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Abstract Apoptosis is one of the components of delayed neuronal death in the
hippocampal CA1 following transient cerebral ischemia. However, the precise signal
transduction for inducing this type of death is not fully determined. Recent research
has shown that oncogenic Ras protein plays a role in regulation of cell survival and
death. We hypothesized that apoptosis in delayed neuronal death is regulated with
Ras and its signaling cascades. We examined the temporal profile of Ras and its
downstream cascade following transient forebrain ischemia (15 min) in rat brain.
Neuronal death was inconsistently observed in the CA1l of the hippocampus (HE
staining) 2 days after ischemia, whereas most neurons in the CAl showed marked
damage 3 days after ischemia. These damaged neurons exhibited positive TdT dUTP
nick end labeling staining. a-Fodrin breakdown product in the hippocampus increased
time dependently, 2 days and 3 days after reperfusion (by 14 and 25 times for
145-,150-kDa, and by 30-40% for 120-kDa, respectively). The amounts of Ras and
phospho-Akt were significantly decreased by approximately 30-50%. The results
suggest that delayed neuronal death in the hippocampal CA1l following transient
forebrain ischemia is characterized by an apoptotic nature and associated with an
inhibition of the Ras-Akt cascade.

Key words: Ras, Akt, ischemia-reperfusion, hippocampus, apoptosis

Introduction

It has been shown that the CA1 pyramidal
neurons in the hippocampus are selectively
vulnerable to transient ischemia, and they
undergo delayed neuronal death.' * Apopto-
sis is one of the components of this delayed
neuronal death.” ® Accumulated data show-
ed that excitotoxicity”® and mitochondrial
dysfunction might be the mechanisms for
this type of neuronal death.”?'” However,
the precise signal transduction for inducing
this type of death is not fully determined.
Elucidation of this signal transduction would
provide robust therapeutic approach because

this type of cell death develops with time
delay, usually 2 to 3 days, suggesting that
there 1s a therapeutic time window.
Recently, it has been shown that GTPase-
regulated oncogenic Ras protein has a role in
regulation of cell survival and death.” Fur-
thermore, Ras has been shown to paradoxi
cally induce pro- and anti-apoptotic signaling."”
Ras protein superfamily comprise a large
number of molecules, selective activation of
H-Ras by Ras-GRF has recently been re-
ported in in vitro study, suggesting the po-
tential participation of each Ras homologue
in different signaling pathways.” PI3-kinase
1s a critical effector of Ras function in various
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conditions such as growth factor stimula-
tion,"” and appears to provide a universal
survival signal downstream of Ras. PI3-
kinase 1s also strongly linked to pro-survival
signaling, because it has an ability to activate
the serine/threonine kinase Akt, also known
as protein kinase B (PKB)."” It has also been
reported in in vitro cell lines that activation
of PI3-kinase or Akt abrogates apoptosis by
blocking the release of cytochrome c¢."” How-
ever, the changes of Ras signaling cascades in
relation to the ischemic cell damage in the
brain following ischemia-reperfusion have
not been systematically determined in vivo.

In the present study, we examined the tem-
poral profiles of H-Ras in relation to Akt and
its activated form phospho-Akt (p-Akt) in the
rat hippocampus 2-3 days after ischemia-
reperfusion when hippocampal CA1 neurons
may develop apoptotic cell death. We also
measured fragments of a-fodrin, which is one
of the major constituents of the membrane
skeleton, as an indicator of ischemic neuronal
damage in the hippocampus.

Materials and methods

Animals and experimental groups

The study protocol was approved by the
Committee of the Ethics for Animal Experi-
ments of Yamaguchi University School of
Medicine. Thirty-six male Wistar rats weigh-
ing 260-280 g were randomly assigned to one
of the following three groups: sham control
group that received only surgical preparation
but not subjected to ischemia (n=12);
1schemia-reperfusion 2-day group (IR-2D
group) that were subjected to 15 min of fore-
brain ischemia followed by two days of
reperfusion (n=12); and ischemia-reperfusion
3-day group (IR-3D group) that were sub-
jected to 15 min of forebrain ischemia fol-
lowed by three days of reperfusion (n=12).

Forebrain ischemia

With the animal under isoflurane (1.5 %)
anesthesia with 70% nitrous oxide and artifi-
cial ventilation (F10, 0.3) through the tracheal
tube, both carotid arteries were isolated care-
fully for temporal occlusion, while the
pericranial temperature was maintained at 37
+ (0.2° C. Forebrain ischemia was induced by

the method of Smith et al.”” with a slight
modification as we described previously.”"
The blood pressure was first decreased with
intravenous administration of phentolamine
mesilate (0.05 mg) and both carotid arteries
were occluded with vascular clips. Thereafter,
mean arterial blood pressure (MAP) was
maintained at approximately 50 mm Hg dur-
ing ischemia by withdrawing or infusing
blood through the catheter placed in the right
atrium through the external jugular vein. In
this model, cerebral blood flow in the fore-
brain including hippocampus has been re-
ported to decrease to near-zero values.”

