 40� magnification in at least three separate

experiments by counting cells in three distinct section areas
delineated by an ocular grid of 1/400 mm2. For each selected
field, only cells with their nuclei present in the focal plane were
counted. Numbers of cells were finally calculated per square
millimeter.

Monitoring of apoptosis. Morphologic hallmarks of apopto-
sis were visualized in tissue sections after nuclear staining by
DAPI, as previously documented (34–36). Indeed, it has been
demonstrated that healthy DAPI-labeled cells exhibit intact
round-shaped nuclei with diffuse fluorescence. Necrotic cells
are characterized by highly refringent smaller nuclei with
uniformly dispersed chromatin, whereas apoptosis is associ-
ated with condensation and fragmentation of chromatin, lead-
ing to typically shrunken nuclei and apoptotic bodies. Charac-
teristic nuclei were scored under fluorescence microscopy in
five separate experiments with counts performed in at least
three distinct areas of 100 cells.

In addition, regional expressions of three prototypic proteins
involved in the regulation of brain apoptosis, i.e. Bax and
capase-3 as pro-apoptotic proteins as well as Bcl-2 as an
anti-apoptotic protein, were monitored. For this purpose, pre-
viously fixed brain sections were incubated at 4°C for 48 h with
a rabbit polyclonal antibody against Bax (1/20, Santa Cruz
Biotechnology, Santa Cruz, CA, U.S.A.), a goat polyclonal
antibody against the active p20 subunit of caspase-3 (CPP32
p20, 1/40, Santa Cruz Biotechnology), or a goat polyclonal
antibody against Bcl-2 (1/30, Santa Cruz Biotechnology). Rev-
elation was performed after washing steps by a 120-min incu-
bation in the presence of the corresponding secondary anti-
body, namely anti-rabbit IgG conjugated to indocarbocyanine
(Cy3, dilution 1/100, Jackson ImmunoResearch, West Grove,
PA) or anti-goat IgG conjugated to FITC (dilution 1/100,
Jackson ImmunoResearch). Slides were then washed three
times in PBS, coverslipped using mounting medium (Aqua-
polymount, Polysciences, Warrington, PA, U.S.A.), and kept in
the dark until fluorescence analysis.

In an attempt to quantify the level of protein expression, cell
fluorescence activity was computerized from microphoto-
graphs, and mean intensity was calculated by using Adobe
Photoshop (version 5.0), and expressed as arbitrary units of
mean emission per 1000 pixels, as previously described (10,
37).

CO histochemistry. Because brain adaptation in response to
transient hypoxia may be related, at least partly, to metabolic
changes, overall neuronal metabolic activity was evaluated in
the CA1 hippocampal pyramidal cell layer by the measurement
of CO activity as originally described by Wong-Riley (38) and
slightly modified by Strazielle et al. (39). At representative
time points after gas exposure (d 3, 6, 13, and 20), brain tissue
sections were incubated in the dark for 75 min at 37°C in a
continuously stirred solution of 0.1 M PBS (pH 7.4) containing
0.55 mg/mL 3,3'-diaminobenzidine tetrachloride (DAB, Sigma
Chemical), 0.22 mg/mL horse-heart cytochrome c (Sigma
Chemical), 0.2 mg/mL catalase (Sigma Chemical), and 44.5
mg/mL sucrose. Slides were washed in ice-cold buffer and
immersed in a 10% buffered formalin solution for 30 min. They
were then washed for 5 min in buffer at room temperature,
dehydrated in successive ethanol and xylene baths, and cover-
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slipped with mounting medium. Brain sections from hypoxic
and matched control rats were processed in parallel. Experi-
ments were validated by the absence of CO reaction product
when DAB was omitted or in the additional presence of 0.01 M
potassium cyanide.

Enzyme activity was quantified by densitometric analysis by
means of a computerized image-processing system (Biocom,
Les Ulis, France), and by using freshly prepared calibrated
standards (40) to convert OD into enzymatic activity as micro-
moles per minute per milligram of proteins.

