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ABSTRACT: Perinatal hypoxia ischemia (HI) is a frequent cause of
neonatal brain injury. This study aimed at describing molecular
changes during the first 48 h after exposure of the neonatal rat brain
to HI. Twelve-day-old rats were subjected to unilateral carotid artery
occlusion and 90 min of 8% O2, leading to neuronal damage in the
ipsilateral hemisphere only. Phosphorylated-Akt levels were de-
creased from 0.5 to 6 h post-HI, whereas the level of phosphorylated
extracellular signal-related kinases (ERK)1/2 increased during this
time frame. Hypoxia-inducible factor (HIF)-1� protein increased
with a peak at 3 h after HI. mRNA expression for IL-� and tumor
necrosis factor-� and -� started to increase at 6 h with a peak at 24 h
post-HI. Expression of heat shock protein 70 was increased from 12 h
after HI onwards in the ipsilateral hemisphere only. Surprisingly, HI
changed the expression of cytokines, HIF1-� ,and P-Akt to the same
extent in both the ipsi- as well as the contralateral hemisphere,
although neuronal damage was unilateral. Exposure of animals to
hypoxia without carotid artery occlusion induced similar changes in
cytokines, HIF-1�, and P-Akt. We conclude that during HI, hypoxia
is sufficient to regulate multiple molecular mediators that may con-
tribute, but are not sufficient, to induce long-term neuronal damage.
(Pediatr Res 59: 434–439, 2006)

Perinatal HI followed by reperfusion is an important cause
of neonatal brain injury (1–3). The underlying mecha-

nisms leading to neuronal cell death are numerous and com-
plex.
A commonly used neonatal rat model to investigate hy-

poxic-ischemic brain damage is the Vannucci-Rice model.
This model implicates unilateral common carotid artery liga-
tion followed by inhalation of 8% O2 for 1–2 h. This proce-
dure leads to cerebral damage restricted to the hemisphere
ipsilateral to the occluded artery (4).
Early after induction of cerebral damage, death, and sur-

vival, kinase signalling pathways are known to be activated,
including the phosphatidyl-inositol 3 kinase/Akt (PI3-K/Akt)
and the ERK1/2 pathways. The phosphorylated forms of these
kinases have been shown to be up-regulated after HI in vivo as
well as in vitro and are thought to be involved in neuronal cell
apoptosis (5–7). Activation of the PI3-K/Akt and the ERK1/2
signaling routes enhance translation of the transcription factor

HIF-1� (8–10). In addition, reduced cellular oxygen levels
increase the stability of HIF-1� protein. More than 40 genes
containing the promoter sequence for HIF-1� have been iden-
tified. Most of these genes play a key role in neuroprotective
processes such as angiogenesis/vascular remodeling, erythro-
poiesis, glucose transport, glycolysis, iron transport, and cell
proliferation/neuronal survival (11). Increased HIF-1� levels
therefore regulate adaptation of the cell to a hypoxic environ-
ment (12). Another factor induced after HI that has been
implicated in both cellular protection and damage, is HSP70.
HSP70 is a chaperone molecule, which is induced in cells after
stress such as heat, stretch, or hypoxia (13,14). Intracellular
HSP70 is thought to protect cells by binding to denatured
proteins, thereby preventing further denaturation or degrada-
tion of the proteins. In addition, there is evidence that extra-
cellular HSP70 can activate pathways leading to cell death
(15,16).
Several studies suggest that the cytokine response in the

brain after HI is an important factor in contributing to neuro-
nal cell death. In P7 rats, HI induces an increase in proinflam-
matory cytokines such as IL-1�, TNF-�, and of chemokines
like macrophage inflammatory protein (MIP)-1� in the ipsi-
lateral hemisphere (17).
The aim of the present study was to carefully define early

changes in molecular mediators after neonatal HI in the ipsi-
and contralateral hemisphere to facilitate identification of the
factors that are crucial for inducing cerebral damage and thus
could be targets for therapy. We choose the model of P12 rats
because the developmental stage of the brain of a P12 rat is
comparable to the stage of development of the brain of a
full-term human neonate (18,19). We analyzed the kinetics of
the changes in expression of HIF-1�, P-Akt, P-ERK1/2,
HSP70, and of cytokines in P12 rats over a period from 30 min
to 48 h after HI.

