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The effects of hemodynamic changes in the develop-
ing brain have yet to be fully understood. The aim of
this study was to explore the relationship between
perturbations of the cerebral blood flow in the devel-
oping brain via unilateral hypoperfusion in P7 rats.
As expected, nuclear caspase-3 (casp3) cleavage and
DNA fragmentation were detected at 48 hours after
stroke in the injured cortex. Surprisingly, casp3 was
also cleaved in the contralateral cortex, although
without cell death markers. Delayed (48 hours) casp3
cleavage without DNA fragmentation was also identi-
fied after unilateral common carotid artery occlusion,
both in the hypoperfused cortex and the unaffected
cortex, producing mirror images. Upstream calpain
activation, caspase-2 cleavage, and mitochondrial cy-
tochrome c release initiated casp3 cleavage, but did
not produce preconditioning. The neuronal marker
NeuN co-localized with cleaved casp3 in cortical lay-
ers II–III and VI and with gaba-amino butyric acid in
layer III. Indeed, collateral supply was provided from
the opposite side during carotid artery occlusion but
not after reperfusion, and the number of cleaved
casp3-positive cells significantly negatively correlated
with the common carotid artery immediate reperfu-
sion percentage. In summary, unilateral hypoperfu-
sion, while insufficient to induce cell death, may ac-
tive bilateral and symmetric casp3 in the P7 rat brain.
Additionally, the opposite healthy hemisphere is al-
tered due to the injury and thus should not be used as
an internal control. (Am J Pathol 2009, 175:2111–2120;

DOI: 10.2353/ajpath.2009.090257)

Perinatal hypoxia-ischemia followed by reperfusion is an
important cause of neonatal brain injury. In approximately
8 out of 100,000 children affected, it results in cerebral
palsy, learning disabilities, visual field deficits, and epi-
lepsy.1 However, recent data suggest a higher incidence
of focal ischemia in neonates compared with the inci-
dence of global cerebral ischemia arising from systemic
asphyxia,2,3 whereas mechanisms of arterial ischemic
injury without the confounding effect of hypoxia are not
fully understood.

To investigate cell death pathways and neuroprotec-
tion, the most commonly used model of hypoxia-ischemia
(HI)4 and others stroke models5,6 have been designed in
the developing brain (age range from P3 up to P12) in
both rats and mice. In all of these models, injury is only
seen in the ipsilateral hemisphere and in a great num-
ber of studies the contralateral hemisphere was used
as an internal control. However, two recent studies have
pointed out that multiple molecular/cellular mediators
were also activated in the contralateral hemisphere. In
the first work, HI in P12 rats produced increased cytokine
expression, hypoxic-inducing factor (HIF-1) �, and phos-
pho (p)-Akt to the same extent in both hemispheres,
although injury was unilateral. Conversely, hypoxia alone
was sufficient to regulate these mediators, but not suffi-
cient to induce long-term damage.7 In the second study,
we demonstrated that after stroke (electrocoagulation of
the left middle cerebral artery (MCA) in association with
transient homolateral common carotid artery occlusion) in
P7 rats,6 cell injury was visible in the ipsilateral (IL) pari-
etal cortex, but cell death also affected the contralateral
white matter during the first 24 hours of recovery followed
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by delayed repair mechanisms in both the IL and con-
tralateral (CL) hemispheres.8 Because the molecular
mechanisms of cell death/survival in remote regions and
particularly in the CL hemisphere are still poorly under-
stood, the aim of this study was to explore the relationship
between the molecular pathways and perturbations of the
cerebral blood flow (CBF) in the developing brain.

Arterial occlusion causes hemodynamic perturbations
and a redistribution of blood flow. The circulatory system
can compensate for this by various processes, for exam-
ple, using collateral circulation and/or autoregulatory
mechanisms.9 However, the reserve capacity of the cir-
culatory system is limited, and when these processes
offer insufficient compensation, inevitably tissue will enter
a state of hypoperfusion. This study highlights that uni-
lateral hypoperfusion, not sufficient to induce cell death,
may active cellular mechanisms bilaterally and symmet-
rically producing images in mirror in P7 rat brain.

Materials and Methods

Perinatal Ischemia

All animal experimentation was conducted in accordance
with the French and European Community guidelines for
the care and use of experimental animals. Ischemia was
performed on 7-day-old rat pups (17 to 21 g, both sexes),
as described previously.6 Rat pups were anesthetized
with an i.p. injection of chloral hydrate (350 mg/kg). The
anesthetized rat was positioned on its back, and a me-
dian incision was made in the neck to expose the left
common carotid artery (CCA). The rat was then placed
on its right side and an oblique skin incision was made
between the ear and the eye. After excision of the tem-
poral muscle, the cranial bone was removed from the
frontal suture to a level below the zygomatic arch. Then
the left MCA, exposed just after its appearance over the
rhinal fissure, was electrocoagulated (MCAo) at the infe-
rior level of the cerebral vein. After this procedure, a
vascular clip (18055-04; Fine Science Tools, Heidelberg,
Germany) was placed to occlude the left common carotid
artery (tCCAo). Rats were then placed in an incubator to
avoid hypothermia. After 50 minutes, the clip was re-
moved. Carotid blood flow restoration was verified with
the aid of a microscope. This stroke model is referred to

as model M1 (see Table 1). Both neck and cranial skin
incisions were then closed. During the surgical proce-
dure, external body temperature was maintained at 37–
37.5°C. After recovery, pups were transferred to their
mothers. In other sets of experiments, animals were only
subjected to one (left or right) or both transient (50 min-
utes) CCAo, whereas others underwent definitively liga-
tion of one or both CCA (referred to as model M2, M3, or
M4 respectively; see Table 1). Sham animals were only
subjected to carotid isolation and did not receive MCA
electrocoagulation or transient CCA occlusion. Of 68 an-
imals, 1 died in model M1, and 3 died in model M4 during
the first 24 hours of recovery.

