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Asphyxia during delivery produces long-term deficits in
brain development, including hippocampus. We investi-
gated hippocampal plasticity after perinatal asphyxia,
measuring postnatal apoptosis and neurogenesis. As-
phyxia was performed by immersing rat fetuses with
uterine horns removed from ready-to-deliver rats into a
water bath for 20 min. Caesarean-delivered pups were
used as controls. The animals were euthanized 1 week
or 1 month after birth. Apoptotic nuclear morphology
and DNA breaks were assessed by Hoechst and
TUNEL assays. Neurogenesis was estimated by bromo-
deoxyuridine/MAP-2 immunocytochemitry, and the lev-
els and expression of proteins related to apoptosis and
cell proliferation were measured by Western blots and
in situ hybridization, respectively. There was an in-
crease of apoptosis in CA1, CA3, and dentate gyrus
(DG) and cell proliferation and neurogenesis in CA1,
DG, and hilus regions of hippocampus 1 week after as-
phyxia. The increase of apoptosis in CA3 and cell pro-
liferation in the suprapyramidal band of DG was still
observed 1 month following asphyxia. There was an
increase of BAD, BCL-2, ERK2, and bFGF levels in
whole hippocampus and bFGF expression in CA1 and
CA2 and hilus at P7 and P30. There was a concomitant
decrease of phosphorylated-BAD (Ser112) levels. The
increase of BAD levels supports the idea of delayed
cell death after perinatal asphyxia, whereas the in-
creases of BCL-2, ERK2, and bFGF levels suggest the
activation of neuroprotective and repair pathways. In
conclusion, perinatal asphyxia induces short- and long-
term regionally specific plastic changes, including
delayed cell death and neurogenesis, involving pro- and
antiapoptotic as well as mitogenic proteins, favoring hip-
pocampal functional recovery. VV
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Asphyxia is a major cause of death and neurological
injury in newborns, frequently associated with difficult

or prolonged delivery (Vannucci and Hagberg, 2004).
There is clinical and experimental evidence indicating
that the neurocircuitries of the hippocampus are vulnera-
ble for perinatal asphyxia (van Erp et al., 2002; see Harry
and d’Hellencourt, 2003). Delayed cell death has been
observed days after global (Kirino et al., 1984; Dell’Anna
et al., 1997) or focal (Nakano et al., 1990) hypoxia/is-
chemia, involving CA1 (Kirino et al., 1984), CA3
(Nakajima et al., 2000), and dentate gyrus (DG; Wang
et al., 1999a) regions, with features suggesting apoptosis
(Nakajima et al., 2000; Northington et al., 2001). The
extent of cell loss produced by hypoxia-ischemia
depends on the severity of the insult as well as on the
stage of brain development when the insult occurs (Van-
nucci and Hagberg, 2004). Indeed, there is evidence
showing that the neonatal brain is more vulnerable to
oxidative stress than the mature brain, probably because
of low antioxidant capability (Aspberg and Tottmar,
1992), leading to accumulation of hydrogen peroxide in
particularly vulnerable brain regions, including the hip-
pocampus (Lafemina et al., 2006).

Apoptosis is triggered by the activation of endoge-
nous proteases (caspases), resulting in cytoskeletal disrup-
tion, cell shrinkage, and membrane blebbing. The nu-
cleus undergoes chromatin condensation and nuclear
DNA degradation resulting from endonuclease activation
(see Yuan and Yankner, 2000). The BCL-2 protein fam-
ily encodes specific proteins that regulate apoptosis under
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different physiological and pathological conditions (see
Davies, 1995). BCL-2 and BCL-XL promote survival
(Howard et al., 2002), whereas BAX, BID, and BCL-XS

accelerate apoptotic cell death, promoting mitochondrial
cytochrome c release, activating intrinsic apoptotic path-
ways (see Cory et al., 2003). The BCL-XL/BCL-2-associ-
ated death promoter (BAD) acts as a proapoptotic protein
(Yang et al., 1995). Apoptotic stimuli, including anoxia,
induce dephosphorylation of cytosolic BAD (Wang et al.,
1999b), which is then dissociated from the 14-3-3 protein
chaperone and translocated to the mitochondria, where it
binds to BCL-2 and BCL-XL, promoting mitochondria
cytochrome c release (Yang et al., 1995; Zha et al.,
1996). Otherwise, BAD is maintained in the cytosol,
phosphorylated by the activation of the ERK and/or
AKT pathways, bound to the 14-3-3 protein, exerting an
antiapoptotic effect (Zha et al., 1996; Jin et al., 2002).

Multiple cell death mediators are activated by neo-
natal hypoxia-ischemia injury, including various mem-
bers of the BCL-2 (Chen et al., 1996; Ness et al., 2006),
death receptor (Graham et al., 2004), and caspase
(Cheng et al., 1998; see Golan and Huleihel, 2006) pro-
tein families. After neonatal hypoxia-ischemic condi-
tions, there is an increase in the number of immunoreac-
tive cells for proapoptotic proteins, BAX and caspase 3,
correlating with an increase of apoptosis in the hippo-
campus (Ferrer et al., 1997; Daval et al., 2004). In agree-
ment, BAD gene-disrupted mice exhibit protection
against neonatal hypoxia-ischemia (Ness et al., 2006). In
an adult rat model of global ischemia, it has been shown
that BAD/BCL-XL binding is increased in CA1 and DG
regions (Abe et al., 2004).

During the reoxygenating phase, there are some
mechanisms for limiting cell death but also for promot-
ing plastic changes, including neurogenesis and neurito-
genesis, required for functional recovery. Several neuro-
trophins, such as basic fibroblast growth factor (bFGF;
Andersson et al., 1995), brain-derived neurotrophic fac-
tor (BDNF; Scheepens et al., 2003a), and neuronal
growth factor (NGF; Scheepens et al., 2003a), are up-
regulated following asphyxia, probably for preventing
cell death (Cheng et al., 1997; Han and Holtzman,
2000). Indeed, there is evidence that bFGF expression is
increased by hypoxia-ischemic injuries, promoting cell
survival and neurogenesis (Takami et al., 1992; Ander-
sson et al., 1995; Ganat et al., 2002), in agreement with
evidence showing that bFGF controls neural prolifera-
tion and cell migration during development but also
during the postnatal period, including adulthood (see
Dono, 2003). Hence, postnatal neurogenesis can be a
mechanism to replace cell loss and to repair altered neu-
rocircuitry, perhaps using mechanisms similar to those
required for neuritogenesis. In agreement, neurogenesis
is increased in juvenile (Scheepens et al., 2003b; Daval
et al., 2004) and adult (Yagita et al., 2001; Yoshimura
et al., 2001) rat hippocampus, including DG (Morales
et al., 2005; Lichtenwalner and Parent, 2006) and CA1–
CA3 (Nakatomi et al., 2002; Daval et al., 2004) regions
following hypoxia-ischemia.