Labeling of proliferating cells, and phenotype character-
ization. BrdU (Sigma Chemical), which incorporates into
newly synthesized DNA, was used to label proliferating cells
in rats of both control and hypoxia groups. BrdU was solubi-
lized in 0.9% NaCl containing 0.007 N NaOH, and given
intraperitoneally at the dose of 50 mg/kg either as a single
injection the day before the sacrifice for counting the number
of replicating cells or once a day between d 11 and 19
posthypoxia for cell phenotype studies, according to Liu et al.
(15). At 21 d, rats were killed by decapitation, and their brains
rapidly removed and frozen in methylbutane to be subse-
quently sectioned.

For BrdU immunostaining, DNA was first denatured by
incubating sagittal brain sections in 2 N HCl for 45 min at
room temperature followed by a 10 min wash in 0.1 M sodium
borate at pH 8.5. Tissue was rinsed in PBS for 10 min, then
blocked in PBS containing 10% goat serum for 1 h, and was
incubated overnight at 4°C with a mouse MAb against BrdU
diluted at 1/100 (Oncogene Research Products, Boston, MA,
U.S.A.). Incorporated BrdU was finally revealed by incubating
brain slices for 1 h at room temperature in the presence of a
rhodamine-conjugated secondary antibody (1/100, Sigma
Chemical).

To count BrdU-positive cells, 12 sections collected every
400 �m starting from the appearance of the hippocampus were
used for each rat brain. Labeled nuclei were scored in areas of
the SVZ delineated by an ocular grid of 1/400 mm2, and their
number was calculated per square millimeter.

To identify the phenotype of newly generated cells at 20 d
posthypoxia, tissue sections were processed for immunologic
detection of NSE (a neuronal marker), neuro D (also desig-
nated BETA 2, a marker of immature, differentiating neurons),
and glial fibrillary acid protein (GFAP, a marker for astro-
cytes). The experimental protocol was as described above, and
a rabbit polyclonal antibody against NSE (dilution 1/100,
Chemicon International, Temecula, CA, U.S.A), a goat poly-
clonal antibody against Neuro D (dilution 1/100, Santa Cruz
Biotechnology), and a mouse MAb against GFAP (1/200,
Chemicon International) were used, respectively, with their
corresponding second-step antibodies (anti-rabbit IgG, anti-
goat IgG, or anti-mouse IgG conjugated to either Cy3 or FITC,
all diluted at 1/100 and obtained from Jackson
ImmunoResearch).

Statiscal analyses. Raw data were obtained from at least
three independent experiments using two to five rat pups of
each experimental group, and all were normally distributed.
Statistical analyses were performed following ANOVA. Re-
sults were finally compared by using Dunnett’s test for multi-

ple comparisons, and differences between hypoxic rats and
normoxic controls were considered significant for p � 0.05.

RESULTS

CA1 histologic changes. Neonatal hypoxia progressively
elicited a reduction of cell density in the CA1 pyramidal cell
layer of the rat hippocampus (Fig. 1). As shown by DAPI
labeling of cell nuclei and subsequent counts, the total number
of cells was significantly decreased starting from 3 d posthy-
poxia compared with controls, and cell loss increased as a
function of time to reach a maximum corresponding to 27% of
total cells at 6 d after the insult. However, a gradual histologic
recovery was then recorded, and hippocampal cell density was
definitely not significantly different from controls by 20 d after
birth hypoxia (Fig. 1).

Quantification of characteristic morphologically altered cell
nuclei revealed an ongoing apoptotic process that culminated at
6–7 d posthypoxia, in good correlation with the evolution of
cell density (Fig. 2, top ). Apoptosis was confirmed by the
progressive overexpression of proteins specifically involved in
brain apoptotic cell death, such as Bax and caspase-3. In
parallel, expression of the survival effector Bcl-2 was first
augmented and then decreased (Fig. 2, bottom). Maximal
changes in protein expressions were measured at 6 d posthy-
poxia, concomitant to the peak of cell death. Thereafter, the
apparent anatomical restoration was accompanied by a reversal
of the protein expression profile, along with a reduction of the
number of apoptotic nuclei that finally reached control values
(Fig. 2).