MATERIALS AND METHODS

Animal protocol. The experimental animal committee (UMC Utrecht)
approved all animal protocols. Twelve-day-old Wistar rats were used as a
model of full-term human neonates (19,20). A total of 109 animals was
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subjected to HI: The right common carotid artery was ligated under halothane
anaesthesia (5.0% induction, 2.0% maintenance) followed by 60 min recovery
and 90 min 8%O2/92% N2. Pups were killed by decapitation and left and right
hemispheres were stored at –80°C. Thirty-three sham-operated control ani-
mals underwent anesthesia and incision without artery occlusion and without
hypoxia. To assess the effect of hypoxia without carotid artery occlusion, 10
additional sham-operated animals were exposed to 90 min of hypoxia (8%O2/
92% N2, 37°C).

Histology. Six weeks after HI, pups were sedated with pentobarbital,
perfused with 4% paraformaldehyde in PBS, and brains were embedded in
paraffin. Coronal sections of 8 �m were stained with hematoxylin/eosin. Full
section images were captured with a Nikon D1 digital camera (Tokyo, Japan)
and processed in Adobe Photoshop 5.0 (Adobe Systems, Mountain View,
CA). The area of the ipsi- and contralateral hemisphere was measured.
Damage was scored in CA1, CA2, CA3, and CA4 of the hippocampus, in the
dentate gyrus, and in sic areas of the parietal cortex on a four-point scale: 3
� normal; 2 � few neurons damaged or lost; 1 � moderate number of
neurons damaged/lost; 0 � almost all neurons lost and cystic infarction. For
an example, see Figure 1. The maximum cumulative score was 33 points.

Immunohistochemistry. For immunohistochemical analyses of early
changes in microtubule-associated protein (MAP)2, HSP70, and CD68, ani-
mals were transcardially perfused at 6, 12, 24, or 48 h after HI and tissue was
processed as described above. Immunohistochemistry was performed with
mouse-anti-HSP70 (Stressgen Biotech, Victoria, Canada), mouse-anti-MAP2
(Sigma Chemical Co.-Aldrich, Steinheim, Germany), or mouse-anti-CD68-
FITC (Serotec, Raleigh, NC). Sections were then incubated with horse-anti-
mouse-biotin (Vector Laboratories, Burlingame, CA) or rat-anti-FITC-biotin
(Roche, Basel, Switzerland). Visualization was performed using a Vectastain
ABC kit (Vector Laboratories). Sections were counterstained with hematox-
ylin.

Sections stained for MAP2 were scored in the hippocampus and in the
cortex. MAP2 score: 0 � all neurons positive, 1 � scattered single negative
cells, 2 � a small cluster of negative cells, 3 � many negative cells; 4 �

almost all cells are negative. The number of CD68- or HSP70-positive cells
per high-power field was determined by counting 15 high-power fields in the
hippocampus or 25 high-power fields in the cortex. Because only isolated
positive cells were observed in the contralateral hemisphere and the number
of positive cells at the contralateral side did not change over time, only data
for the ipsilateral hemisphere are depicted.

Western blotting. Hemispheres were homogenized in 50 mM Tris, 5 mM
EDTA, 150 mM NaCl, with phosphatase and protease inhibitors. Proteins
were separated by 10% SDS-PAGE and transferred to nitrocellulose mem-
branes (Hybond-C, Amersham, Little Chalfont, Buckinghamshire, UK). Blots
were stained with anti-HSP70 (Stressgen Biotech), anti-Akt (a gift from Prof.
Dr. J.L. Bos, Department Physiologic Chemistry, UMC Utrecht, Utrecht, The
Netherlands), anti-phospho-Akt (Ser 473, Cell Signalling Technology, Bev-
erly, MA), anti-HIF-1� (Abcam, Cambridge, Cambridgeshire, UK) or anti-
phospho-ERK and anti-ERK (Santa Cruz Biotechnology Inc., Santa Cruz,
CA) followed by goat-anti-mouse-HRP (Sigma Chemical Co.-Aldrich), or
goat-anti-rabbit-HRP (Amersham) and developed by enhanced chemilumi-
nescence (ECL, Amersham). Band density was determined with a GS-700
densitometer (Bio-Rad, Hercules, CA).

Cytokine mRNA. Total brain RNA was extracted using Trizol. RNase
protection assays were performed using the rat cytokine multi-probe template
set rCK-1 (Riboquant, BD PharMingen, San Diego, CA). Autoradiographs
were scanned and values were normalized using L32 expression in each
sample.