Therefore, we have investigated the consequences
of perinatal asphyxia on hippocampal plasticity, using a
noninvasive experimental model largely mimicking the
main features of asphyxia occurring at birth (Bjelke
et al., 1991; Andersson et al., 1992; Herrera-Marschitz
et al., 1993; see Weitzdoerfer et al., 2004). We have
focused on the effects observed 1 week (P7) and 1
month (P30) after birth, measuring 1) apoptosis (by
Hoechst and TUNEL assays), 2) neurogenesis [by bro-
modeoxyuridine (BrdU)/MAP-2 immunocytochemitry],
and 3) levels and expression of proteins related to apo-
ptosis and mitogenesis (by Western blots and in situ
hybridization). We focus on the effects observed at P7
and P30, because P7 is a period when granular layers of
the hippocampus are established (Bayer, 1982) and there
is a beginning of intensive synaptogenesis (Amaral and
Dent, 1981), and P30 is a period when the neurocircui-
try of the hippocampus of the rat has already achieved
mature features (Amaral and Witter, 1995).

MATERIALS AND METHODS

Perinatal Asphyxia

Pregnant Wistar rats (UChA, bred at a local colony)
within the last day of gestation (G22) were euthanized by
neck dislocation and hysterectomized. One or two pups were
immediately removed and used as caesarean-delivered controls
(CS), and the uterine horns containing the remaining fetuses
were immersed in a water bath at 378C for 20 min (AS), a
period associated with a 50% decrease in survival (Herrera-
Marschitz et al., 1993; Bustamante et al., 2007). After as-
phyxia, the uterine horns were incised, and the pups were
removed and stimulated to breathe. After a 60-min observa-
tion period, the pups were given to surrogate dams for nurs-
ing, pending further experiments. At P7 and P30, the rats
were used for 1) immunocytochemistry, 2) immunoblotting,
and/or 3) in situ hybridization studies.

For BrdU analysis, the rats were treated with BrdU
(100 mg/kg, i.p.; Sigma, St. Louis, MO) dissolved in 0.1 M
phosphate-buffered saline (PBS; four doses with 4-hr intervals
over a 12-hr period), and killed 4 hr after the last dose of BrdU.

Tissue Fixation

Rats were deeply anesthetized with chloral hydrate
(400 mg/kg i.p.) and perfused intracardially with 100 ml of
0.1 M PBS (pH 7.4), followed by 200 ml formalin solution
[4% paraformaldehyde (PF); Sigma; in 0.1 M PBS, pH 7.4].
The brain was removed from the skull, postfixed in a formalin
solution overnight, and immersed in 30% sucrose in 0.1 M of
PBS at 48C for 2–3 days; then embedded in cryomatrix
(Thermo Electron Corp, Pittsburgh, PA) and stored at –708C.
Coronal sections (20 lm thick) were sliced from the frozen
fixed brains and processed between Bregma –4.52 and –2.56
(Paxinos and Watson, 1986) for immunocytochemistry.

Immunocytochemistry

Cellular proliferation was labelled with an antibody
against the mitotic marker BrdU (Megabase, Lincoln, NE)
and neuronal phenotype with an antibody against MAP-2



(Sigma). The tissue was first treated for MAP-2. The stored
slices were postfixed in methanol 100% (J.T. Backer, Paris,
KY) for 30 min; rinsed three times; and preincubated in
0.1 M PBS, 0.1% Triton, and 5% normal goat serum (NGS;
Jackson Immunoresearch, West Grove, PA) for 1 hr. A mouse
monoclonal antibody against MAP-2, immunospecific for all
forms of mature and immature neurons (Sigma; dilution
1:2,000, 5% NGS and 0.1% Triton in 0.1 M PBS), was
applied overnight at 48C. After extensive washings, sections
were incubated in a Tyramide Amplification Kit No. 3 (TSA;
Molecular Probes, Eugene, OR), according to the instructions
of the supplier. After that, the tissue was postfixed in 4% PF
for 15 min at 48C and washed extensively to preserve the in-
tegrity of the MAP-2 staining according to Kobayashi et al.
(2006).

For BrdU, the slices were treated with 2 N HCl for
30 min at 378C for DNA denaturation; extensively washed in
0.1 M PBS; and incubated in 0.1 M PBS, 5% NGS, and 0.1%
Triton for 1 hr at room temperature. A rabbit polyclonal anti-
body against BrdU (dilution 1:4,000, 5% NGS and 0.1% Tri-
ton in 0.1 M PBS; Megabase) was applied overnight at 48C.
After extensive washings, sections were incubated in the TSA
Kit No. 12. The sections were washed again, coverslipped
with DAKO fluorescent mounting medium (DAKO, Carpin-
teria, CA), and examined under the field of an epifluorescence
and a confocal microscope. Selected slices were counterstained
with propidium iodide (PI; 500 nM for 5 min; Sigma) for
confirming the nuclear labelling.

Cell Quantification, Optical Disector,
and Confocal Microscopy

Stereological quantification was conducted as previously
described (Morales et al., 2005). Confocal microscopy was
performed by using a Zeiss LSM410 confocal laser scanning
microscope with a 3633 (1.4 N.A.) oil-immersion objective
lens. Hippocampal MAP-2- and/or BrdU-immunoreactive
(IR) cells were counted by an investigator blinded to the pro-
tocol treatment, using the optical disector technique described
in detail by Gundersen et al. (1988). Briefly, MAP-2- or
BrdU-IR cells were counted as they came into focus while
scanning through the section. The disector height (h) was set
at 10 lm, and nuclei within the first 3 lm of the section
were not counted. Also, we discarded all the nuclei that inter-
sected the left and the bottom sides of the frame. For each
section, six unbiased counting frames were sampled in a sys-
tematically random fashion inside the area of hippocampal
subfields. The area of disector (adis) was set at 4.5 3 104 lm2.
The area (a) of hippocampal subfields was measured in Image
J 1.32 software. The total number of MAP-2- or BrdU-posi-
tive cells in each hippocampal region was then estimated as:
N 5 SQ– � t/h � a/adis, where Q– is the total number of
counted MAP-2- or BrdU-positive cells in each hippocampal
region, t is the average slice thickness, a is the area of hippo-
campal region, adis is the area of disector, and h is the dissector
height. Cells were considered doubly labelled when MAP-2
and BrdU overlapped at four levels through a section (z-step
1 lm).