Metabolic cell activity. In response to acute hypoxia, CO
activity was significantly but transiently altered in the CA1
pyramidal cell layer of rats (Fig. 3). At 6 and 13 d post insult,
the enzyme activity increased by 50% and 28%, respectively,
whereas CO activity was similar to control values at 20 d.

Cell proliferation. Figure 4 illustrates the cell recovery
observed at the level of the CA1 pyramidal cell layer by 20 d
after exposure to hypoxia compared with cell damage recorded
at 6 d post insult. It clearly appears that hypoxia-induced cell

Figure 1. Evolution of cell loss in the rat CA1 hippocampus after neonatal
hypoxia. After nuclear staining by DAPI, cell density (per mm2) was measured
at various time intervals in the CA1 pyramidal cell layer in both control and
hypoxic rats, and hypoxia-associated cell loss was calculated by comparison
with matched controls. Data are means � SD and were obtained from three
separate experiments, each using two control and two hypoxic rats per time
point. Statistically significant differences from controls: **p � 0.01 (ANOVA
followed by Dunnett’s test for multiple comparisons). D � day postexposure.
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injury present at 6 d mainly concerned neurons, as shown by
the loss of NSE-labeled cells. Subsequently, the parallel in-
creases of DAPI and NSE staining at 20 d suggest that neurons
are able to be gradually regenerated. Within the SVZ lying
along the ependymal layer of lateral ventricle, the number of
BrdU-positive cells in hypoxic rat brains was not different from

controls at 12 d posthypoxia (204 � 105 versus 142 � 32
cells/mm2). By contrast, it increased sharply by 20 d posthy-
poxia, from 149 � 78 cells/mm2 in controls to 485 � 59
cells/mm2 in hypoxic brain sections (p � 0.01, n � 6 animals).

As shown on Figure 5, BrdU immunofluorescence was
essentially distributed in the SVZ as well as along the posterior
periventricle (PPV), where labeled cells formed a migrating
chain toward the periventricular region located above the
hippocampus. Multiple-labeling experiments showed that,
whereas DAPI staining was also concentrated in the same brain
areas, newborn cells labeled by BrdU expressed molecular
markers for either mature (NSE) or differentiating neurons
(Neuro D). Although not shown, none of the BrdU-positive
cells expressed the glial marker GFAP. Also, BrdU labeling
could not be noticeably detected within the CA1 hippocampal
cell layers themselves or in the DG.

DISCUSSION

Due to the lack of consensus on a reliable and predictable
experimental model to study the effects of perinatal asphyxia,
we attempted in the present experiments to evaluate the brain
consequences of hypoxia as a primary event of asphyxia in the
newborn rat. According to our knowledge of the maturation
rates of human and rat central nervous systems (41, 42), and
especially of their hippocampal formations (43, 44), the rat is

Figure 2. Evolution of apoptosis-related features in the rat CA1 hippocampus after neonatal hypoxia (D � day postexposure). (Top) Temporal profile of
morphologic hallmarks of nuclear apoptosis (DAPI labeling) in hypoxic rats and matched controls. Data are reported as percentages of total cells (means � SD),
and were obtained from five separate experiments, each using two control and two hypoxic rats per time point. Statistically significant differences from controls:
**p � 0.01 (ANOVA followed by Dunnett’s test for multiple comparisons). (Bottom) Expression patterns of prototypic neuronal apoptosis-regulating proteins.
At representative time points after exposure to hypoxia, expression levels of Bax, caspase-3 (pro-apoptotic proteins), and Bcl-2 (anti-apoptotic protein) were
analyzed by immunohistochemistry in brain sections of hypoxic rats and matched controls. For each sample section, cell fluorescence was calculated as arbitrary
units per 1000 pixels. The data are means � SD obtained from four separate experiments, each using two control and two hypoxic rats per time point. Statistically
significant differences from controls: *p � 0.05 and **p � 0.01 (ANOVA followed by Dunnett’s test for multiple comparisons).

Figure 3. CO activity in the CA1 hippocampus of hypoxic rats and matched
controls. CO regional histochemistry was performed in brain sections at
various time points after exposure, and enzymatic activity was calculated as
micromole per minute per milligram of protein. Data are means � SD, and
were obtained from four separate experiments, each using two control and two
hypoxic rats per time point. Statistically significant differences from controls:
**p � 0.01 (ANOVA followed by Dunnett’s test for multiple comparisons). D
� day postexposure.
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born prematurely compared with the human. Therefore, our
observations collectively might apply more specifically to the
rather immature brain.

