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Abstract: Delayed and selective neuronal damage was caus#teil€Al sector of hippocampus
following 5 min of transient cerebral ischemia ierlgils. We investigated the immunohistochemical
alterations of apoptosis-related proteins suchck®dy bcl-xs/l, bax, cytochrome, and active caspase

3 and TUNEL staining in the hippocampus at 1 &nldr and 1, 2, 5 and 14 days after transient
cerebral ischemia in gerbils. We also examinedeffect of 3-hydroxy-3-methylglutaryl-coenzyme A
reductase inhibitor pitavastatin against the aliena of apoptosis-related proteins and TUNEL
staining in the hippocampus after cerebral ischeiiti@ alterations of apoptosis-related proteinthén
hippocampal CA1 sector were more pronounced thanctianges of hippocampal CA3 sector and
dentate gyrus after cerebral ischemia. The altaratof apoptosis-related proteins in the hippocdmpa
CALl sector after cerebral ischemia preceded theonali damage in this region. Furthermore, the
study with TUNEL staining showed that a marked éase of TUNEL-positive nuclei was evident
only in the hippocampal CA1 sector 5 days afteebml ischemia. Our immunohistochemical study
also showed that pitavastatin prevented the albermbf apoptosis-related proteins and the increése
TUNEL-positive nuclei in the hippocampal CA1 sectbdays after cerebral ischemiBhe present
study indicates that transient cerebral ischemigentils causes the mitochondrial-dependent apigptos
in the hippocampal CA1 sector. Furthermore, ours@mné study demonstrates that pitavastatin can
prevent the alterations of apoptosis-related pmstend the increase of TUNEL-positive nuclei in the
hippocampal CA1 sector after cerebral ischemia.sTéur study provides novel therapeutic strategies
in clinical stroke.
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INTRODUCTION neurons of adult braiff§ Several studies demonstrate
that the cytochrome c-dependent apoptotic pathway
There is increasing evidence that apoptosis, a formontributes to the neuronal cell death after isqB&m
programmed cell death, plays a critical role in the'. Although cytochrome release from mitochondria
regulation of development and maintenance of manys also an important event in other CNS injurieghsas
adult tissues, including those of the nervous sydte brain trauma and spinal cord inji%**, the upstream
Morphological and biochemical features of apoptosissvents of cytochrome release from mitochondria after
has been reproducibly detected in the ischemicbrai transient cerebral ischemia are not yet fully ustberd.
including cell membrane protrusion, chromatin  The bcl-2 family of proto-oncogenes encodes
condensation, formation of a%o totic bodies, andspecific proteins which regulate programmed cedltde
internucleosomal DNA degradation. It is known that in  different  physiological and  pathological
apoptosis is associated with the activation of metie  condition§”®. The anti-apoptotic members of the bcl-2
program in which apoptosis effector genes prometke ¢ family, including bcl-2 and bcl-xL, are associateih
death, while repressor genes enhance cell survivathe mitochondrial outer membrane and can inhibét th
Among the apoptosis repressor genes, proto-oncogemelease of cytochrome %'l By contrast, bcl-2-
bcl-2 has attracted the most attention. In the raént associated death promoter, such as bad, whichois pr
nervous system (CNS), bcl-2 protein is expressed in apoptotic member, binds to bcl-2 and bcl-xL, and
large population of neurons during embryonicinhibits their anti-apoptotic functions. Bch2is also a
development”, but levels are greatly reduced or member of a recently discovered family of protetimest
undetectable in the majority of postomitotic CNS are regulators of apopto$fs However, the molecular
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mechanisms of bcleé? against apoptosis after transient MATERIALSAND METHODS
cerebral ischemia are still unclear.