Apoptotic Morphology

Coronal sections were stained with Hoechst 33342 (bis-
benzimide; 2.5 lg/ll; Sigma) and mounted with a fluorescent
mounting medium (DAKO). Hoechst 33342 is used for inves-
tigating nuclear morphology, revealing chromatin condensa-
tion during apoptosis, which is detected as an intensively
bright blue staining. Apoptotic nuclei were identified by using
the criteria proposed by Greiner et al. (2001). Briefly, at least
one of the following criteria had to be fulfilled to count for
apoptotic cells: 1) tightly condensed nuclear material, 2) darkly
stained spherical or clumped nuclear material, and 3) frag-
mented nuclei. An average of the number of apoptotic cells
was calculated from five slices/animal (one slice of 20 lm ev-
ery 100 lm), inspected at 3100, and expressed as means 6
SEM.

DNA Fragmentation

Coronal sections were processed according to the
TUNEL-based detection kit NeuroTACS (R&D Systems,
Minneapolis, MN). Briefly, coronal slices from each animal
were washed in 0.1 M PBS for 10 min at room temperature,
incubated with a Neuropore solution (R&D Systems) for
25 min at room temperature, and washed twice in DNAase-
free water for 2 min or in the presence of DNAase as a posi-
tive control. The samples were then immersed in an H2O2

quenching solution for 5 min, washed in PBS, and incubated
in terminal deoxynucleotidyl transferase (TdT) labelling buffer
for 5 min at room temperature. Afterward, a reaction buffer
containing biotinylated dNTP and TdT was applied for
90 min at 378C in a humidity chamber. As a negative control,
a set of sections was incubated in the absence of TdT. The
reaction was stopped with TdT stop buffer, and the slices
were washed twice with PBS and incubated with streptavidin-
HRP solution for 10 min. After PBS rinsing, the slides were
immersed in the diaminobenzidine (DAB) solution for 4–10
min, washed with PBS, counterstained with Neuro TACS
Blue for nuclear labelling (R&D Systems), dehydrated in a
graded ethanol series, and mounted with Entellan (Merck,
Darmstadt, Germany). An average of the number of dark
brown DAB-stained nucleus (TUNEL positive) was calculated
from five slices/animal (one slice of 20 lm every 100 lm),
inspected at 3100, and expressed as means 6 SEM.

In Situ Hybridization

The in situ hybridization was conducted with an oligo-
nucleotide probe complementary to bFGF mRNA (732pb-
763pb access No. NM_019305.1; Shimasaki et al., 1988),
labelled with digoxigenin oligonucleotide 30-OH tailing kit
(Roche Molecular Biochemicals, Mannheim, Germany). The
labelled oligonucleotide was ethanol precipitated and resus-
pended in DEPC-treated water.

The hybridization was performed as previously described
by Cárdenas et al. (2002). In brief, coronal brain slices were
washed in 0.1 M PBS, permeated with 0.001% proteinase K
(molecular biology grade; Merck), and then treated with
0.25% acetic anhydride in 0.1 M triethanolamine. After dehy-
dration in increasing concentrations of ethanol, the slices were
delipidated in chloroform for 10 min, rinsed in ethanol, and



air dried. Hybridization was carried out with 50 pmol/ml
bFGF digoxigenin oligonucleotide in the presence of 43 SSC
solution, 50% formamide, 1% Denhart’s solution, 50 lg/ml
sheared salmon sperm DNA, 10% dextran sulfate, and 125
lg/ml tRNA (378C for 16 hr in a humidity chamber). The
hybridization was stopped with 23 SSC solution, and the
slides were immersed in successive washing solutions of 43
SSC for 10 min, 23 SSC (3 times 15 min each). A final wash
(23 SSC) was done at 378C for 15 min. To visualize the
digoxigenin-hybridized probe, the slides were incubated for
2 hr in a solution of 0.1 M maleic acid, 150 mM NaCl, pH
7.4 (buffer 1), in the presence of 0.03% Triton X-100, 3% fe-
tal calf serum, antidigoxigenin Fab fragments conjugated with
alkaline phosphatase (dilution 1:500; Roche), and 1% blocking
reagent for nucleic acid hybridization (Roche). After quickly
rinsing in buffer 1, sections were incubated in 100 mM NaCl,
50 mM MgCl2, 100 mM Tris (pH 9.5) in the presence of the
alkaline phosphatase substrate 5-bromo-4-chloro-3-indolyl
phosphate/nitroblue tetrazolium (BCIP/NBT) and 0.024%
levamizole for 16 hr at room temperature. The reaction was
stopped by a 30-min wash in 10 mM Tris, 1 mM EDTA, pH
8.0. Controls for specific hybridization were made with an
antisense digoxigenin oligonucleotide in the presence of
5 nmol/ml unlabeled probe.

Semiquantitative Analysis of the Hybridization Signal

For the semiquantitative analysis, densitometric measure-
ments from each hippocampal subfield were analyzed in UN-
SCAN-IT software (Silk Scientific, Orem, UT). A gray scale
was used for measuring the intensity of the signals (pixels)
observed in the hippocampal regions; i.e., the darker the stain-
ing the higher optical density, and the lighter staining the
lower optical density. The hybridization signal in the stratum
radiatum was considered as background and was subtracted
from the optical density values obtained in the hippocampal
cell layers. Data are expressed as optical density (pixels), and
for each animal the value represents the average of measure-
ments made from four or five brain sections.