Arterial Blood Flow Monitoring Using Ultrasound
Imaging

Rats subjected to model M2 (n � 8) were analyzed using
ultrasound measurements via an echocardiograph (Vivid
7; GE Medical Systems Ultrasound, Horten, Norway)
equipped with a 12-MHz linear transducer (12L) as re-
ported previously.10 Doppler spectral recordings in the
right and left internal carotid arteries, basilar trunk, and
posterior (P2 segment) cerebral arterie,11 were evaluated
1) before surgery, 2) during ischemia, 3) after reperfu-
sion, and 4) 24 hours later (n � 8). Data were then
transferred to an ultrasound image workstation for sub-
sequent analysis (PC EchoPAC; GE Medical Systems
Ultrasound). The repeatability coefficient values for in-
traobserver repeatability were 1.5 cm s�1 for the peak
systolic, 1.7 cm s�1 for the end-diastolic, and 1.7 cm s�1

for the mean blood flow velocity (mBFV) in ICA.

Regional CBF Monitoring

Cortical regional CBF (rCBF) was monitored in the MCA
territory by laser Doppler flowmetry in the same animals
that were monitored using ultrasound imaging (n � 8,
group M2). A laser-Doppler probe (MP7b, Moor Instru-
ments Ltd, Axminster, UK) was positioned on the parietal
cortex, and rCBF was monitored using a Moor CBF de-
vice in each animal before (basal) and during arterial
occlusion and 15 minutes after reperfusion (n � 8). The

Table 1. Description of the Models Used

Animal model Artery occlusion Model description No. of animals*

M1 pMCAo � uni-tCCAo Left middle cerebral artery occlusion (MCAo) and
unilateral transient left Common Carotid Artery
occlusion (tCCAo)

n � 27

M2 Uni-t/pCCAo Unilateral transient or permanent† left or right
Common Carotid Artery occlusion (t/pCCAo)

n � 21

M3 Bi-tCCAo Bilateral transient common carotid artery occlusion n � 6
M4 Bi-pCCAo Bilateral permanent common carotid artery occlusion n � 8
M5 Uni-tCCAo 24 hours

after pMCAo �
uni-tCCAo

Unilateral transient common carotid artery occlusion
(uni-tCCAo) and 24 hours after Left middle cerebral
artery occlusion (MCAo) with uni-tCCAo

n � 6

*Tissues from animals were used either for immunohistochemistry or Western blotting analyses.
†Animals with permanent CCAo provided either from animals, who after CCAo release, did not show recanalization (determined after CBF

measurements) or from animals with unilateral ligated CCA.

2112 Villapol et al
AJP November 2009, Vol. 175, No. 5



relative changes in rCBF were expressed as percentage
of the average basal level recorded over 15 minutes.

Assessment of Cell Damage

At 12, 48, and 72 hours after injury, the brains were re-
moved, fixed and cryoprotected and cut into 20-�m-thick
coronal sections. Sections through the dorsal hippocam-
pus (bregma – 3.3 mm) were stained with cresyl-violet or
processed either for terminal transferase-mediated dUTP
nick-end labeling (TUNEL) staining according to the
manufacturer’s instructions (Roche, Meylan, France) or
for Fluoro-Jade B (Histochem, Jefferson, AR) as reported
previously.12

Immunohistochemistry

Immunohistochemistry was performed on cryostat coro-
nal sections (at 4, 12, 24 (M1), 48 (M1 to M4) and 72 (M2)
hours after injury) as previously described,13 using anti-
cleaved caspase-3 (casp3) (Asp175; Cell Signaling Tech-
nology, Ozyme, St-Quentin-en-Yvelines, France). Casp3-
labeled cells were counted (in a blind manner) in both
IL- and CL cortex in three to four coronal sections for
each animal at 48 hours of recovery (n � 4–6) and in
age-matched control (n � 2) rats, using a �20 objective.
Cleaved casp3 is found in the cytosol and becomes
active after translocation in the nucleus.14

Simple and Double Immunofluorescence

Immunofluorescent staining was performed on free-float-
ing sections (30 �m thick) as previously described,15

using anti-cleaved casp3 (rabbit polyclonal ALX-210-
807; Alexis Biochemicals, Coger, Paris, France), NeuN
(VMA377; AbCys, Paris, France) to label neurons, glial
fibrillary acidic protein (clone G-A-5; Sigma-Aldrich) to
stain astrocytes, nestin (clone Rat 401; Chemicon, Eu-
romedex, Souffelweyersheim, France), and vimentin (clone
VIM 13.2; Sigma-Aldrich) to detect progenitor cells, and
finally GABA (MAB351; Chemicon, Millipore, St-Quentin-en-
Yvelines, France) to identify GABA interneurons. Selected
sections were photographed using a Nikon Eclipse E800M
microscope (Paris, France) and DFC 300 FX camera (Leica
Microsystems, Rueil-Malmaison, France) interfaced with
IM50 imaging software. 4�,6�-Diamidino-2-phenylindole la-
beling was used to visualize nuclear morphology. Double
immunofluorescence (cell marker and cleaved casp3)
staining was analyzed using a Leica TCS SP5 AOBS con-
focal laser microscope with a �63 lens, and z-series stack
(2-�m-optical slice thickness) images were obtained and
imported into Adobe Photoshop (version 7.0) and ImageJ
(1.38x; National Institutes of Health, Bethesda, MD) for im-
age processing and analysis.