A recent study demonstrates the translocation »f baAnimals and Treatments. Male adult Mongolian
to the mitochondria in mice after transient cerebragerbils, weighing 60-90 g, were used. The animals
ischemi&®. Bax is also a cytosolic protein, which in were housed in an air-conditioned environment with
response to stressing apoptotic stimuli is actilaged  constant temperature and a standardized light/dark
translocates to mitochondria, thus initiating theschedule, food and watead libitum. They were
apoptotic pathway. However, the exact role ofiag  anesthetized with 2% halothane in a mixture of 70%
against the selective neuronal cell loss in theN,O and 30% @ The bilateral common carotid
hippocampus after transient cerebral ischemia nesnai arteries were exposed, anesthesia was discontianed,
presently unclear. the arteries were clamped with aneurysm clips for 5

Caspases, a family of cysteine proteases, playa kenin. After occlusion, the aneurysm clips were reetb
role in the control of apopto&d. Fourteen distinct @and ischemic animals were allowed to survive fant

caspases are divided into initiator or effectorpeaes © N @nd 1, 2, 5 and 14 days after transient cerebra
based on their role and position in apoptotic cdesa ischemia. Sham-operated animals were treatedein th
and involved in the tight regulation of the cellula same manner, except for the clipping of the bikdter

. L carotid arteries. Body temperature was maintaiaed
commitment to programmed cell death. Activation of y P

: , : 37-3¢C, using a heating pad with a thermostat,
caspases results in the cleavage of a variety@epr ,q,ghout the experiments. Pitavastatin at a 068

fsubstr.atglszz that are critical in maintaining ceflula 14 504 30 mg kg was administered orally for 5 days
integrity***. Several studies in mice with genetically pefore ischemic insult. Transient cerebral isclewas
ablated caspases have been reported to demonstrgi@uced in mice 1 h after the last treatment with
decreased neuronal death after ischemic iffuff. A pitavastatin. Vehicle (0.5 % carboxymethylcelldps
recent study also demonstrated that neurons derivedMC) was also administered in sham-operated gerbils
from caspase-3 knockout mice are resistant to isithe under the same conditions. Pitavastatin was gesrou
stres&€. Furthermore, the administration of caspaseprovided by Kowa Company, Ltd., Tokyo, Japan. All
inhibitors (z-DEVD-FMK or z-VAD-FMK) prevents €xperiments were performed in accordance with the
ischemia-induced neuronal damage and improve§uidelines for Animal Experiments for the Tokushima

neurological outcome, confirming caspase function i University School of Medicine.
the delayed neuronal cell loss following ischePffa

Based on these observations, caspase 3 is thauget t Histopathology: The gerbils were anesthetized with
critical in both apoptosis and neuronal cell deafier ~ Ntraperitoneal treatment (i.p.) of pentobarbitad (mg
transient cerebral ischemia. kg) at 1 and 5 hr and 1, 2, 5 and 14 days after

A previous study has demonstrated that 3-hydroxy:[rans'ent cerebral ischemia. For pitavastatin ineat,

3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase the arlmals were anesthetized .Wlth pentobgrbltﬁl (.5
inhibitors can reduce cerebral ischemia and infaizé ™9 kg™) i.p. at 5 days after transient cerebral ischemia.

by up-regulating eNOS expression in They Weijr_e br|efI])c/ p_erfusfetljll wnr(; hbeparln;ze_d sz;lh;e
normocholesterolemic mik8. Pitavastatin is a new trgit?]sgasr ljlcfper ulzlorr:,do _owgl I\)I/ pﬁr u5|hor;- |%atff
synthetic potent and selective inhibitor of HMG-CoA s > 7o lormardenyde on ©. prosphate butier