Western Blotting Analysis

In a separate, but similarly treated, series of animals, the
hippocampus was dissected and homogenized with a glass-glass
homogenizer in 5 vol 10 mM HEPES, pH 7.9, 1.5 mM
MgCl2, 10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA.
0.5 mM DTT, 0.1 mM Na3VO4, 100 lg/ml PMSF, 2 lg/ml
leupeptin, 2 lg/ml aprotinin, and 0.05% Triton X-100
according to Greiner et al. (2001) and Andrés et al. (2006).
After centrifugation at 10,000g for 15 min, the supernatant
was collected and the protein content determined according
to Bradford (1976). 50 lg of protein extract was resolved on a
12% SDS-polyacrylamide gel (PAGE; 100 V) and blotted
onto a 0.45-lm nitrocellulose membrane (1 hr, 95 V). The
equality of protein loading in the wells was confirmed by
Ponceau red (Sigma) staining. For ERK1/2, bFGF, CREB,
and b-actin determination, the membranes were treated with
a PBS cocktail containing 0.1% Tween-20 (PBST) and 3%
(w/v) nonfat dry milk at room temperature for 1 hr. For
BAD and BCL-2 determination, the membranes were treated

with a Tris-buffered saline (TBS) containing 0.1% Tween-20
(TBST) and 1% (w/v) nonfat dry milk at room temperature
for 1 hr.

For evaluation of mitogenic protein levels (bFGF,
ERK1, and ERK2), the membranes were incubated with
mouse monoclonal bFGF (dilution 1:250; Upstate, Charlottes-
ville, VA) or rabbit polyclonal antibodies phospho-ERK1/2,
phospho-ERK1/2 (P-ERK1/2; Thr202/204; dilution 1:3,000;
Cell Signalling, Beverly MA), total ERK1/2 (dilution 1:3,000;
Santa Cruz Biotechnology, Santa Cruz, CA), total CREB
(dilution 1:1,000; Cell Signalling), phospho-CREB (P-CREB;
Ser133; dilution 1:1,000; Upstate), or b-actin (dilution
1:5,000; Sigma), in 3% nonfat dry milk-0.1% T-PBS.

The levels of BAD and BCL-2 were measured as previ-
ously described (Greiner et al., 2001; Andrés et al., 2006). For
phospho-BAD (P-BAD; Ser112) and total BAD, the mem-
branes were incubated with rabbit polyclonal antibody (dilu-
tion 1:500; Cell Signalling). For BCL-2, the membranes were
incubated with a mouse monoclonal antibody (dilution 1:100;
Santa Cruz Biotechnology) in 1% nonfat dry milk diluted in
TBS. The membranes were incubated overnight with the pri-
mary antibody, then washed and incubated with a peroxidase-
conjugated secondary antibody for 2 hr. After additional
washes, the membranes were incubated with an enhanced
chemiluminescent substrate, according to the instructions of
the manufacturer (Perkin Elmer Life Sciences, Boston, MA)
and exposed to X-ray film (MR-1; Eastman-Kodak, Roches-
ter, NY). The intensity of the bands was determined and ana-
lyzed in UN-SCAN-IT software, and the results were
expressed as a ratio to the b-actin. Also, ratios for P-CREB/
total CREB, P-ERK/total ERK, and P-BAD/total BAD
were determined. All data were normalized to the controls.

Statistical Analysis

The data were obtained from at least six independent
experiments (each experiment representing a different litter)
using four to six male rats from each experimental group. Val-
ues are expressed as the mean 6 SEM throughout the study.
Multiple (nonparametric) comparisons were analyzed with
Kruskal-Wallis’s ANOVA (H) and/or Mann-Whitney test
(GraphPad Prism 4.00). P < 0.05 was used as a limit for statis-
tical significance.

The experimental protocol was approved by a Local
Committee for Ethics for Experiments With Laboratory Ani-
mals at the Medical Faculty, University of Chile (CBA No.
0136, FMUCH) and by an ad hoc National Commission of
the Chilean Council for Science and Technology Research
(CONICYT), endorsing the Principles of laboratory animal
care (NIH; No. 86-23; revised 1985).

RESULTS

Perinatal Asphyxia Increases Apoptosis
in Hippocampus

The hippocampus of CS (control) and AS (as-
phyxia-exposed) animals was examined for apoptotic
morphology after nuclear Hoechst staining and for DNA
fragmentation with the TUNEL assay. Figure 1 shows
photomicrographs of nuclei labelled with Hoechst in the



suprapyramidal band (granular cells) of DG of CS (Fig.
1a) and AS (Fig. 1b–d) rats, depicting nuclei with apo-
ptotic morphology (Fig. 1, arrowheads). Double staining
(Hoechst/MAP-2) revealed that approximately 95% of
cells with apoptotic morphology were positive for a
neuronal phenotype (cf. Fig. 1c vs. d). Figure 2 shows
the stereological quantitative analysis of apoptotic nuclei
labelled by the Hoechst staining of control (n 5 6) and
asphyxia-exposed (n 5 6) rats at P7 and P30. At P7, a
significant increase of the number of apoptotic nuclei
was observed in CA3 (>2-fold) and DG (supra- and
infrapyramidal bands; >2-fold) of AS compared with CS
animals (Fig. 2A). That increase was still observed at
P30, but only in the CA3 region (Fig. 2B).

A similar result was observed with the TUNEL
assay, showing an increase of apoptotic nuclei in CA1
(�1.5-fold), CA3 (�2-fold), and supra- and infrapyrami-
dal (�1.5-fold) bands of the DG of AS (n 5 4) vs. CS
(n 5 4) animals compared at P7 (Fig. 3). Figure 3 shows
photomicrographs illustrating TUNEL-positive nuclei
(brown; counterstained with Neuro TACS Blue) in
suprapyramidal band at P7 of CS (Fig. 3a) and AS (Fig.
3b) animals.

Perinatal Asphyxia Increases Pro- and
Antiapoptotic Protein Levels in Hippocampus

The effect of perinatal asphyxia on the expression
of pro- and antiapoptotic proteins, BAD and BCL-2,

Fig. 2. Quantification of apoptotic nuclei in hippocampus of control
(n 5 6, open bars) and asphyxia-exposed (n 5 6, hatched bars) rats
at P7 (A) and at P30 (B). At P7, there was a significant increase in
the number of apoptotic nuclei in CA3 (>2-fold) and DG (supra-
and infrapyramidal bands; >2-fold) of asphyxia-exposed compared
with control rats. This effect was still observed in CA3 at P30. Data
are means 6 SEM. *P < 0.05 (Mann-Whitney test).