In good agreement with previous studies performed both in
vivo and in vitro (8–12), transient exposure to oxygen depri-
vation around birth induced delayed cell death in the CA1
pyramidal layer of the hippocampus in rat pups. Cell degener-
ation was shown to exhibit the characteristic hallmarks of
apoptosis, including chromatin condensation, clumping, and
fragmentation into spheric apoptotic bodies, as well as changes
in the expression levels of proteins specifically involved in the
regulation of the apoptotic cascade (45–47). Time course
studies indicated that the extent of cell loss and apoptotic
features reached a maximum around 1 wk after hypoxia, and
immunohistochemical analyses confirmed that most of the
injured cells corresponded to neurons. Thereafter, a gradual
anatomical recovery could be repeatedly observed, and cell
counts in the hippocampal CA1 sector were definitely compa-
rable to controls by 20 d posthypoxia. Whereas the period of
cell degeneration was associated with the expression of pro-
teins in favor of apoptosis, like Bax and caspase-3, a shift in
protein abundance in favor of the anti-apoptotic protein Bcl-2
was recorded at 20 d posthypoxia. Such a process may account,
at least partly, for the concomitant recovery, and it is notewor-
thy that increased expression of Bcl-2 has been implicated in

the survival and differentiation of newborn neurons issued
from the SVZ (48).

Activity of CO, the terminal enzyme complex of the electron
transfer chain in mitochondria, has been shown to be specifi-
cally related to neuronal metabolic activity (49, 50). By con-
trast to the radioactive 2-deoxyglucose method described by
Sokoloff et al. (51), the histochemical determination of CO
activity allows the measurement of a steady-state functional
activity at the cellular level in a specific brain area. In our
model, CO activity in the CA1 hippocampus was more ele-
vated at 6 and 13 d posthypoxia than in controls, and was then
restored to normal levels by 20 d post insult. Several authors
have reported reduced CO activities within a few hours after
cerebral ischemia (52–54). This may reflect severe, irreversible
brain injury. In the present study, neonatal hypoxia that allows
progressive recovery may induce a redistribution of brain
energy metabolism facilitating long-term survival. In this re-
spect, it has been proposed that impaired energy metabolism
would indirectly lead to persistent overstimulation of N-

Figure 4. Cell density and corresponding expression of neuronal (NSE) and
astrocytic (GFAP) cell markers in the CA1 hippocampus of rats at 6 and 20 d
after exposure to neonatal hypoxia. At each time point, double labeling by
DAPI and NSE as well as DAPI and GFAP was performed on adjacent brain
sections. Note the higher cell density and associated NSE labeling at 20 d
compared with 6 d postexposure (40� magnification). Similar profiles were
observed in three separate experiments. Figure 5. Characterization of cell proliferation in the rat SVZ at 20 d after

exposure to neonatal hypoxia. Rats (n � 4) received a daily injection of BrdU
(50 mg/kg) for 9 d before sacrifice. Multiple-labeling experiments performed
on sagittal brain sections revealed that BrdU-positive cells were concentrated
within the SVZ and along the posterior periventricle (PPV). The hypoxia-
associated proliferating cells expressed markers for either mature (NSE) or
differentiating (Neuro D) neurons. Experiments were repeated four times with
similar observations.
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methyl-D-aspartate receptors, resulting in greater excitoxic neu-
rodegeneration (55). Therefore, the recorded increase in CO
activity may serve to slow the degenerative process. This is
supported by the report that ischemic preconditioning may
prevent global ischemia-associated brain damage by preserving
mitochondrial oxidative functions (56).