S , (pH 7.4) for 30 min. After leaving the fixated arils
reductase, the rate-limiting enzyme in cholesteroky. 0 min at 4C the brains were removed and
biosynthesi€®). This agent has been reported to lowerimersed in the ' same fixative until they were

total cholesterol and total triglyceride levelspatients  ompedded in paraffin.  Paraffin sections, 5 pm
with hypercholesterolemia in Jaggh We recently thickness, were stained with Cresyl violet and used

reported that pitavastatin can decrease the nelurongistopathology. Each group consisted of 7-8 gerbils
damage of the hippocampal CA1 sector in gerbilsraft

transient cerebral ischerffa™. However, little is Immunohistochemistry: The gerbils were anesthetized

known _about the effect . of p|tayastat|n against, ;, pentobarbital (50 mg kg i.p.) at 1 and 5 h and 1,
apop_t05|s-related _protems in the hippocampus afteé’ 5 and 14 days after transient cerebral ischerhiar.
transient cerebral ischemia. . . pitavastatin treatment, the animals were anesttbtiz
In the present study, therefore, we investigated th,, ., pentobarbital (50 mg K§ i.p.) at 5 days after
changes of apoptosis-related proteins in  gerbitransient cerebral ischemia. The brains were pinfia
hippocampus  following transient cerebral ischemiafixed with 4% paraformaldehyde in 0.1 M phosphate
using an immunohistochemical study. Furthermore, weyuffer (pH 7.4) following a heparinized saline tus
examined the effect of pitavastatin against apagtos The brains were removed 1 hr after perfusion fo@tt
related proteins in gerbil hippocampus after tramsi 4°C and were immersed in the same fixative unglth
cerebral ischemia. were embedded in paraffin. Paraffin sections, 5ipm
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thickness, of the hippocampus were used forccording to the method of Kusakadieal.*". Briefly,
immunohistochemistry. deparaffined sections were washed distilled watet a
For immunohistochemical studies, a Vectas#iitt  treated with 20ug mL™ proteinase K for 10 min at
ABC Kit (Vector Labs. Burlingame, CA, USA), mouse 37°C. After washing with 0.01 M PBS, the sections
anti-bcl-2r  monoclonal  antibody  (NeoMarkers, were incubated with the terminal deoxynucleotidyl
Fremont, CA, USA), rabbit anti-bcl-xs/l polyclonal transferase (TdT) solution, incubated with 3% hygéno
antibody (Santa Cruz Biotechnology Inc., CA, USA) , peroxide for 5 min to block endogenous peroxidase
rabbit anti-bax polyclonal antibody (Santa Cruzactivity, and then treated with peroxidase-conjadat
Biotechnology Inc., CA, USA), rabbit anti- antibody for 10 min at room temperature. After
human/mouse caspase 3 active polyclonal antibody (Rashing in 0.01 M PBS, nick end labeling was
and D Systems, Inc., MN, USA) and mouse anti-visualized by DAB substrate kit (Vector Labs.,
cytochrome ¢ monoclonal antibody (NeoMarkers, Burlingame, CA, USA) and counterstained using
Fremont, CA, USA) were used. hematoxylin. As a negative control, the tissue isast
Briefly, the paraffin sections were washed twice fo were incubated with TdT buffer that did not conttia
5 min in 0.01 M phosphate-buffered saline (PBS, pHenzyme. For the positive control, tissue sectioesew
7.4) and treated with 10% methanol / 0.3%0kin 0.01  treated with DNase | prior to treatment with TdT.
M PBS for 20 min to quench endogenous peroxidase
activity. The paraffin sections were then washedZo Statistical analysiss The immunostaining for each
min in 0.01 M PBS, followed by 60 min of pre- antibody was graded semiquantitatively as intense
incubation with 10% normal horse serum. The brain(grade 3), moderate (grade 2), weak (grade 1),nand
sections were then incubated with anti-bel-2 detectable (grade 0), without the examiner knovtieg
monoclonal antibody (1:200), anti-bcl-xs/l polycidn experimental protocols, as described previdtisiy®®!
antibody (1:500), anti-bax polyclonal antibody @02, Values were expressed as means + SD, and stdtistica
anti-caspase 3 active polyclonal antibody (1:5068) a significance was evaluated with one-way ANOVA
anti-cytochrome ¢ monoclonal antibody (1:500) followed by Fisher's PLSD multiple comparison test
overnight at 4C. The sections were incubated with for parametric analysis. For the evaluation of drug
secondary antibody for 60 min at room temperataee a statistical significance was performed with-test
then with avidin-biotin peroxidase (ABC) complex fo followed by Dunnett’s multiple comparison tests for
30 min at room temperature. Immunohistochemicahon-parametric analysis. Each groups consistesi&f
staining with anti-bcl-2 monoclonal antibody, anti-bcl- gerbils.
xs/l polyclonal antibody , anti-bax polyclonal dmdy,
anti-caspase 3 active polyclonal antibody and anti- RESULTS
cytochrome ¢ monoclonal antibody was performed