For real-time PCR, cDNA was synthesized from 0.5 �g total RNA with the
Superscript RNase H-Reverse Transcriptase kit (Invitrogen) using random
hexamers. Real-time PCR was performed using Fast Start DNA Master
SYBR-green I kit and LightCycler (Roche Applied Science, Mannheim,
Germany). Oligonucleotide primers (IL-1� Fw: 5=CACCTCTCAAGCA-
GAGCACAG-3=; Rev 5=GGGTTCCATGGTGAAGTCAAC-3=; 18sRNA:
Fw 5=-GTAACCCGTTGAACCCCATT; Rev 5=-CCATCCAATCGGTAG-
TAGCG) were from TibMolbiol (Berlin, Germany). Reactions were per-
formed with 0.5 �M primers and 4 mM MgCl2 using 10 min denaturation at
95°C and 40 cycles at 95°C (10 s), 66°C (10 s), 72°C (7 s). Melting curve
analysis and agarose gel electrophoresis confirmed specificity. 18S rRNA was
used for data normalization.

Statistics. Data are presented as mean and SEM. Kruskal-Wallis ANOVA
was used for analyzing changes over time. Mann-Whitney U test was used to
further analyze differences between control and HI-treated rats at each time
point. Wilcoxon signed rank test was used to compare contralateral versus
ipsilateral hemispheres. A value of p � 0.05 was considered statistically
significant.

RESULTS

Brain damage. The histologic score of the ipsilateral hemi-
sphere of rats exposed to HI was significantly (p � 0.001)
lower than that of the contralateral hemisphere (Fig. 1). The
histologic score of the contralateral hemisphere of HI rats was
similar to the score sham control rats (Fig. 1). These data
confirm that the HI procedure induces neuronal damage only
in the hemisphere ipsilateral to the occlusion of the carotid
artery.
To analyze the extent of early neuronal damage, we per-

formed immunohistochemistry for MAP2, a marker for neu-
ronal integrity (21). Analysis of the expression of MAP2 at
6–24 h after HI, shows a decrease of MAP2 staining in the
ipsilateral hippocampus and cortex over time after HI, indi-
cating an early loss of neuronal integrity (Fig. 2). The ipsilat-
eral decrease of MAP2-positive cells was detectable at 6 h and
continued to decrease until 48 h after HI. In the contralateral
hemisphere of HI-treated rats, MAP2 staining was similar to
sham control animals.
P-Akt. The expression of P-Akt was significantly (p �

0.001) decreased in both ipsi- and contralateral hemispheres at
0.5, 1, and 3 h after HI (Fig. 3a) in comparison with sham-
treated rats. Subsequently, at 12 h post-HI, P-Akt levels
returned to levels observed in sham-treated animals. However,
at 24 and 48 h post-HI, P-Akt levels decreased again (p �

Figure 1. A histologic analysis of brain damage 6 wk after sham-operation (n
� 11) or HI (n � 14). Cerebral damage was scored in six areas of the cortex,
the CA1, CA2, CA3, and CA4 of the hippocampus and dentate gyrus on a
four-point scale (range 0–3), resulting in a maximal cumulative histologic
score of 33. NS, not statistically significant; *p � 0.001. B–E are examples of
the histologic score in the hippocampus: B � 0, C � 1, D � 2, E � 3.
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0.05). There was no significant difference between the ipsi-
and contralateral hemisphere at any time point. Levels of
total-Akt did not change over time after HI (Fig. 3b). Hypoxia
alone resulted in the same changes in P-Akt as observed in
both hemispheres of HI-treated rats (see inset, Fig. 3).
P-ERK1/2. The level of P-ERK1/2 was significantly (p �

0.001) increased in both ipsi- and contralateral hemispheres at
0.5, 1, and 3 h after HI (Fig. 4) in comparison with sham-
treated rats. Moreover, P-ERK1/2 levels were significantly
higher in the ipsi- than in the contralateral hemisphere at these
time points (Fig. 4a). Subsequently, at 6 h post-HI, P-ERK1/2
levels returned to baseline levels. The levels of total ERK did
not change over time after HI (Fig. 4b). Hypoxia alone
resulted in an increase in P-ERK1/2 levels that was similar to
the P-ERK1/2 levels present in the contralateral hemisphere of
HI-treated rats (see inset, Fig. 4).
HIF-1�. HI-induced a significant (p � 0.001) increase in