Fig. 3. Quantification of the number of TUNEL-positive nuclei in
hippocampus of control (n 5 4, open bars) and asphyxia-exposed
(n 5 4, hatched bars) rats at P7. There was a significant increase in the
number of TUNEL-positive nuclei in CA1 (�1.5-fold), CA3 (�2-
fold), and DG (�1.5-fold; supra- and infrapyramidal bands) of as-
phyxia-exposed compared with control rats. Data are means 6 SEM.
*P < 0.05 (Mann-Whitney test). Photomicrographs illustrate TUNEL-
positive (brown; arrowheads) and Neuro-TACS blue (violet)-stained
nuclei in the suprapyramidal band at P7 in control (a) and asphyxia-
exposed (b) rats. Scale bar 5 20 lm.

Fig. 1. a–d: Fluorescent photomicrographs showing Hoechst-labelled
nuclei (blue) and cases of chromatin condensation (bright blue;
arrowheads), illustrating apoptotic cell morphology, in suprapyramidal
band of control (a) and asphyxia-exposed (b–d) rats at P7. A case
showing a chromatin fragmented nucleus (arrowhead; c) was doubly
stained with an antibody against MAP-2 (red; arrow; d), indicating a
neuronal phenotype. Observe that MAP-2 labels cytoplasm only, sur-
rounding the unstained nuclei. Scale bars 5 20 lm.



respectively, was investigated with immuno-Western
blots. Figure 4A shows representative immunoblots for
total BAD, P-BAD (Ser112), and BCL-2 levels of hip-
pocampal extracts obtained from CS and AS animals at
P7. The densitometric analysis (Fig. 4B) revealed that
there was an increase (>3-fold) of the BAD/b-actin ra-
tio of AS (n 5 4–5) compared with CS (n 5 4–5) ani-
mals. The ratio P-BAD/total BAD was decreased (by
�70%), whereas the ratio BCL-2/b-actin was increased
(>2-fold), following perinatal asphyxia. Also, the ratio
BAD/BCL-2 was increased in AS (�2-fold) compared
with CS animals.

Perinatal Asphyxia Increases Cell Proliferation
in Hippocampus

To assay cell proliferation, the rats were injected
with BrdU (100 mg/kg, i.p.) at P6 and P29, starting 24
hr before the brain was removed, and treated for BrdU
immunoreactivity (the last dose of BrdU was adminis-
tered 4 hr before death). As shown in Figure 5, the ster-
eological analysis revealed that there was a significant
increase in the number of BrdU-positive nuclei in DG
(supra- and infrapyramidal bands; �1.5-fold) and hilus
(�1.5-fold) of AS (n 5 6) compared with CS (n 5 6)
animals. That increase was still observed (�2-fold) 1
month following asphyxia (P30, n 5 6 for each condi-
tion), but only in the suprapyramidal band of DG. Fig-
ure 5 shows photomicrographs illustrating BrdU-positive
nuclei in the suprapyramidal band of DG of CS (Fig. 5a)
and AS (Fig. 5b) animals.

There was also a significant increase in CA1 (�2-
fold) at P7, but the total amount of BrdU-positive cells
observed in that region was significantly lower than that
in DG regions (as an average, there were �2,500 BrdU-

positive cells in CA1 vs. �25,000 BrdU-positive cells in
DG regions). At P30, no differences between groups
were observed in the number of BrdU-positive cells in
the CA1 region.

Perinatal Asphyxia Increases Neurogenesis
in Hippocampus

The phenotype of BrdU-positive cells was eval-
uated by double immunostaining with an antibody
against MAP-2. In the suprapyramidal band, 40% and
38% of BrdU-positive cells were also positive for MAP-
2 in CS and AS animals, respectively. In the infrapyra-
midal band, the percentage was 42% for both conditions.
In the hilus, the percentage was 30% and 20%, for CS
and AS animals, respectively. No double-labelled cells
were observed in any of the regions of the corni ammo-
nis of CS animals, but 10% of BrdU cells in CA1 of AS
animals were also positive for MAP-2.

Fig. 4. A: Immunoblots from hippocampal extracts of control and
asphyxia-exposed rats at P7. Samples (50 lg protein/lane) were
resolved by SDS-PAGE, followed by immunoblotting with BCL-2,
BAD, phospho-BAD, and b-actin antibodies as described in Materials
and Methods. In B, the densitometric analysis of the intensity of pro-
tein bands of control (n 5 4–5, open bars) and asphyxia-exposed
(n 5 4–5, hatched bars) rats is shown. There was a significant
increase of total BAD/b-actin (>3-fold), BCL-2/b-actin (>2-fold),
and BAD/BCL-2 (�2-fold) ratio in samples of asphyxia-exposed
compared with control rats. The P-BAD/total BAD ratio was instead
decreased (by 70%) in samples of asphyxia-exposed animals. Data are
means 6 SEM. *P < 0.05 (Mann-Whitney test).

Fig. 5. Quantification of BrdU-positive cells observed in hippocam-
pus of control (n 5 6, open bars) and asphyxia-exposed (n 5 6,
hatched bars) rats at P7 and P30. There was a significant increase of
BrdU positive cells in DG (supra- and infrapyramidal bands) of as-
phyxia-exposed (hatched bars) compared with control (open bars)
rats. At P7, there was an increase of BrdU-positive cells in CA1
region (�2-fold) following asphyxia, but the total amount of BrdU-
positive cells observed in that region was significantly lower than in
DG (as an average, there were �2,500 BrdU-positive cells in CA1
vs. �25,000 BrdU-positive cells in DG regions of control animals).
At P30, no differences between groups were observed in the number
of BrdU-positive cells in the CA1 region. Photomicrographs illustrate
BrdU-positive (green; arrowheads) and PI (red)-stained nuclei in
suprapyramidal band at P7 in control (a) and asphyxia-exposed (b)
rats. Data are means 6 SEM. *P < 0.005 (Mann-Whitney test).
Scale bars 5 20 lm.



In comparison with CS (n 5 6), double-stained
cells were increased in DG (supra- and infrapyramidal
bands; �2-fold) and hilus (1.5-fold) of AS (n 5 6) ani-
mals. Some few double-stained cells (�300 double-
stained cells) were observed in CA1 of AS but never in
CS animals (Fig. 6). Hoechst staining indicated no evi-
dence of cell death among BrdU/MAP-2-positive cells
in any of the regions of the hippocampus.