using enzyme substrate kit (Vector Labs., Burlingam Histopathology: We have recently demonstrated the
CA, USA), as described previouS*®. Negative histological alterations in the hippocampus after
control study was performed using non immuned 19Gransient cerebral ischerfifd In brief, sham-operated
or by omission of the primary antibody, which shdwe gerbils showed no neuronal damage throughout the
no notable staining. hippocampus. No neuronal damage also was detected
In addition, some brain sections of gerbils afterjn the gerbil hippocampus up to 2 days after temtsi
transient  cerebral ischemia were double-labekerebral ischemia. Five and 14 days after ischemia,
immunostained with anti-bcl-xs/I antibOdy and mousSesevere neuronal cell loss was found in the h|pp(pﬂm
anti-GFAP (glial fibrillary acidic protein) monoal@l  CA1 sector. In contrast, the administration of
antibody (Chemicon International, Temecula, CA,pitavastatin dose-dependently prevented the nelirona

USA) or anti-bcl-xs/I antibody and alpha-D-galagles |oss in the hippocampal CAl sector 5 days after
specific isolectin B conjugated with horseradish jschemia.

peroxidase derived from Griffonia simplicifolia skse
(Isolectin B) (Sigma, St Louis, MO, USA). The Bcl-2a immunostaining: Representative
histochemical staining with anti-bcl-xs/I antibosyas  photomicrographs are presented in Fig. 1 and 2. The
performed as described above. On the next dayhanges of Bcl2 immunoreactivity after transient
double-labeled immunostaining with  anti-GFAP cerebral ischemia are summarized in Table 1 and 2.
antibody for visualization of astrocyte or isolecB,  Bcl-2a immunoreactivity was mildly observed in the
for visualization of microglia was performed as hippocampus of sham-operated animals. No change of
described previousfp4%! bcl-20  immunoreactivity was detected in  the
hippocampal CA1 neurons up to 1 day after transient
TUNEL staining: To detect apoptotic cells after cerebral ischemia. Two days after ischemia, a
transient cerebral ischemia, TUNEL staining wassignificant increase of bcle2 immunoreactivity was
carried out using an apoptosis in situ detection kifound in the hippocampal CA1 neurons and dentate
(Wako Pure Chemical Industries, Osaka, Japan)yrus after ischemia. Thereafter, 5 and 14 daysr aft
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ischemia, a marked decrease of bel-2 Bcl-xgl immunostaining: Representative
immunoreactivity was evident in the hippocampal CAlphotomicrographs are presented in Fig. 3 and 4. The
neurons where severe neuronal damage was observeiianges of bcl-xs/l immunoreactivity after transien
In contrast, no change of bot=dmmunoreactivity in ~ cerebral ischemia are summarized in Table 1 and 2.
the hippocampal CA3 sector and dentate gyrus waBcl-xs/l immunoreactivity was observed mainly ired)l
observed from 1 h up to 14 days after transier¢rat ~ Cells of the hippocampus in sham-operated anirfals.
ischemia except for a transient increase of dentat@ignificant increase of bcl-xs/l immunoreactivityasv
gyrus. In contrast, the administration of pitavéista detected in glial cells of the hippocampal CAL sect

dose-dependently prevented a significant decredse {;om 5 h up to 14 days after transient cerebrdigsuia.