Western Blot Analysis

Sham (n � 2), model M1 (n � 6), and model M2 (n � 6)
animals were sacrificed at 48 hours after injury and brains

rapidly dissected out on a cold plate as reported previ-
ously.16 Cortical tissues were harvested and stored to
�70°C until use. To each tissue piece, 9 volumes of
ice-cold homogenization buffer [15 mmol/L Tris-HCl (pH
7.6), 320 mmol/L sucrose, 3 mmol/L EDTA, 1 mmol/L
DTT, and the protease inhibitor mixture (Roche)] were
added. Cell lysates were then centrifuged at 800 � g for
10 minutes. at 4°C, given a supernatant (S1) and a pellet
(P1, nuclear fraction). S1 was then centrifuged at 9200 �
g for 20 minutes at 4°C, producing a crude cytosolic (S2)
fraction in the supernatant and a mitochondrial fraction
(M1). P1 and S2 fractions were solubilized, and an equal
amount of protein (40 �g) was submitted to Western
blotting. The primary antibodies used in this study were
anti-casp2 (ALX-804-356; Alexis Biochemicals), casp8
(sc-5263), and cytochrome c (sc-13560) both from Santa
Cruz Biotechnology (Tebu-Bio, Le Perray-en-Yvelines,
France), cleaved casp9 (Asp353) and casp3 (Asp175), -Akt
(number 9272) and -p-Akt (Ser473), glycogen synthase
kinase-3� (27C10) and -p-GSK-3� (Ser9), Erk1/2 (num-
ber 9102), and -p-Erk1/2 (Thr202/Tyr204) all from Cell
Signaling Technology. Antibodies against �II-spectrin
(FG 6090; BIOMOL, Coger, Paris, France), poly(ADP-
ribose) polymerase-1 (11835238001; Roche), and
�-actin (clone AC-15; Sigma-Aldrich) were also used.
The blots were semiquantified using gel densitometry
and ImageJ analysis system. An absence of cyclophi-
lin D (AP1035; Calbiochem, Merck Chemicals, Notting-
ham, UK) immunostaining in the cytosolic S2 fraction
indicated that S2 was not contaminated with mitochon-
drial material.

Statistical Analysis

All results are expressed as mean � SD. One-way anal-
ysis of variance and post hoc Bonferronni test were used
to analyze differences between the groups (Western blot-
ting analysis, laser Doppler measurements). A Kruskal-
Wallis nonparametric test was used to analyze differ-
ences in peak systolic, end-diastolic, and time-average
mBFVs measured in the right and left cerebral arteries.
Pearson correlation analysis was used to reveal the cor-
relation among the number of cleaved casp3-positive
cells and the percentage of reperfusion. StatView 6.0
software was used in all statistical analyses.

Results

Neonatal Ischemia Triggers Cleavage of Casp3
in Both Hemispheres

No p17 cleaved casp3 immunoreactivity was found in the
cortex of sham animals (data not shown). In contrast,
casp3 labeling was detected in both IL and CL cortices in
ischemic animals from the group M1, at 48 hours. In the
CL cortex, casp3 was detected in the more caudal region
(dorsal hippocampus) and exclusively in the cytosol of
numerous cells present in layers IV to VI (Figure 1).
However, DNA fragmentation in these regions was unde-
tectable as evidenced by TUNEL assay (Figure 1, A–C
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and I). In contrast, cleaved casp3 was detected in a large
number (�82–84%) of TUNEL-positive cells throughout
cortical layers with a cytosolic and/or nuclear localization
in the IL cortex (Figure 1, D–F and I). The number of
cleaved casp3-positive cells increased from 4 to 48
hours (peak) in both IL and CL cortex with 861 � 231 and
442 � 154 positive cells at 48 hours, respectively (Figure
1G). The number of casp3-positive cells remained ele-
vated in the IL cortex but not in the CL cortex at 3 days
postinjury. Western blot analysis demonstrated that p17-
cleaved casp3 was found in both cytosolic and nuclear
fractions from IL cortical tissues and only in cytosolic
fractions from CL cortices at 48 hours postinjury (Figure
1H); cleaved casp3 expression in the CL cortex only
represented 15 to 25% (n � 8) of that detected in the IL
cortex. It should be noted that sections from ischemic
(model M1) animals treated with the pan-caspase inhib-
itor Q-VD-OPh (used in our previous study16) and ana-
lyzed 48 hours later demonstrated a very significant re-
duction in casp3-positive cells in the IL hemisphere and
no labeling in the CL hemisphere (data not shown).