Perinatal Asphyxia Increases the Levels of ERK2
and bFGF in Hippocampus

Proteins involved in cell proliferation and differen-
tiation were measured with immuno-Western blots in
hippocampal extracts from control (n 5 5) and as-
phyxia-exposed (n 5 5) rats at P7. Figure 7A shows rep-
resentative blots for ERK1/2, CREB, and bFGF. The
densitometric analyses revealed an increase in the ratio
P-ERK2/total ERK2 (>2-fold) following perinatal as-
phyxia, but not in P-ERK1/total ERK1, CREB/b-
actin, or P-CREB/total CREB. However, the ratio
bFGF/b-actin was increased (>2-fold) in AS compared
with CS animals (see Fig. 7B).

Figure 8A shows in situ hybridization photomicro-
graphs illustrating the increase of bFGF expression in
hippocampus of AS (Fig. 8b,d) vs. CS (Fig. 8a,c) animals
at P7 (Fig. 8a,b; n 5 5, for each condition) and at P30
(Fig. 8c,d; n 5 5, for each condition). Figure 8B shows
the densitometric analysis of bFGF mRNA at P7, reveal-
ing an increase in CA1 (�2-fold) and CA2 (�2-fold)
regions and hilus (�2-fold) of AS compared with CS
animals. Figure 8C shows the effect at P30, finding an
increase in CA1–CA2 (�1.5-fold) and hilus (�3-fold).
The level of bFGF protein measured at P7 with

immuno-Western blot was also increased (>3-fold) in
AS compared with CS (see Fig. 8B, inset).

DISCUSSION

In this study, we have investigated the effects of
perinatal asphyxia on cell death, neurogenesis, and differ-
ential expression of related genes in the hippocampal
formation of rats. There was an increase of apoptosis in
CA1, CA3, and DG regions of hippocampus 1 week
(P7) after severe perinatal asphyxia, persisting in CA3 at
P30. In parallel, there was an increase of cell prolifera-
tion in CA1, DG, and hilus at P7 and in the suprapyra-
midal band of DG at P30. Double staining revealed neu-
rogenesis in CA1, DG, and hilus at P7. BAD, BCL-2,
phosphorylated ERK2, and bFGF levels were increased
in whole hippocampus at P7 as well as the expression of
bFGF in CA1, CA2, and hilus at P7 and P30. P-BAD
levels were, however, decreased in whole hippocampus.

As assessed by Hoechst labelling, cell death was
observed in control and asphyxia-exposed animals,
exhibiting the characteristic hallmarks of apoptosis,
including condensation, chromatin clumping, and frag-
mentation into spherical apoptotic bodies (Lipton, 1999;
Yuan and Yankner, 2000). In control animals, the range
of dying cells was 500–3,000 in all regions of the hippo-
campus at P7, in agreement with previous reports indi-
cating that delayed cell death occurs as a mechanism of
postnatal development, for further sculpting the CNS
(see Oppenheinm, 1991). After perinatal asphyxia, the
range of dying cells was 1,200–5,000, significantly
increased in pyramidal CA3 and supra- and infrapyrami-
dal bands of DG. At P30, an asphyxia-related increase of
apoptotic-like dying cells was observed only in the CA3
region, although apoptotic-like dying cells were
observed throughout the hippocampus, with the highest
level occurring within the CA1 region of both control

Fig. 6. Quantification of BrdU/MAP-2 double-labelled cells
observed in hippocampus of control (n 5 6, open bars) and as-
phyxia-exposed (n 5 6, hatched bars) rats at P7. There was a signifi-
cant increase of BrdU/MAP-2 double-labelled cells in CA1 (�300
cells compared with 0 cells in the controls), DG (supra- and infrapyr-
amidal bands; �2-fold), and hilus (1.5-fold) of asphyxia-exposed
compared with control rats. No BrdU/MAP-2 double-labelled cells
were observed in any of the regions of the cornu ammonis of control
rats. Data are means 6 SEM. *P < 0.005 (Mann-Whitney test).

Fig. 7. A: Immunoblots from hippocampal extracts of control and
asphyxia-exposed rats at P7. Samples (50 lg protein/lane) were
resolved by SDS-PAGE, followed by immunoblotting with ERK1/2,
P-ERK1/2, CREB, P-CREB, bFGF, and b-actin antibodies as
described in Materials and Methods. In B, the densitometric analysis
of the intensity of the protein bands of control (n 5 5, open bars)
and asphyxia-exposed (n 5 5, hatched bars) rats is shown. There was
a significant increase of P-ERK2/ERK2 (>2-fold) and bFGF/b-actin
(>2-fold) ratio in samples of asphyxia-exposed compared with con-
trol rats. Data are means 6 SEM. *P < 0.05 (Mann-Whitney test).



(2,000–4,400 dying cells) and asphyxia-exposed (1,400–
4,400 dying cells) animals. Perhaps this observation has
to be considered when discussing the particular vulner-
ability of the CA1 region (see Pulsinelli, 1988). Cell
death displayed a neuronal phenotype, as shown by
MAP-2/Hoechst double labelling, but no dying cells
were observed among newly generated cells (BrdU/
MAP-2/Hoechst), suggesting that perinatal asphyxia
mainly affected nonproliferating cells.

Apoptosis was confirmed by the TUNEL tech-
nique, showing a significant increase of TUNEL-positive
cells in CA3 and supra- and infrapyramidal bands follow-
ing perinatal asphyxia at P7. An increase of cell death af-
ter asphyxia was also observed in CA1 but reaching a
significant level only when evaluated by the TUNEL

technique, although a trend for an elevated apoptosis
was also observed when labelling with Hoechst at P7.

The expression of proteins involved in the regula-
tion of the apoptotic cascade was analyzed to character-
ize further the delayed cell death observed after perinatal
asphyxia. Mitochondrial membrane permeability has
been suggested as a critical factor that activates the apo-
ptotic cascade. Under apoptosis-induced conditions,
including hypoxia-ischemia, the mitochondrial mem-
brane increases its permeability, leading to the release of
cytochrome c and other proapoptotic factors, such as
AIF (Zhu et al., 2003, 2006), Smac/Diablo (Matsumori
et al., 2005), and Endo-G (Li et al., 2001). The release
of cytochrome c to the cytoplasm causes caspase-3 acti-
vation (Daval et al., 2004; Chen et al., 2005). Caspase-3
immunoreactivity has been observed to be elevated 3
days after hypoxia, but that elevation has been shown to
be transient (Pourie et al., 2006).