i : L . n contrast, no change of bcl-xs/l immunoreactivitgs
xlljfgnsm;md:;graef?g:l}giyhelr%iathe hippocampal CAL observed in the hippocampal CA3 sector and dentate

gyrus throughout the experiments except for a teans

. - — : increase of hippocampal CA3 sector. In contras, th
; NS administration of pitavastatin  dose-dependently
oS oA prevented a significant increase of bcl-xs/I
1hr immunoreactivity in glial cells of the hippocampai1
S sector 5 days after ischemia.
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Fig. 1: Representative photomicrographs with hcl-2 L e e A

immunostaining of the hippocampus (left
panels) and CA1l sector (right panels) after
transient cerebral ischemia. Each group
contained 5-8 animals. DG, dentate gyrus

Fig. 3: Representative photomicrographs with bdl-xs
immunostaining of the hippocampus (left
panels) and CAl sector (right panels) after
transient cerebral ischemia. Each group

Sham contained 5-8 animals
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Fig. 2:.Effect of_ _ pitavastatin on bct_xz Fig. 4: Effect
immunoreactivity in the CAl sector (right
panels) of the hippocampus (left panels) of the
gerbil brain 5 days after transient cerebral
ischemia. Each group contained 7-8 animals
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and bcl-xs/l immunoreactivity in the gerbil
hippocampus after transient cerebral ischemia

Table3. Bax immunoreactivity in the gerbil hippocampus afte
transient cerebral ischemia

CA1 CA3 dentate gyrus CAl CA3 dentate gyrus
N Bax (neuron)

Bdszho;r(: euren 0.93£0.19 0.860.35 1.000.48 Sham 0.7520.14 1.4320.12 1.070.24
1hr 1.33+0.54 0.7940.25 1.0840.52 1hr 0.88+0.38 1.42+0.13 1.130.14
5hr 1.20+0.44 0.75+0.25 1.40+0.52 5hr 0.60+0.14 1.40+0.22 1.00+0.18
1 day 1.20+0.48 0.75+0.25 1.30+0.51 1 day 0.90+0.34 1.45+0.11 1.10+0.14
2 days 1.60+0.49** 0.90+0.38 2.20+0.21%* 2 days 1.15+0.38* 1.45+0.11 1.20+0.11
5 days 0.28+0.28**  0.81%0.26 1.1620.57 5 days 0.13+0.13**  1.56x0.11 1.06+0.11
14 days 0.20+0.21** 0.75+0.18 0.95+0.21 14 days 0.10+0.22** 1.35+0.22 1.05+0.11

Bcl-xs/I (glia) Bax (glia)

Sham 0.96+0.30 1.11+0.48 2.070.24 Sham 0.25+0.25 0.32+0.40 0.36£0.24
1hr 0.79+0.19 1.0040.22 1.88+0.26 1hr 0.17+0.20 0.33+0.30 0.38+0.14
1 day 2.15+0.45%* 1.80+0.60** 2.20+0.27 1 day 0.30+0.21 0.45+0.27 0.40+0.17
5 days 2.03+0.65** 1.38+0.42 2.28+0.34 5 days 1.69+0.51** 0.44+0.40 0.53+0.28
14 days 2.25+0.59%* 0.95+0.37 1.95+0.33 14 days 2.60+0.38** 0.40+0.17 0.55+0.27

The immunoreactivity was semiquantitatively gradsdntense (grade
3), moderate (grade 2), weak (grade 1), and nectidile (grade 0).
Values are expressed as means + S.D. Each groupireemh 5-8
animals. Statistical significance was evaluatedhwite-way ANOVA
followed by Fisher's PLSD multiple comparison te@tP<0.05,
** P<0.01 compared with sham operated control group).