CCA Occlusion Triggers Casp3 Cleavage in
Both Hemispheres

To determine the depth of hypoperfusion sufficient and
required to produce cleaved casp3 without DNA frag-
mentation in the CL cortex, we tested blood flow pertur-
bation induced by unilateral (uni) or bilateral (bi-) tran-
sient (t) or permanent (p) CCA occlusion (model M2 to
M4; Table 1). As shown in supplemental Figure S1 (see
http://ajp.amjpathol.org) with cresyl-violet staining at 48
hours postinjury, uni-tCCAo (supplemental Figure S1, A
and B; n � 7), uni-pCCAo (data not shown, n � 5), and
bi-tCCAo (supplemental Figure S1, C and D; n � 5) did
not induce significant cell death. In contrast, a pale
zone in cortical layer VI and white matter (external
capsule; supplemental Fig. S1, E and F, see http://ajp.
amjpathol.org; n � 7) was observed after Bi-pCCAo. Ad-
ditionally, a pale zone in all cortical layers and white
matter was observed after MCAo with uni-tCCAo (model

Figure 2. Casp3 cleavage and DNA fragmenta-
tion in several models of carotid occlusion at 48
hours after injury. Spatial distribution (A, E, and
I) of cleaved casp3 (red), TUNEL-positive
(green) cells, and lesion area (gray) after uni-
CCAo (model M2), bi-tCCAo (model M3) and
bi-pCCAo (model M4), respectively. Note that
images in mirror were detected in all three isch-
emic conditions. Double fluorescent staining in
the CL cortex for cleaved casp3 (B, F, and J) and
TUNEL (C, top, G, and K) or Fluorojade B
(FluJB) labeling (C, bottom). After uni-CCAo,
only cytosolic cleaved casp3 (enlarged image in
D) without TUNEL or FluJB staining was ob-
served. In contrast, several cells displayed cyto-
solic cleaved casp3 co-localized with TUNEL
staining (F–H, note chromatin clumps typical of
apoptotic cells, enlarged panel in H) after model
M3. A large number of cells exhibited both cy-
tosolic and nuclear cleaved casp3 and DNA frag-
mentation after model M4 (J–L). Some sections
were counterstained with 4�,6�-diamidino-2-
phenylindole (overlay in D and L). Scale bar
represents 50 and 20 �m (enlarged panels).

Figure 1. Neonatal ischemia triggers activation of caspase-3 (casp3) in both
hemispheres. Cleaved casp3 immunolabeling (red) and TUNEL assay (DNA
fragmentation, green) in sections of brain at the level of the dorsal hippocam-
pus (bregma �3.3 mm) from contralateral (CL-M1, A–C) and ipsilateral
(IL-M1, D–F) hemispheres at 48 hours postischemia (model M1). Note that
active casp3 was cytosolic in the CL cortex (enlarged panel in C), whereas it
was nuclear and cytosolic and associated with TUNEL staining in the IL
cortex (enlarged panel in F). Scale bar represents 50 and 20 �m in enlarged
panels. G: Spatial distribution of cleaved casp3- (red) and TUNEL-positive
(green) cells and lesion area (gray) at 48 hours after ischemic injury in P7 rats
in both IL and CL hemispheres. H: Representative Western blots probed with
anti-active casp3 (17 kDa; Cell Signaling Technology) for protein samples
isolated from the cytosolic (S2) and nuclear (P1) fractions of IL and CL cortex
from ischemic rats sacrificed 48 hours after reperfusion and from sham (Sh)
brain. The cytosolic marker �-actin was used as protein loading control. Note
that p17 was present in the cytosolic fractions in both IL and CL tissues. In
contrast, p17 was only present in the nuclear fraction for IL tissues; Fr,
fraction. I: Quantification of casp3-positive cells at 4, 12, 48, and 72 hours
postischemia in both IL and CL cortex.
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M1; supplemental Figure S1, G and H, see http://ajp.
amjpathol.org; n � 6). All ischemic procedures induced
cleavage of casp3 in both IL and CL cortices, and the
labeling was observed in layers II–III and VI for the dif-
ferent models studied (Figure 2). No cell death (TUNEL
and Fluoro Jade B staining) was found to be associated
with the former (uni-tCCAo or uni-pCCAo, M2; Figure 2,
A–D), whereas TUNEL-positive nuclei were detected to a
lesser (bi-tCCAo, M3, Figure 2, E–H) or greater (bi-
pCCAo, M4; Figure 2, I–L) extent. Furthermore, cleaved
casp3 displayed a cytosolic (Figure 2H) and a nuclear
(Figure 2L) location after bi-tCCAo (M3) and bi-pCCAo
(M4), respectively. Interestingly, a pattern of cleaved
casp3 was found as images in mirror (Figure 2, A, E, and
I) in all of the studied models. Although brain injury and
apoptosis in the immature brain has been previously
shown to depend on gender,16–18 subanalysis according
to sex demonstrated that the presence of cleaved casp3
in both hemispheres did not depend on gender in the
present study.

We then only focused our analysis on animals sub-
jected to unilateral CCAo (model M2) to determine which
type of cells displayed cleaved casp3 without death fea-
tures at 48 hours postinjury for comparison with CL hemi-
sphere of M1 animals. Indeed, the number of cleaved
casp3-positive cells increased from 12 to 48 hours (peak)
and moderately declined at 72 hours later. Using double
immunofluorescence and confocal analysis, we ob-
served that mainly neurons (labeled with NeuN; Figure 3,
A and B) and immature cells (labeled with nestin, Figure
3, C and D; and vimentin, Figure 3, E and F) expressed
cleaved casp3, but not astrocytes (data not shown), and
in a similar manner both in IL and CL cortex as in the CL
side of model M1 animals. Specific labeling was detected
in cortical layers II–III and VI. Interestingly, most of
cleaved casp3-positive cells in the neocortical layer III
expressed GABA (Figure 3, G–I).