HIF-1� protein expression in both the contra- and ipsilateral
hemisphere at 3 h after the event (Fig. 5). HIF-1� protein

levels returned to levels observed in sham-treated animals at 6
h after HI. There was no significant difference in HIF-1�
protein expression between the ipsi- and contralateral hemi-
sphere at any time point after HI. Hypoxia alone induced an
increase in HIF1-� expression in both hemispheres as well
(see inset, Fig. 5).
HSP70. At later time points after HI, from 6 h onwards, a

significant increase in HSP70 expression was observed in the
ipsilateral hemisphere only (Fig. 6). The level of HSP70 in the
ipsilateral hemisphere continued to increase at 12, 24, and
48 h post-HI. We did not observe any change in HSP70
expression over time in the contralateral hemisphere of HI-
treated rats and hypoxia alone did not lead to any change in
HSP-70 expression either (see inset, Fig. 6A). These data were
confirmed by immunohistochemistry (Fig. 6, B–E). Clear
HSP70 staining was observed in cells with neuronal morphol-
ogy in the ipsilateral hemisphere only. In the contralateral
hemisphere, only very few HSP70-positive cells were ob-
served and there was no change over time (Fig. 6D versus E
and data not shown).
Cytokines. After HI, mRNA expression for the cytokines

TNF-�, TNF-�, and IL-1� was detectable by Rnase protection
assay. In brains from sham-treated animals, no mRNA expres-

Figure 2. Immunohistochemical analysis of MAP2 expression at 6, 12, 24,
and 48 h after HI and in P13 sham-treated rats (n � 4 per time point). MAP2
staining was scored in (A) the hippocampus and (B) the cortex. A represen-
tative example of MAP2 staining at 48 h after HI in the ipsilateral (C) and
contralateral (D) hippocampus is shown. *p � 0.05 vs sham.

Figure 3. Western blot analysis was performed for P-Akt in homogenates of
the ipsi- and contralateral hemisphere from sham-treated rats and rats 0.5, 1,
3, 6, 12, 24, and 48 h after HI (n � 7 per time point). P-Akt was normalized
for total Akt. Data are presented as percentage of the levels in the sham rats;
contralateral (hatched bars), ipsilateral (black bars). The insert depicts a
representative Western blot for P-Akt of sham-treated rats and rats 0.5 h after
hypoxia or HI. *p � 0.001, †p � 0.05 vs sham. There was no significant
difference between the ipsi- and contralateral hemisphere at any time point
after HI.

Figure 4. Western blot analysis performed for P-ERK1/2 and total ERK in
homogenates of the ipsi- and contralateral hemisphere from sham-treated rats
and rats 0.5, 1, 3, 6, 12, 24, and 48 h after HI (n � 7 per time point). (A)
Expression of P-ERK normalized for total-ERK. B. Total ERK. Contralateral
(hatched bars), ipsilateral (black bars). The inset depicts a representative
Western blot for P-ERK of sham-treated rats and rats 0.5 h after hypoxia or
HI. †p � 0.001 vs sham; *p � 0.05, ** p � 0.01 vs contralateral.

Figure 5. Western blot analysis performed for HIF-1� in homogenates from
sham-treated rats and rats 0.5, 1, 3, 6, 12, 24, and 48 h after HI (n � 7 per time
point). Data are presented as percentage of the levels in the sham rats;
contralateral (hatched bars), ipsilateral (black bars). The inset depicts a
representative Western blot for HIF-1� of the brains of sham-treated rats and
rats 0.5 h after hypoxia or HI. *p � 0.05 vs sham. There was no significant
difference between the ipsi- and contralateral hemisphere at any time point
after HI.
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sion for cytokines could be detected. Expression of TNF-�,
TNF-�, and IL-1� was detectable 6 h after HI, and peaked at
24 h. After 48 h, mRNA expression for the cytokines had
returned to the levels at 6 h (Fig. 7, a–c). There was a large
individual variation in the cytokine levels after HI. However,
there was no significant difference between expression of the
cytokines in ipsi- and contralateral hemispheres. The data for
IL-1� were confirmed by real-time PCR analysis (Fig. 7d).
Hypoxia alone induced an increase in IL-1� mRNA expres-
sion in both hemispheres as well (Fig. 7d).
To investigate whether the appearance of cytokine expres-