After i1schemia of 15 min, vascular clips
were removed and recirculation was verified
with the color of circulating blood and good
pulsation of both carotid arteries. In the con-
trol group, all procedures were the same as
described above (including carotid artery ex-
posure) but cerebral ischemia was not in-
duced. Then, the catheters were removed and
wounds were sutured. Anesthesia was discon-
tinued and the tracheal tube was removed
after spontaneous respiration recovered. Dur-
ing the following 2-3 days, the rats were kept
in the chamber maintained at 25° C and
freely fed.

Histopathological evaluation

Eighteen rats in total (six in sham control
group, six in IR-2D group and six in IR-3D
group) were evaluated for histopathological
findings.

At two or three days after 15 min ischemia
or three days after sham treatment, the ani-
mals were re-anesthetized, and trans-cardiac
perfusion and fixation were performed with
200 ml of 10% phosphate-buffered formalin.
The 6 um thick cross-sections corresponding
to the stereotaxic section 3.8 mm caudal to
bregma containing both dorsal hippocampi,
were stained with hematoxylin-eosin (HE)
and TdT dUTP nick end labeling (TUNEL)
staining. The latter was performed to detect
double-strand breaks in genomic DNA using
a kit (Apoptosis in situ Detection Kit, WAKO
Jun-yaku, Tokyo, Japan) according to the
manufacturer's specifications with slight
modifications. In TUNEL staining, we
counted the number of neurons showing the
nucleus stained dark brown with or without
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chromatin condensation.

Immunoblotting

In eighteen rats (six in each group),
immunoblotting analysis was performed. In
the sham control group, three rats were killed
2 days after sham treatment and the other
three rats were killed 3 days after sham treat-
ment under anesthesia. Rats in the IR-2D and
IR-3D groups were killed 2 days and 3 days
after 1ischemia, respectively. Immediately
before the rats were killed, the brains were
frozen in situ according to the method of
Pontén et al.””

After decapitation of the rats the brain was
chiseled out and stored at -40°C. Thereafter
the hippocampus was isolated at -20°C and
stored again at -40°C for later analysis. The
frozen hippocampus was homogenized, and
sodium dodecyl sulfate-acrylamide gel elec-
trophoresis and immunoblotting were per-
formed according to the method previously
reported.””® The antigen-antibody complex
was visualized by the enhanced chemilumine-
scence western blotting detection kit. The
bands of immunoblotting were quantified
using an image analyzer (Densitograph AE-
6905C, Atto, Tokyo, Japan). Protein concen-
tration was measured according to the
method of Lowry et al.”” using bovine serum
albumin as a standard. All antibodies were
purchased from Santa Cruz (Santa Cruz, CA),

except that a-fodrin antibody from Biomol
(Plymouth Meeting, PA) and p-Akt antibody
from Cell Signaling (Danvers, MA). The mo-
lecular weight standard was purchased from
Bio-Rad (Richmond, CA), and the enhanced
chemiluminescence western blotting detection
kit from Amersham International (Bucking-
hamshire, United Kingdom).

Statistical analysis

Data are presented as mean£SD. One-way
analysis of variance followed by Fisher's post
hoc test was used to detect significant differ-
ence. A value of p< 0.05 1s considered statisti-
cally significant.

Results

The physiological variables before ischemia
(or sham treatment) are shown in Table 1.
There were no significant differences in any
physiological variables among the groups.
Figure 1 shows representative microphoto-
graphs of hippocampal CA1 stained by HE or
TUNEL. The CAl neurons in the control
group appeared normal (Fig. 1, A-1), whereas
the neurons in the IR-2D group were par-
tially damaged, some neurons exhibiting cell
shrinkage and clamping of nuclear chromatin
(Fig. 1, B-1). At 3 days after ischemia-reper-
fusion, almost all neurons in the hippocampal
CA1l were damaged, normal neurons being

Table 1 Physiological variables in sham-operated (control) and ischemia-reperfusion (IR) groups