Molecular Pathways Involved in Cytosolic
Casp3 Cleavage

Casp3 cleavage (and activation) has been reported in
apoptosis13,19 and preconditioning.20 We therefore first
evaluated by western blotting casp3 cleavage and sub-
sequent cleavage of its substrates, such as �-II spectrin
(fodrin) and poly (ADP-ribose) polymerase-1. At 48 hours
after uni-tCCAo (Figure 4A), p17-cleaved casp3 and the
150-kDa �-II spectrin breakdown product, a marker of
Ca2�-mediated calpain activation, were detected (Figure
4C). This later appeared slightly (by �25%) increased
compared with sham tissues. Casp3-dependent spectrin
cleavage, yielding p120 kDa breakdown product,21 was
only detected in the IL ischemic cortex but neither in the
CL cortex after ischemia nor in both cortex tissues after
uni-tCCAo. We then investigated upstream caspase
(casp2, casp8, and casp9) cleavage, which could be
involved in casp3 cleavage. Data reported in Figure 4B
demonstrated that casp2 underwent cleavage until its
small unit (17 kDa) after ischemia, in association with
casp8 and casp9 cleavage, in the IL hemisphere. In the

CL cortex after ischemia and in both cortex after uni-
tCCAo, casp2 underwent an incomplete cleavage
(absence of the 17-kDa fragment but presence of the 37-
and 25-kDa fragments) without casp8 and casp9 cleav-
age. After ischemia, release of cytochrome c in the cy-
tosol was more abundant that the one observed after
uni-tCCAo. In contrast, cytochrome c release has not
been detected in the CL cortex. It should be noted that no
significant endogenous caspase inhibitor (survivin and
c-IAP-2) proteins were up-expressed in cortical tissues
from the CL ischemic brain (supplemental Figure S2, see
http://ajp.amjpathol.org), whereas an increase was ob-
served in the IL penumbra close to the infarct.

As the activation of both PI3K/Akt22 and mitogen-acti-
vated protein kinase23 signaling pathways were demon-

Figure 3. Unilateral transient CCA occlusion mainly triggers casp3 cleavage
in neurons and undifferentiated cells in the P7 rat brain. Contralateral cortex
from uni-CCAo (model M2) and MCAo � tCCAo (model M1) animals contain
most cleaved casp3 colocalized with neurons (NeuN) (A, B), nestin- (C, D),
and vimentin (E, F) positive cells Arrows indicate location magnified in
insets. Co-localization of cleaved casp3 was observed in GABA-immuno-
stained neurons in cortical layer III (ly III in G, and enlarged panels in H,
indicated by the asterisk in G). Cleaved casp3 labeling is shown in red,
whereas NeuN, nestin, vimentin and GABA markers are shown in green.
Scale bar represents 50 and 20 �m (enlarged panels).
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strated to contribute to preconditioning-induced toler-
ance against hypoxic-ischemic brain injury, we evaluated
those pathways after uni-tCCAo. An increase (�50%)
only in p-ERK2 was detected after uni-tCCAo but not in
pAkt and p-GSK-3� (Figure 5A). We then subjected an-
imals to uni-CCAo and to a second ischemic injury
(MCAo � uni-tCCAo) 24 hours after (model M5) and
evaluated the lesion 48 hours after. This small increase in
pERK2 was not sufficient to detect a difference in the
mean score lesion between the two groups of animals
(Figure 5B).

Blood Flow Monitoring and the Relation
between Reperfusion and Cleaved
Casp3-Positive Cells after uni-CCAo

To evaluate whether the role of CBF perturbations in
bilateral neuronal cleaved casp3, blood flow status was
monitored using two-dimensional color-coded pulsed
Doppler ultrasound imaging in animals subjected to uni-
CCA occlusion (model M2). In the basal state, heart rate
of the rat pups was 352.4 � 27.9 beats per minute.
Unilateral transient occlusion (Uni-tCCAo) did not signif-
icantly modify heart rate value (332.5 � 44.1, n � 8),
which remained stable during the first day. For each
artery studied, changes in peak systolic, and end dia-
stolic BFVs followed changes in mBFVs (Figure 6). On
basal state, all cerebral arteries mBFVs were similar be-
tween left and right sides in all eight animals. While left
(IL) uni-tCCAo was maintained during 50 minutes, the left
ICA (internal carotid artery) was reversed toward the
external carotid artery in each of the eight animals. In
contrast, the right (CL) ICA (internal carotid artery) and
BT (basilar trunk) mBFVs significantly increased (by 40%,
P � 0.01 and 39%, P � 0.05 versus basal values, re-
spectively) in each of the eight animals to supply the
arterial terminal branches of the left ICA, as well as the left
external carotid artery through the anterior cerebral and
posterior communicating arteries (Figure 6). Neverthe-
less, the left PCA (posterior carotid artery) declined by
only 10% whereas in right PCA, mBFVs did not vary from
their basal levels suggesting a hypoperfusion in the left
hemisphere and the absence of hypoperfusion in the
right hemisphere in all animals. Fifteen minutes after re-
lease of the left uni-tCCAo, left ICA was reinjected an-
terogradely in five of the eight rat pups but exhibited
reduced mBFVs at 64% of basal level (P � 0.05),
whereas all others mBFVs returned to basal values (Fig-
ure 6). These five animals displayed mBFVs values sim-
ilar to basal control values 24 hours after ischemia. In the
three remaining animals, left ICA remained occluded af-
ter release of the left uni-tCCAo. MBFVs in the right ICA
then increased until 24 hours after ischemia (at 209% of
basal values; Figure 6). To obtain data on rCBF in the
MCA territory, laser Doppler flowmetry was performed on
the same animals and others (n � 3) with ligated IL CCA
to increase their number. We observed that during isch-
emia rCBF declined in the IL cortex (46.2 � 9.7 versus
basal value (noted as 100); P � 0.05) but not in the CL
(90.6 � 11.2 versus basal value, N.S; P � 0.05 versus IL).