Mitochondrial membrane permeability is regulated
by proapoptotic (BCL-XS, tBID, BAX, BAD) and antia-
poptotic (BCL-2, BCL-XL) members of the BCL-2 pro-
tein family (see Cory et al., 2003), which can form
homo- and/or heterodimers in the mitochondrial mem-
brane (Yang et al., 1995). Indeed, it has been shown
that the expression of BAX and BCL-2 genes is
increased in CA1, CA3, and DG following hypoxic-is-
chemic insults (Chen et al., 1998; Daval et al., 2004).
BAD promotes apoptosis through its heterodimerization
with the antiapoptotic proteins BCL-2 and/or BCL-XL

(Yang et al., 1995), leading to leakage of mitochondrial
proapoptotic factors (Tan et al., 2000). BAD is regulated
through selective phosphorylation by several protein ki-
nases, via the AKT and the mitogen-activated protein
kinases MEK/ERK pathways (Jin et al., 2002). BAD
phosphorylation, at Ser112 and/or Ser136 (Zhu et al.,
2002; Hirai et al., 2004), creates binding sites for the
chaperone 14-3-3, retaining BAD in the cytoplasm, pre-
venting the heterodimerization with BCL-2 and/or
BCL-XL in the mitochondrial membrane (Zha et al.,
1996). BAD phosphorylation at Ser155 also inhibits its
death-promoting activity by interfering the binding to
BCL-XL (Tan et al., 2000).

In this study, BAD was increased by perinatal as-
phyxia, explaining perhaps the apoptosis observed in
CA1, CA3, and DG regions. The increase of BAD
could be due to enhanced gene expression, decreased
protein degradation, and/or other metabolic changes
involving phosphorylation/dephosphorylation mecha-
nisms. The enhanced expression of BAD is perhaps a
signal for a dangerous condition menacing the integrity
of the genome. Otherwise, as shown here, a concomi-
tant decrease of P-BAD (Ser112) could imply a
decreased BAD phosphorylation, or an increased phos-
phatase-dependent dephosphorylation. In agreement, it
has been reported that hypoxia-ischemia triggers BAD
dephosphorylation by calcineurin (Wang et al., 1999b).
In adult gerbils, cerebral ischemia promotes BAD trans-
location to mitochondria in CA1 but not in the DG
region of hippocampus (Dluzniewska et al., 2005). It

Fig. 8. A: Photomicrographs illustrating the expression of bFGF in
hippocampus of control (a,c) and asphyxia-exposed (b,d) rats at P7
(a,b, upper panel) and P30 (c,d, lower panel). Densitometric analysis
of bFGF mRNA in hippocampus of control (n 5 5, open bars) and
asphyxia-exposed (n 5 5, hatched bars) rats at P7 (B) and P30 (C).
There was a significant increase of bFGF expression in CA1, CA2
(�1.5-fold), and hilus (>2-fold) of asphyxia-exposed compared with
control rats at both P7 and P30. Data are means 6 SEM. *P < 0.05
(Mann-Whitney test). Scale bar 5 200 lm.



was shown that Raf-1, a member of the ERK signalling
pathway, was instead decreased in CA1 (Dluzniewska
et al., 2005). Furthermore, in BAD-deficient mice, neo-
natal hypoxia-ischemia does not increase caspase-3 im-
munostaining compared with similarly treated wild-type
animals (Ness et al., 2006), supporting the idea that
BAD participates in the hypoxia-ischemia-induced apo-
ptosis.

BCL-2 is implicated in survival and cell differentia-
tion (see Cory et al., 2003). In the present study, BCL-2
levels increased in whole hippocampal extracts following
perinatal asphyxia, perhaps restricting the progression of
apoptosis. However, the BAD/BCL-2 ratio increased,
indicating that an apoptotic mechanism prevailed and
that the increase of BCL-2 was not enough to prevent
cell death.

It has been reported that hypoxia-ischemia induces
a biphasic increase of BCL-2 immunoreactivity in CA1,
with peaks at P3 and P20, suggesting that BCL-2 is asso-
ciated with both early and delayed neuroprotection
(Daval et al., 2004). An increase of BCL-2 expression
has also been observed in CA3 and DG after hypoxia-is-
chemia in adult rats (Chen et al., 1996). However, a
down-regulation of BCL-2 transcription has been
observed after left carotid artery occlusion followed by
2.5 hr of hypoxia exposure at P7 in rats (Kumral et al.,
2006). Together, these results suggest that changes in
BCL-2 expression probably depend on the severity of
the insult and the developmental stage of the brain when
the insult takes place.

Neurotrophic factors regulate BCL-2 expression
through transcription factors, such as the cAMP response
element binding (CREB) protein (Jin et al., 2001; see
Lonze and Ginty, 2002; Lee et al., 2004) and nuclear
factor-jB (NFjB; Tamatani et al., 1999, 2000). CREB
activity is regulated through phosphorylation at Ser133
(P-CREB) by the ERK/MAPK pathway (Curtis and
Finkbeiner, 1999). An increase of P-CREB levels has
been observed 6 hr after ischemic insults (Walton et al.,
1996; Lee et al., 2004). In the present study, however,
no changes were detected in total CREB or its phos-
phorylated form 1 week after perinatal asphyxia, perhaps
suggesting that the increase of BCL-2 by perinatal as-
phyxia was due to an early transient increase of CREB.
Alternatively, BCL-2 gene expression can be regulated
by NFjB, as reported by Tamatani et al. (1999, 2000),
although in this study we did not monitored that factor.

In adults, new neurons can be generated in the
subventricular zone (SVZ). The cells generated in SVZ
migrate to the olfactory bulb (Doetsch et al., 1999; Sha-
piro et al., 2006), where they differentiate to interneur-
ons (Doetsch et al., 1999). The rate of neurogenesis can
be increased by brain injuries, including hypoxia-ische-
mia, probably corresponding to a compensatory mecha-
nism for the replacement of dead cells (see Lichtenwal-
ner and Parent, 2006). Neurogenesis in SVZ has been
proposed also to contribute to neuronal replacement in
the CA1 region after hypoxia-ischemia (Nakatomi et al.,
2002; Ong et al., 2005). In agreement, we found here

that perinatal asphyxia induced a twofold increase of
BrdU-positive cells in the CA1 region, compared with
control animals, but only 10% of those BrdU-positive
cells were positive for MAP-2. No BrdU-positive cells
were positive for MAP-2 in any of the regions of the
cornu ammonis of control animals.