Table2. Effect of pitavastatin on bcl-2a and bcl-xs/l
immunoreactivity in the gerbil hippocampus 5 daytera
transient cerebral ischemia

The immunoreactivity was semiquantitatively gradsdntense (grade
3), moderate (grade 2), weak (grade 1), and n&ctaile (grade 0).
Values are expressed as means + S.D. Each groupiroesh 5-8
animals. Statistical significance was evaluatedhwite-way ANOVA
followed by Fisher's PLSD multiple comparison te@tP<0.05,

** P<0.01 compared with sham operated control group).

Table4. Effect of pitavastatin on bax immunoreactivity in the gerbil
hippocampus 5 days after transient cerebral ischemia

CAl CA3 dentate gyrus
Bax (neuron)
Sham 0.75+0.14** 1.43+0.12 1.07+0.24
Ischemia 0.13+0.13 1.56+0.12 1.06+0.12
Ischemia + pitavastatin
3 mg/kg 0.64+0.28** 1.36+0.20 1.07+0.12
10 mg/kg 0.71+0.22** 1.50+0.00 1.07+0.12
30 mg/kg 0.71+0.22** 1.43+0.12 1.00+0.00
Bax (glia)
Sham 0.25+0.25** 0.32+0.40 0.36x0.24
Ischemia 1.69+0.51 0.44+0.40 0.53+0.28
Ischemia + pitavastatin
3 mg/kg 0.61+0.43 0.21+0.17 0.43+0.12
10 mg/kg 0.1440.13* 0.25+0.20 0.18+0.19*
30 mg/kg 0.21+0.17** 0.32+0.28 0.32+0.19

CAl CA3 dentate gyrus
Bcl-2a (neuron)
Sham 0.93+0.19** 0.86%0.35 1.00+0.48
Ischemia 0.28+0.28 0.81+0.26 1.16+0.57
Ischemia + pitavastatin
3 mg/kg 0.64+0.56 0.61+0.20 1.29+0.47
10 mg/kg 0.89+0.43* 0.71+0.17 0.86+0.38
30 mg/kg 0.89+0.43* 0.50+0.00 1.29+0.39
Bcl-xs/l (glia)
Sham 0.96+0.30** 1.11+0.48 2.07+0.24
Ischemia 2.0310.65 1.38+0.42 2.28+0.34
Ischemia + pitavastatin
3 mg/kg 1.46+0.44 1.00+0.35 2.0440.17
10 mg/kg 1.32+0.35 1.04+0.39 1.96+0.17
30 mg/kg 1.21+0.44* 1.07+0.28 2.00£0.00

The immunoreactivity was semiquantitatively gradsdntense (grade
3), moderate (grade 2), weak (grade 1), and neictile (grade 0).
Values are expressed as mearD. Each group contained 7-8
animals. Statistical significance was evaluatedh Witest followed by
non-parametric Dunnett’'s multiple comparison testP<Q.05,
** P<0.01 compared with ischemia group).

Bax immunostaining: Representative photomicrographs
are presented in Fig. 5 and 6. The changes of b
immunoreactivity after transient cerebral ischerara

The immunoreactivity was semiquantitatively gradethtense (grade
3), moderate (grade 2), weak (grade 1), and not detedthide 0).
Values are expressed as mear&D. Each group contained 7-8
animals. Statistical significance was evaluated Witiest followed by
non-parametric Dunnett's multiple comparison testP<@.05,
** P<0.01 compared with ischemia group).