sion is associated with the presence of macrophages/activated
microglia in the brain, we performed immunohistochemical
staining for CD68. As expected, the number of macrophages/
activated microglia in the ipsilateral hemisphere is increased,

starting at 12 h until 48 h after HI (Fig. 8, a and b). We did not
detect a change in the number of CD68-positive cells in the
contralateral hemisphere (Fig. 8, c and d, and data not shown).
Collectively, these data suggest that activation of microglia to
the stage of CD68 expression and/or macrophage influx is not
necessary for increased cytokine mRNA expression in the
contralateral hemisphere.

Figure 6. (A) Western blot analysis performed for HSP70 in brain homog-
enates of the ipsi- and contralateral hemisphere from sham-treated rats and
rats 0.5, 1, 3, 6, 12, 24, and 48 h after HI (n � 7 per time point). Contralateral
(hatched bars), ipsilateral (black bars) The inset depicts a representative
Western blot for HSP70 of sham-treated rats and rats 24 h after hypoxia or HI.
†p � 0.05 vs sham. (B–E) Results of immunohistochemical analysis of
HSP70 expression in the ipsilateral hippocampus (B) and cortex (C) of
sham-treated rats and rats 6, 12, 24, and 48 h after HI (n � 4 per time point,
*p � 0.05 **p � 0.01 vs sham). Example of HSP70 staining in ipsilateral
cortex (D) and contralateral cortex (E) at 48 h after HI.

Figure 7. Levels of mRNA of several cytokines in homogenates of the ipsi-
and contralateral hemisphere from rats at 6 (n � 6), 12 (n � 12), 24 (n � 6),
and 48 (n � 6) h after HI and from P13 sham-treated rats (n � 6). In
homogenates of the brain from sham-treated animals, no mRNA expression
for cytokines could be detected. After HI, expression of mRNA for the
cytokines (a) TNF-�, (b) TNF-�, and (c) IL-1� was detectable. (d) IL-1
mRNA of sham-treated rats and rats 24 h after hypoxia or hypoxia-ischemia.
There was no significant difference between the ipsi- and contralateral hemi-
sphere at any time point after HI.

Figure 8. Immunohistochemistry for CD68 was performed 6, 12, 24, and
48 h after HI and in P13 sham-treated rats (n � 4 per time point). An
increment in CD68 expression reflects an increase in activated macrophages/
glial cells. The number of positive cells per high power field was determined
in (A) the ipsilateral hippocampus and (B) the ipsilateral cortex. A represen-
tative example of CD68 staining at 48 h after HI in the ipsilateral (C) and
contralateral (D) CA3 is shown. *p � 0.05 vs sham.
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DISCUSSION

To our knowledge, this is the first paper describing the
detailed kinetics of ipsi-and contralateral early changes in
expression of multiple mediators after exposure of neonatal
P12 rats to cerebral HI using the Vannucci-Rice model. The
most important observation in this study is that most of the
molecular changes detected in the ipsilateral hemisphere after
HI also occur in the contralateral hemisphere. These findings
are surprising because our data confirm that this model of HI
induces long-term brain damage exclusively in the ipsilateral
hemisphere. At 6 wk after HI, there were no significant
differences in histologic damage between the contralateral side
of the HI-treated animals and both hemispheres of sham-
operated control animals, confirming that no neuronal damage
occurs in the contralateral hemisphere. Moreover, early after
HI (at 6–48 h after HI) we only detected loss of MAP2
staining in the ipsilateral hemisphere, indicating that neuronal
integrity is only lost in the ipsilateral hemisphere. In accor-
dance with the neuronal damage in the ipsilateral hemisphere
only, we observed increased expression of HSP70 only in the
ipsilateral hemisphere and with kinetics similar to loss of
MAP2 expression. Most studies describe increased expression
of HSP70 as a protective mechanism, because binding of the
chaperone HSP70 to cellular proteins is thought to reduce
degradation of proteins (14). However, it has also been shown
that overexpression of HSP70 can promote TNF-�–mediated
neuronal cell apoptosis by inhibiting nuclear factor (NF)�B
activation. In addition, in adult mice overexpressing HSP70,
neuronal damage is more pronounced after common carotid
artery occlusion than in wild-type mice (22). The increase in
HIF-1� was detectable in both the ipsi- and contralateral
hemisphere and also after hypoxia only. These findings are not
surprising inasmuch as hypoxia is the crucial signal for in-
creased expression of HIF-1� (23,24). Simultaneously with
increased HIF-1� protein expression, we observed a sharp
decrease in P-Akt. These data seem to be in contradiction with
data in the literature, inasmuch as an early increase in P-Akt
has been described after in vitro exposure of neuronal cells to
hypoxia (25) in an adult murine stroke model (26). These
increases in P-Akt have been implicated in down-regulation of
apoptosis through inhibition of pro-apoptotic mediators such
as Bad, FasLigand, and caspases-9 and -3 as well as cyto-
chrome-c release, indicating that increases in P-Akt after
hypoxic-ischemic events may be protective (27,28). In our
model of neonatal cerebral HI in P12 rats, we observed,
however, a biphasic decline in P-Akt rather than an increase,
suggesting that the change in P-Akt in neonatal animals will
not contribute to neuroprotection. Moreover, because we de-
tected bilateral decreases in P-Akt, the decrease in P-Akt is not
sufficient for the induction of neuronal damage in the ipsilat-
eral hemisphere either.
The more pronounced increase in expression of P-ERK1/2