Series for Westernblotting

Hb pH PaCO, PaO, mBP Glucose
(g/dl) (mmHg) (mmHg) (mmHg) (mg/dl)
Control 12.8+0.7  7.35+0.02 42+1 [18+8 151+14 12049
IR-2D 12.0+0.5 7.39+0.03 39+4 122+14 150=16 119£15
IR-3D  12.8£0.5  7.36+0.03 4143 12948 14948 115+11
Series for Histopathology
Hb pH PaCO, PaO, mBP Glucose
(g/dl) (mmHg) (mmHg) (mmHg) (mg/dl)
Control 13.41£0.6 7.40+0.02 401 118£8 170=16 1177
IR-2D 13.440.9 7.37+0.04 4242 118+6 14949 11945
IR-3D 13.4+1.1 7.37+0.02 39+1 126=13 149+14 11918
Data are mean+SD (n=6 per group). Upper and lower tabulated data are for the series of experiment for

Westernblotting and Histopathological evaluation, respectively.
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Fig. 1

Coronal section of rat hippocampus, sham controls (A-1, A-2), 2 days (B-1,
B-2) and 3 days (C-1, C-2) after ischemia-reperfusion. In sham control,
regularly arranged normal neurons stained by HE (A-1) with no TUNEL
positive cells (A-2). Neurons were partially damaged (B-1) with some TUNEL
positive cells (B-2) 2 days after ischemia-reperfusion. Neurons were shrunk
or lost (C-1) with marked TUNEL positive staining (C-2) 3 days after
1schemia-reperfusion.
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Fig. 2 The amounts of a-fodrin BDPs (145-,150-kDa, and 120-kDa). The bands of

immunoblotting are shown in upper panels with the results of their analy-
sis in lower panels. For sham control, the blotting band is the one obtained
3 days after sham operation and the bar represents the average value of
samples obtained 2 days and 3 days after sham operation. Evidently, the
IR-2D and IR-3D group have higher levels of BDPs (145-,150-kDa) of «
-fodrin than sham control group (A).120-kDa BDPs also increased signifi-
cantly after ischemia-reperfusion (B).

*Significantly different from the control group (P < 0.05).
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The amounts of H-Ras, PI-3 kinase, p-Akt and Aktl.

The bands of immunoblotting are shown in upper panels with the results of
their analysis in lower panels. For sham control, the blotting band is the one
obtained 3 days after sham operation and the bar represents the average
value of samples obtained 2 days and 3 days after sham operation. The level
of H-Ras has significantly decreased in the IR-2D and IR-3D compared to
sham control group (A), but no significant difference was shown in PI-3
kinase (p85a) among the three groups (B). The amount of p-Akt (C) was
decreased time-dependently, while Aktl (D) was increased 3 days after

1schemia-reperfusion.

*Significantly different from the control group (P < 0.05).

scarcely observed (Fig. 1, C-1). There were no
TUNEL positive cells in the control group
(Fig. 1, A-2). TUNEL positive cells started to
be observed in the IR-2D group (Fig. 1, B-2)
and became prominent in the IR-3D group
(Fig. 1, C-2). The numbers of normal
neurons/TUNEL positive neurons in the
hippocampal CA1 (Imm) in the control, IR-2D
and IR-3D groups were 148 + 8/0+0, 117+
32/10x11, and 0£0/116 =13, respectively.
The results of the immunoblot analysis are
shown in Figure 2 and Figure 3. The break-
down-products (BDPs) of a-fodrin were sig-
nificantly increased time-dependently after

reperfusion, the levels of BDPs of a-fodrin
(145-, 150-kDa fragment) being increased al-
most 25 folds in the IR-3D group as compared
to the control (Fig. 2A). The 120-kDa frag-
ment of BDPs of a-fodrin were increased at 2
days after ischemia-reperfusion (Fig. 2B).
The results of the H-Ras signaling cascades
are shown in Figure 3. The level of H-Ras was
significantly decreased in the IR-2D and IR-
3D groups compared to the control group
(Fig. 3A). There was no significant difference
in PI-3 kinase (p85a) among the three groups
(Fig. 3B). The amount of p-Akt (Serd73) was
significantly  decreased time-dependently



10 Ying Jun Cui et al.

after ischemia-reperfusion, reaching to 50% of
the control 3 days after ischemia-reperfusion
(Fig. 3C), while Akt (Aktl) was increased in
the IR-3D group (Fig. 3D).