Cell proliferation has also been observed in SGZ of
DG following hypoxia-ischemia (Scheepens et al.,
2003b; Bartley et al., 2005). In agreement, it was found
here that the number of BrdU positive cells was
increased in the supra- and infrapyramidal band of DG
and in hilus by perinatal asphyxia at P7. At P30, how-
ever, there was an increase only in the suprapyramidal
band of the DG. This finding is in agreement with find-
ings reported by Choi et al. (2003), showing an increase
of cell proliferation in both supra- and infrapyramidal
bands after 10 days but only in the medial suprapyrami-
dal band after 28 days of global ischemia.

Double staining revealed that the number of
BrdU/MAP-2-positive cells was increased in the supra-
and infrapyramidal band of DG and in hilus by perina-
tal asphyxia, which is in agreement with a previous
study with hippocampal organotypic cultures (Morales
et al., 2005, 2007). In contrast to the CA1 region,
�40% of the total number of BrdU-positive cells were
also positive for MAP-2 in DG, and the percentage of
double-labelled cells was similar in both control and as-
phyxia-exposed animals. The remaining amount per-
haps represented proliferation of progenitor cells, or
cells at an earlier stage of differentiation, which can
potentially differentiate to neurons (Ganat et al., 2002;
Bartley et al., 2005) or to glial cells (Kee et al., 2001;
Zaidi et al., 2004).

ERK1/2 proteins are associated with cell prolifera-
tion (Zhou et al., 2004) and have been found to be acti-
vated early (0–72 hr) after neonatal hypoxia/ischemia in
hippocampus (Wang et al., 2003; Haddad, 2004; Jones
and Bergeron, 2004). Interestingly, it has been reported
that the activation of ERK1/2 proteins is inhibited by
U0126, an inhibitor of mitogen-activated protein kinase
(Favata et al., 1998), reducing the effect of hypoxia-is-
chemia on BrdU labelling (Zhou et al., 2004).

ERK activity is regulated through phosphorylation
at threonine and tyrosine residues by the MAPK path-
way (Boulton et al., 1991; see Haddad, 2004). In the
present study, we found an increase of P-ERK2, but not
of total ERK or P-ERK1, levels after the perinatal
insult. It can be suggested that ERK2 phosphorylation is
related to neurogenesis, but we cannot discard its partici-
pation in cell death in the perinatal asphyxia model, as
suggested by Castro-Obregón et al. (2004). Indeed, it
has been suggested that nuclear translocation of ERK2 is
required for cell cycle progression (Hulleman et al.,
1999; Chu et al., 2004).

The MEK/ERK pathway promotes CREB activa-
tion through phosphorylation (see Lonze and Ginty,
2002), increasing proliferation and cell differentiation in
DG of adult mouse hippocampus (Nakagawa et al.,
2002; Fujioka et al., 2004). In agreement, cell prolifera-



tion decreases in conditional transgenic mice expressing
a CREB dominant negative mutant in hippocampus
(Nakagawa et al., 2002). In the present study, no corre-
lation between ERK activation and CREB phosphoryla-
tion was observed, but a transient early CREB activation
could have taken place at earlier stages that was unde-
tectable at P7.

bFGF is essential for neuronal development (Dono,
2003); it is involved in proliferation (Raballo et al.,
2000) and differentiation (Vicario-Abejón et al., 1995;
Cheng et al., 2002). The expression of bFGF is increased
after brain injury (Takami et al., 1992; Andersson et al.,
1995), promoting neurogenesis and survival (Wagner
et al., 1999; Yoshimura et al., 2001). In the present
study, there was an increase of bFGF expression in CA1,
CA2, and hilus and bFGF levels in whole hippocampus
1 week and 1 month after perinatal asphyxia. Similar
results have been observed following ischemia (Takami
et al., 1992) and hypoxia (Ganat et al., 2002) in adult
animals. It has been shown that intraventricular infusion
of bFGF markedly augmented endogenous progenitor
proliferation, leading to regeneration of CA1 neurons,
ameliorating the neurological deficits induced by ische-
mia (Nakatomi et al., 2002). Overexpression of bFGF
by a herpes simplex virus-1 vector increased significantly
the number of dividing cells in DG, attenuating the
effect of ischemia on cell death (Yoshimura et al., 2001).
These results support the idea that bFGF up-regulates
neurogenesis and protects neurons against degeneration
of hippocampus, as shown after brain traumatic insults in
adult animals (Yoshimura et al., 2001, 2003). Interest-
ingly, it has been shown that both ERK1 and ERK2 are
activated by bFGF (Hetman et al., 1999), suggesting that
bFGF can induce the phosphorylation of ERK2, pro-
moting cell proliferation, as reported here.

In conclusion, perinatal asphyxia induces regionally
specific delayed cell death and neurogenesis in rat hippo-
campus accompanied by an increase of pro- and antia-
poptotic proteins. The increased neurogenesis found in
CA1, DG, and hilus of asphyxia-exposed animals to-
gether with the increased expression of mitogenic pro-
teins suggest that plastic changes occur, perhaps provid-
ing a framework for functional recovery of the hippo-
campus.
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Almeyda, and Ms. Ana Marı́a Méndez. The support
from the confocal unit (CESAT, ICBM), led by Dr.
Jorge Sans, is kindly acknowledged.

REFERENCES

Abe T, Takagi N, Nakano M, Furuya M, Takeo S. 2004. Altered Bad

localization and interaction between Bad and Bcl-xL in the hippocam-

pus after transient global ischemia. Brain Res 1009:159–168.

Amaral DG, Dent JA. 1981. Development of the mossy fibers of the

dentate gyrus: I. A light and electron microscopic study of the mossy

fibers and their expansions. J Comp Neurol 195:51–86.

Amaral DG, Witter MP. 1995. Hippocampal formation. In: Paxinos G,

editor. The rat nervous system. San Diego: Academic Press.

Andersson K, Bjelke B, Bolme P, Ögren SO. 1992. Asphyxia-induced
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