Of particular interest is the obvious anatomical restoration of
the CA1 hippocampus after neonatal hypoxia. Histologic anal-
yses suggest that neuronal degeneration depicted after hypoxia
in the CA1 subfield of the rat pup is then followed by an
increase in cell density, possibly reflecting compensatory for-
mation of new neurons. These findings are consistent with
recent studies reporting enhanced neurogenesis in the adult
brain of various species by several days or weeks after isch-
emic insults (15–19). Most of these studies, however, have
focused on cellular events in another documented neurogenic
site of the brain—the subgranular zone of the DG. An isch-
emia-associated increase of cell proliferation was usually de-
scribed in this latter area, followed by the migration of new-
born neurons to the granule cell layer of the DG. According to
Liu et al. (15), this phenomenon is not correlated with neuronal
loss in the CA1 pyramidal cell layer. Although the DG was not
specifically investigated in the present study, no patent changes
could be seen after hypoxia.

The SVZ lying along the ependymal layer of the lateral
ventricle is known to generate neural progenitor cells through-
out postnatal life destined to specific areas of the mammalian
brain (57), and our data suggest that neurogenesis in this
cerebral region might be a critical element in brain repair after
hypoxia. Administrations of the thymidine analogue BrdU
showed a substantial increase (225%) in the number of cells
expressing neuronal markers within the SVZ of 21-d-old rats
exposed to neonatal hypoxia. Although BrdU may potentially
indicate DNA repair (58), the long delay existing between the
hypoxic insult and BrdU injection, the dose of BrdU adminis-
tered, the marked augmentation of its incorporation rate re-
corded in the SVZ—which harbors numerous progenitor
cells—as well as the absence of BrdU-positive cells in the
injured CA1 layer strongly suggest that BrdU labeling actually
reflects proliferating cells. Our findings seem at first to contrast
with those of Levison et al. (59), who reported that hypoxia-
ischemia depletes the rat perinatal SVZ of neural stem cells.
However, the same authors recently showed the recruitment of
such neural stem cells after perinatal ischemic insult, and they
concluded that some regional specificity may exist within the
SVZ in response to hypoxia-ischemia (60).

Under physiologic conditions, neurons originating from the
SVZ of the postnatal rodent brain have been shown to migrate
along the rostral migratory stream, a restricted pathway toward
the olfactory bulb where they ultimately differentiate into
granule and periglomerular cell interneurons (61, 62). After
neonatal hypoxia, we have observed a high concentration of
BrdU-positive cells in the posterior periventricle, and it is
tempting to speculate that at least some of these proliferating
cells that express neuronal markers may migrate from the
periventricular zone to the hippocampal CA1 region, where
they would contribute to replenish the damaged pyramidal cell
layer. Consistent with our study, Schmidt and Reymann (63)

recently provided evidence for the appearance of newly born
cells expressing the neuronal marker NeuN, but not the glial
marker GFAP, in the degenerated CA1 pyramidal cell layer 4
wk after global brain ischemia in gerbils. Also, it has been
reported that transient middle cerebral artery occlusion in the
adult rat can stimulate cell proliferation in the SVZ to generate
neurons that finally migrate to the severely damaged area of the
striatum (64).

Taken together, the above data suggest that the developing
brain possesses a capacity for regionally targeted self-repair.
Nonetheless, it is known that even mild neonatal asphyxia may
induce long-term functional disabilities, including poorer
learning performances (1–3), and this poses the important
question of whether new neurons are able to restore—or at
least improve—hippocampal activity. During the course of our
own study, Nakatomi and colleagues (65) elegantly demon-
strated that after transient forebrain ischemia in the adult rat,
endogenous progenitors can proliferate and migrate to the CA1
hippocampus to regenerate injured pyramidal neurons. Impor-
tantly, their data strongly suggest that these regenerated neu-
rons were integrated into the existing hippocampal circuitry
and contributed to ameliorating neurologic deficits. Also, van
Praag et al. (66) convincingly showed that newly generated
cells in the adult mouse brain gives rise to functional neurons
in the hippocampus.

To date, neurogenic signals as well as specific mechanisms
involved in the generation of new neurons after brain injury are
still unknown. Numerous candidate components have been
suggested to participate to the cellular and molecular pathways
controlling proliferation, differentiation, migration, and sur-
vival of neural precursor populations (19, 20, 67), and a better
identification of their exact contributions should help to de-
velop new therapeutic strategies.
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