Figure 4. Unilateral transient CCA occlusion can induce casp3 cleavage but not
its downstream subtracts. A: Representative Western blots showing cleaved
casp3 fragment (17 kDa) both in the IL and CL 48 hours after uni-tCCAo � MCAo
(model M1) and after uni-CCAo (model M2) as compared with sham-operated
neocortical cytosolic extracts (n � 8 for each condition). Highly cleaved casp3
was present in the IL after model M1, but it also is increased in the CL cortex and
after model M2 compared with sham (sh) cytosolic extracts (P � 0.005). The
cytosolic marker �-actin was used as protein loading control. B: Upstream
proapoptotic molecules are expressed after neonatal stroke (small units of casp2,
casp8, and casp9). After uni-tCCAo, intermediate cleavage fragments of casp2
and cytosolic cytochrome c release were detected, as compared with sham
animals. C, upper panel: Western blot showing calpain-cleaved fragments (150
to 145 kDa) and casp3-cleaved fragment (120 kDa) of � II-spectrin, and cleaved
poly(ADP-ribose) polymerase-1 fragment (89 kDa). All these fragments were
found in the IL extracts after model M1. In contrast, only the 150 kDa
fragment was observed after model M2. C, lower panel: Quantification
of the 150-kDa band (percentage between OD of the 150-kDa and total
240-kDa � II-spectrin). Data represent mean � SEM (n � 6 each). *P �
0.05; **P � 0.005; and ***P � 0.0001.
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No difference was observed between animals displaying
reperfusion or not. Regional CBF values were 72.6 � 24.5
and 97.8 � 18.4, in the IL and CL, respectively, 30
minutes after reperfusion.

Interestingly, all animals displayed cleaved casp3 in
both the IL and CL cortex (with no significant difference
between both sides, P � 0.338) and no TUNEL but with
a wide range in their number (between 300 and 998 per
mm2, with a mean of 547.7 � 259.8 in the IL and 399.7 �
110.2 in the CL hemisphere). The ratio of immediate left

internal carotid reflow (from 0 to incomplete, 25 to 40%, or
complete, 80 to 100%, as measured by ultrasonic imag-
ing (supplemental Table S1, see http://ajp.amjpathol.org))
and the number of cleaved casp-3-positive cells ap-
peared to be negatively correlated both in the IL (R2 �
0.627, P � 0.0207) and surprisingly also in the CL (R2 �
0.727, P � 0.0147) cortex, as we found mirror images.
This correlation did not subsist at 24 hours after injury as
we have two groups (one with complete reperfusion, one
without).

Discussion

The most commonly used model In P7 Wistar rats is HI,
which was designed by Vannucci’s group.4 Arterial oc-
clusion models, such as the one used in this study can be
considered complementary since these models examine
two different types of cerebral insults (HI injury and
stroke). Unilateral stroke (model M1) in P7 rats induces
neuronal cleaved casp3 in the CL cortex without DNA
fragmentation at 48 hours. Surprisingly, a unilateral hy-
poperfusion alone (50 minutes left CCA occlusion), not
sufficient to induce cell death, also produces delayed
casp3 cleavage bilaterally and symmetrically giving im-
ages in mirror. To the best of our knowledge, this study
represents the first demonstration that unilateral vascular
occlusion induces transient collateral circulation and/or
autoregulatory mechanisms producing delayed bilateral
molecular pathways in the P7 rat brain.

Following ischemia in P7 rats, the CL cortex exhibited
casp3 cleavage mainly in neurons in absence of any
death marker (TUNEL and Fluoro-jade B staining) at 48
hours postinjury. Several studies have identified CL cell
injury/death after HI in P7 rats.24,25 However, these stud-
ies only pointed out early (2 and 4 hours) signs of apo-
ptosis. More recently, Martin et al26 found a significant
number of P7 animals with CL cell death with casp3
activity 1 hour post-HI, but not later, that was not a direct
extension of the IL injury. Early expression of molecules
belonging to preconditioning (hypoxic-inducing factor-
1�, p-Akt) in the CL hemisphere using the same HI model
in P12 rats was also reported.7 Although we cannot rule
out that similar events occurred early after injury in the CL

Figure 5. Unilateral transient CCA occlusion
did not induce preconditioning. A: Represen-
tative Western blots showing p-Akt (60 kDa),
p-GSK-3� (46 kDa), and p-ERK1/2 (42/44 kDa)
in sham-operated (Sham) and uni-CCAo (model
M2) neocortical cytosolic extracts at 48 hours
postlesion compared with total (t) protein. No
significant difference between M2 and sham-
operated animals in p-Akt and p-GSK-3� was
detected. An increase (�50%) in p-ERK2 was
only detected. B: Effect of uni-tCCAo 24 hours
before ischemia on the lesion score (lesion was
graded from 0 to 3, where 0 indicated no observ-
able lesion and 1, 2, and 3 indicated small, me-
dium and large infarct, respectively, see Ref. 11).
Representative Cresyl-violet stained sections (up-
per panels) showing a similar pale zone in ani-
mals subjected to previous uni-tCCAo (model M5)
as compared with ischemic animals (model M1).
Lesion score also was similar in both groups
(lower panel, n � 6, each).