Discussion

It has been shown that the CAl pyramidal
neurons in the hippocampus are selectively
vulnerable to transient ischemia,' * and they
undergo apoptotic cell death.””® The present
study reconfirmed this, and the CA1l pyrami-
dal neurons were selectively and markedly
damaged, starting 2 days after and being
maturated 3 days after 15 min of forebrain
1schemia. Most of the CA1 pyramidal neurons
were damaged 3 days after ischemia and re-
vealed TUNEL positive (Fig.1), the staining
being used widely to detect DNA fragments
in situ as a marker of apoptosis.”” The de-
layed neuronal death with apoptotic nature
observed in the present study is in accordance
with the previous reports,” ®’ despite of some
variations in the severity of ischemia (dura-
tion and systemic hypotension). In consider-
ing the decrease in the total number of neu-
rons in IR-3D group, approximately 20% of
neurons were lost, being undefined whether
those were necrotic or apoptotic type.

In the present study we analyzed o-fodrin
breakdown as a marker of cytoskeletal dam-
age. The o-fodrin (240-kDa) is proteolyzed
into several fragments, called breakdown
products (BDPs)."” Our results showed that
a-fodrin BDPs (145-, 150-kDa and 120- kDa)
increased at 2 days and 3 days after ischemia-
reperfusion, indicating that biochemical neu-
ronal derangement has been occurring at 2
days after ischemia despite the inconsistent
neuronal damage observed by light micro-
scope. The disproportional increase (relative
values) in a-fodrin BDPs (145-, 150-kDa) com-
pared to the histological damage at 2 days
after ischemia-reperfusion may be due in part
to very low baseline values of a-fodrin BDPs
and to the limited sensitivity of histological
evaluation with light microscopy.

In the present study, we focused on the
signal transduction pathway possibly related
to apoptosis, namely Ras and its signal cas-
cades. One 1important signaling cascade
modulating apoptotic cell death is Ras-PI3K-

Akt/PKB system. Ras interacts directly with
the catalytic subunit of PI-3 kinase in a GTP-
dependent manner through the Ras effector
site. Ras can probably regulate PI-3 kinase,
providing a point of divergence in signaling
pathways downstream of Ras."” Survivin, one
of the inhibitors of apoptosis proteins (IAPs),
1s up-regulated by H-Ras, which is mediated
by PI-3 kinase activity.” The present study
showed that H-Ras in CAl pyramidal neu-
rons in the hippocampus decreased signifi-
cantly 2 and 3 days after ischemia-reperfu-
sion in association with decreased activity of
Akt (p-Akt). This could be related to the de-
velopment of apoptotic cell death observed in
the hippocampal CAl. Activation of
Akt/protein kinase B has been reported to
prevent apoptosis in several cell types.” *
Critical to the understanding of the regula-
tion of Akt in the cells was the findings that
Akt kinase activity is induced following PI-3
kinase activation in various growth factor
receptor-mediated signaling cascades.” ™
Yano et al.”” examined whether induction
of ischemic tolerance resulting from a sub-
lethal ischemic insult requires Akt activation
and they showed that Akt activation was
induced by a sub-lethal ischemic insult in
gerbil hippocampus and contributes to
neuroprotective effect (ischemic tolerance) in
CA1 pyramidal neurons. In their study, after
lethal ischemia, phosphorylation of Akt-Ser-
473 showed a marked decrease in gerbils.
Changes in Akt-Ser-473 phosphorylation
were correlated with changes in Akt activi-
ties, as measured by an in vitro kinase assay.
Sub-lethal ischemia gradually and persis-
tently stimulated phosphorylation of Akt-
Ser-473 in the hippocampal CAl region after
reperfusion and protected against the neu-
ronal damage after subsequent otherwise
lethal ischemia. Our results that p-Akt has
decreased in association with decrease of Ras
2 and 3 days after ischemia-reperfusion are
compatible with the decrease in p-Akt after
lethal ischemia in the study by Yano et al.”
In the present study, PI-3 kinase did not show
any significant change and Akt (Aktl) in-
creased, which revealed dissociation with a
decrease in Akt activity (p-Akt). We have no
clear explanation for these findings. This
remains to be clarified in the future. Also, in
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the present study, limited cascades of multi-
tude downstream signaling pathway of Ras
were examined, which needs to be evaluated
together with examining whether modifica-
tion of Ras attenuates neuronal damage in-
duced by ischemia.

In summary, we showed that the CAl py-
ramidal neurons were selectively damaged 3
days after 15 min of forebrain ischemia and
that this delayed neuronal death were charac-
terized by an apoptotic nature and associated
with an inhibition of the Ras-Akt pathway.
The present study suggests that down-
regulation of the Ras-Akt pathway may be
one of the mechanisms for delayed neuronal
death in the hippocampal CAl neurons in-
duced by transient ischemia-reperfusion. Fur-
ther studies are necessary to examine the
effect of modification of Ras signaling cas-
cades on ischemic neuronal damage.
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