in the ipsilateral hemisphere compared with the contralateral
hemisphere, suggests that increased P-ERK1/2 may contribute
to damage. Indeed, inhibition of phosphorylation of ERK after
HI has been shown to be neuroprotective (29,30). Moreover,
Wang et al. (31) have described that, after neonatal HI,

ERK1/2 activation occurred primarily in those cerebral neu-
rons that showed signs of cell damage. It should be noted,
however, that we did observe a more modest increase in
P-ERK1/2 in the contralateral hemisphere and in the brain of
animals exposed to hypoxia only as well.
To gain more insight in the inflammatory response after HI,

we determined cytokine mRNA expression and show that
IL-1�, TNF-�, and TNF-� expression is increased after HI.
Again, the cytokines increased in both the ipsi- and contralat-
eral hemisphere to the same extent and exposure of P12 rats to
hypoxia alone induces a similar increase in the expression of
the pro-inflammatory cytokine IL-1�. Moreover, we have data
to suggest that also the activation of the transcription factor
NF�B occurs in both the ipsi- and contralateral hemisphere to
the same extent (van den Tweel et al., in press). However,
there are also data in the literature suggesting that neonatal
cerebral HI induces an increase in the expression of proin-
flammatory cytokines in the ipsilateral hemisphere only (17).
The major difference with our study is that we used P12 rats
whereas this earlier study was performed in P7 rats.
In conclusion, we have observed that exposure of the

neonatal P12 rat brain to HI induces rapid and transient
bi-lateral changes in HIF-1�, P-Akt, P-ERK1/2, and proin-
flammatory cytokine expression in conjunction with unilateral
increases in HSP70 and unilateral neuronal damage. More-
over, hypoxia alone resulted in similar changes in HIF-1�,
IL-1�, and P-Akt, a smaller increase in p-ERK1/2, but no
HSP70 expression or neuronal damage, which matches the
pattern observed in the contralateral hemisphere. The results
of our study lead to the question whether the changes in
regulatory molecules that occur in both hemispheres after HI,
are of any importance for the observed damage. Intervention
studies have clearly shown that inhibition of mediators that are
increased in both hemispheres can still prevent damage. For
example, treatment with IL-1RA can reduce neuronal damage
in models of HI (32–34). In this respect, it is interesting that
an increased level of IL-1� in itself is not toxic for healthy
neurons in adult rats, whereas IL-1RA protects against brain
damage in multiple models (33,34). The question remains how
death-signaling pathways function in the ipsilateral hemi-
sphere. Are neurons “sensitized” by the ischemic event due to
e.g. a lack of glucose, which leads to cell death if followed by
alterations in hypoxia-induced molecular mediators? It should
be noted that in the model we used, ischemia alone or hypoxia
alone are not enough to cause cerebral damage (9). Therefore,
we suggest that most of the changes we observed in both
hemispheres are not neurotoxic or neuroprotective by them-
selves but need additional signals provided by the ischemic
milieu in the ipsilateral hemisphere to contribute to cell death.
It still remains a challenge, however, to identify the actual
signal(s) in the ipsilateral hemisphere that results in neuronal
death.
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