Figure 6. CBF monitoring using two-dimensional color-coded ultrasound
imaging. Time-average mBFV 1) before, 2) during occlusion of the left CCA
and 3) after CCAo release in eight animals. mBFVs (mean � SEM, cm � s�1)
were measured in right (r) and left (l) posterior cerebral arteries (PCA, P2
segment) and internal carotid arteries (ICA), and in the basilar trunk (BT).
During occlusion procedure, rat pups presented a reversed mBFV in the left
ICA. After CCAo release, rat pups exhibited either reflow in the left ICA (n �
5) or not (n � 3). Data are mean � SD *P � 0.05, **P � 0.01, ***P � 0.001
versus basal values. Upper right: Circle of Willis in the rat brain. ACA:
anterior cerebral artery; Pcom, posterior communicants.
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side of ischemic animals, such events were not detected
at 48 hours neither for p-Akt and p-GSK-3� nor for in-
creased endogenous caspase inhibitors such as sur-
vivin27 and IAPs.28 Again, 48 hours after uni-tCCAo such
survival pathways were not evidenced except for
p-ERK2. These results led us to investigate apoptotic
protagonists upstream to cleaved casp3 both in the CL
hemisphere of ischemic animals and after uni-tCCAo.
Data strongly suggested that apoptosis occurred through
Ca2�-dependent calpain.29 As well, Ca2�-dependent
casp2 activation30 is able to initiate mitochondrial mem-
brane permeabilization, thus promoting cytochrome c
release31,32 independently of its enzymatic activity33 or
due to an upstream casp2-dependent redistribution of
Bax from cytosol to mitochondria.34 These results
strongly suggest that IL hypoperfusion is insufficient to
create an IL cortical lesion but sufficient to induce initiator
signals (most likely intracellular Ca2�) able to begin the
process of apoptosis (casp2 cleavage and cytochrome c
release) and to stop it before caspase substrate cleav-
age and expression of nuclear death markers in the CL
cortex after ischemia and in both cortices after uni-
tCCAo. However, it is important to note that released
cytochrome c was not detected in the S2 cytosolic fraction
from CL tissues taken from model M1. As the decline in
casp3 labeling was faster in model M1 than that observed in
model M2, we suspect that 48 hours postinjury was not the
most appropriate time point to detect cytochrome c release
in CL brain tissues from M1 rats. As ischemia (MCAo �
uni-tCCAo, model M1) performed 24 hours after uni-CCAo
produced an ischemic lesion similar to that classically ob-
served, we suggest that cytosolic cleaved casp3 did not
represent preconditioning but really aborted apoptosis.

Neonatal brains are different from adult brains. Inter-
estingly, the age at insult (two first weeks of life) may be
a determining factor in vascular responses, calcium reg-
ulation, and synaptogenesis: 1) Choy et al35 reported
age-dependent nature of vasculature remodeling in re-
sponse to bilateral carotid occlusion (with larger collater-
als in P3 neonatal than 2-month-old adult brains). 2)
Vascular endothelial growth factor has an essential role
for vessel growth in early postnatal life,36 and there is a
close correlation between cerebral angiogenesis and
vascular endothelial growth factor expression in the post-
natal developing brain (with a specific neuronal co-local-
ization at P8 in layer IV and VI).37 3) Elevation in [Ca2�]i
has been proposed to be a critical event leading to
activation of proteases, phospholipases, and endonucle-
ases, which in turn may lead to necrotic or apoptotic cell
death.38 Given the robust increase in [Ca2�]i in P7 to P8
as compared with P13 and P20 rats and the slow de-
crease after HI, the temporal [Ca2�]i change may provide
a basis for developmental stage-specific injury39 and
mu-calpain activation.40 4) In the developmental brain,
the ability of cytochrome c to induce cleavage and acti-
vation of caspase-3 is decreased during maturation in rat
brain samples after 2 weeks of age.41,42 5) The first 20
postnatal days represent the period of rapid differentia-
tion of axons and dendrites.43 6) Neonatal brains are more
vulnerable to glutamate-mediated excitotoxicity than adult
brains, possibly due to differences in the subunit compo-

sition of N-methyl-D-aspartate receptors.44 Taken to-
gether, all of the above listed age-dependent cerebral prop-
erties may probably explain that many molecular pathways
can be activated after a vascular occlusion at P7.

Thus, the question arose what is the primum movens in
the appearance of CL neuronal cytosolic cleaved casp3
without nuclear DNA fragmentation after uni-tCCAo: 1) a
modification of CBF velocities in arteries leading to a
modified blood status in both cortexes during carotid
occlusion or 2) a transmutation of neuronal signals from
IL to CL cortex suggesting neuronal coupling?

During or after HI in P7 rats, blood flow in CL cerebral
hemispheric structures was relatively unchanged from
prehypoxic values45,46 as quantified with autoradio-
graphic iodo-[14C]antipyrine technique, whereas flow to
the brainstem and cerebellum nearly doubled and tri-
pled, respectively.47 In this study, we subjected animals
to unilateral CCA occlusion alone and monitored CBF
using two-dimensional color-coded pulsed and laser
Doppler. All rat pups with an IL hypoperfusion exhibited
an early rise in BT and right ICA mBFVs during ischemia.
This rise helps to compensate the abolition of the left ICA
blood flow rate during left CCA occlusion and mirrors 1)
the efficiency of collateral blood flow supply through the
communicating arteries of the circle of Willis as de-
scribed in human,48 and 2) the fast opening of cortical
arterial anastomoses between anterior, middle and pos-
terior territories.6,9,48,49 The number and size of these
anastomotic vessels are greatest between anterior and
middle cerebral arteries, with smaller and fewer connec-
tions between middle and posterior cerebral arteries and
even less prominent terminal anastomoses between pos-
terior and anterior cerebral arteries.9 Establishment of
blood flow through the communicating arteries and the
cortical collateral anastomoses proceeds from the oxida-
tive metabolism in the ischemic area.50 Maintenance and
increment of this collateral blood flow supply is mediated
by the arterial nitric oxide from endothelial nitric oxide
synthase activation implied in vasodilation.51 After reper-
fusion in the IL CCA, mBFVs return to basal values in
animals exhibiting reperfusion in the IL CCA, whereas
those without reperfusion still displayed a supplementary
rise in CL ICA mBFVs, but a basal rCBF. All animals,
however, displayed cleaved-casp3 in both IL and CL
cortex at 48 hours after t-CCAo with a mean number
similar to that previously obtained in the CL cortex after
ischemia (547.7 � 259.8 versus 442 � 154; NS), al-
though DNA fragmentation has not been found. Symmet-
ric data were obtained with right CCA transient occlusion
and normal CBF measurements in the left cortex leading
to symmetric cleaved casp3 (data not shown). Therefore,
no CL hypoperfusion in the MCA territory could explain
upstream apoptotic activation. As we found a negative
correlation between the level of reflow in the CCA and
casp3-positive neurons, the absence of reperfusion in the IL
CCA alone is responsible to a greater number of labeled
cells in both IL and CL cortices in the model M2 and likely
in a similar way in the model M1.

Martin et al26 suggested that very early apoptosis in
the CL cortex might involve CL exposure to soluble fac-
tor(s) released into the cerebral spinal fluid as a result of
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IL injury. To further investigate the relationship between
the early IL hemodynamic stress and the delayed (48
hours) casp3 cleavage in the unaffected cortex giving
images in mirror we focused on the nature of cleaved
casp3-positive neurons. Casp3-labeled neurons were
mainly located in layers II–III and VI and most of them
were GABAergic interneurons in layer III (see Figure 3)
and we suggested that those present in layer VI could be
mainly glutamatergic.52 In the brain, neurovascular inter-
actions occur in the hemodynamic changes (vasocon-
striction and/or vasodilation) and represent what is called
neurovascular coupling. Alterations in the release of both
inhibitory (GABA) and excitatory (glutamate) neurotrans-
mitters were observed, and have been recently reported
in the hemisphere CL to stroke.53 The ability of specific
subsets of cortical GABA interneurons to transmute neu-
ronal signals into vascular responses was also demon-
strated and further suggested that they could act as local
integrators of neurovascular coupling for subcortical va-
soactive pathways.54 In addition, a subgroup of GABAer-
gic neurons, distributed throughout the neocortex, has
been reported to project over long distances in several
species with axon branches traveled rostro-caudally and
medio-laterally,55–57 making them a part of a corticocor-
tical network. Again, the overwhelming majority of long-
distance connections in the cerebral cortex also originate
from glutamatergic pyramidal neurons, which predomi-
nantly project cortico-cortically toward IL or CL targets.58

Taken together, our data suggest that unilateral hypoper-
fusion induced increased intracellular Ca2� (activating
Ca2�-dependent proteases) and/or factors (glutamate,
GABA) most likely secreted by some of GABAergic and
glutamatergic neurons, which might transmute signals
either by their own long projections or by transcallosal
fibers in the unaffected brain side. Those signals only
represent a mild stress leading to moderate casp3 cleav-
age and incomplete apoptosis in the immature brain.

Hypoperfusion (diaschisis, steal syndrome) and/or hy-
perperfusion (luxury syndrome) were associated with ce-
rebrovascular diseases. In the human adult, transcallosal
diaschisis with “mirror effect” after unilateral stroke59,60

and sustained mirror movements that involve the unaf-
fected motor cortex61 was reported. In human infants, it is
known that loss of autoregulation and/or hyperperfusion
syndrome after asphyxia can foreshadow an adverse
outcome.62 However, similar syndromes are difficult to
establish in rodents and such bilateral molecular mech-
anisms described here only represent the consequence
of hemodynamic perturbations in the immature rat brain.

We conclude that a transient unilateral (IL) hemody-
namic stress could induce a transient increase in CBF
velocities in the opposite hemisphere and delayed cleav-
age of neuronal casp3 in both IL and CL cortices pro-
ducing images in mirror. This molecular response prob-
ably occurs by an IL energetic deficit and an increased in
intracellular Ca2� in local GABA interneurons (in layer
II–III) and glutamatergic neurons (in layer VI) that can, at
least in part, transmute those signals to the CL side either
by transcallosal fibers and/or directly by their long-distance
axons. The exact mechanisms causing this mirror effect
await further clarification but to produce corpus-callosec-

tomy in immature animals at the moment appears difficult to
achieve. Additionally, an important finding from this study is
that the opposite healthy hemisphere is not the same as it
was before the injury and should not be used in such
models as an internal control.
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