Thereafter, a marked decrease of bax immunoresctivi
was evident in the hippocampal CA1 neurons 5 and 14
days after ischemia, when severe neuronal cell@ss
observed. In contrast, no change of bax
iwmunoreactivity was found in glial cells of the
ippocampal CAL sector up to 2 days after ischemia.
However, a marked increase of bax immunoreactivity

summarized in T_able 3 and 4. Bax _immunoreactivitywas evident in glial cells of the hippocampal CAL
was observe(_j in neurons and .gllal cells of thes ctor 5 and 14 days after cerebral ischemia. én th
hippocampus in sham-operated animals. No change ‘prpocampal CA3 sector and dentate gyrus, no change
bax immunoreactivity was detected in the hippocdmpagt hax immunoreactivity was observed in neurons and
CAl neurons up to 1 day after transient cerebrayjig| cells throughout the experiments. Furthermtine
ischemia. Two days after is chemia, a significantadministration of pitavastatin attenuated the attens
increase of bax immunoreactivity was obedr of the bax immunoreactivity in the hippocampal CA1
in the hippocampal CAl neurons after éula.  neurons and glial cells 5 days after ischemia.

216



Am. J. Biochem. & Biotech. 1 (4): 212-225, 2005

/ Sham
CA1 -

e CA3

" Hhr

5 hr

1 day

/ Sham
CA1
it {
s DG CA3

)] Ischemia
Pitavastatin 3mg/kg
Pitavastatin 10mg/kg y

Pitavastatin 30mg/kg
5

S 00

Fig. 6: Effect of pitavastatin on bax immunoreaityiv

2 days

-

]

) g : .Sfdays

A T 14 days

v S

i) s

1mm | v

i |
vy

. 100 ‘Em.
Fig. 5: Representative photomicrographs with bax

immunostaining of the hippocampus (left
panels) and CA1l sector (right panels) after

transient cerebral ischemia. Each group
contained 5-8 animals
Cytochrome ¢ immunostaining: Representative

photomicrographs are presented in Fig. 7 and 8e ThFig- 7: Representative

changes of cytochrome c¢ immunoreactivity after
transient cerebral ischemia are summarized in Table
and 6. Cytochrome ¢ immunoreactivity was observed
in neurons of the hippocampus in sham-operated
animals. No change of cytochrome ¢ immunoreactivity
was detected in the hippocampal CA1 neurons up to 1
day after transient cerebral ischemia. Thereafter,
marked increase of cytochrome ¢ immunoreactivitg wa
evident in the hippocampal CA1 neurons 2 days after
ischemia. Five and 14 days after ischemia, a marked
decrease of cytochrome c¢ immunoreactivity was
evident in the hippocampal CA1 neurons when severe
neuronal cell loss was observed. In the hippocampal
CAS sector and dentate gyrus, no change of cytochro

c immunoreactivity was observed in neurons
throughout the experiments except for a transient
increase of the hippocampal CA3 sector and a eahsi

decrease of the dentate gyrus. In contrast, th&ig. 8: Effect of

administration  of pitavastatin  dose-dependently
attenuated the alteration of the cytochrome c
immunoreactivity in the hippocampal CA1 neurons 5
days after ischemia.
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in the CA1l sector (right panels) of the

hippocampus (left panels) of the gerbil brain 5
days after transient cerebral ischemia. Each
group contained 7-8 animals.
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photomicrographs with
cytochrome ¢ immunostaining of the
hippocampus (left panels) and CA1 sector (right
panels) after transient cerebral ischemia. Each
group contained 5-8 animals
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pitavastatin on cytochrome
immunoreactivity in the CA1l sector (right
panels) of the hippocampus (left panels) of the
gerbil brain 5 days after transient cerebral
ischemia. Each group contained 7-8 animals.
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Table5. Cytochromec immunoreactivity in the gerbil hippocampus
after transient cerebral ischemia

CAl CA3 dentate gyrus
Cytochromec (neuron)

Sham 0.92+0.74 0.11+0.20 0.3940.24
1hr 1.00+0.55 0.17+0.20 0.21+0.25
5 hr 1.00+0.50 0.56+0.32** 0.20+0.11
1 day 0.40+0.42 0.10+0.14 0.20+0.21
2 days 2.20+0.57** 0.40+0.14 0.45+0.37
5 days 0.1940.26** 0.28+0.39 0.25+0.19
14 days 0.1040.22** 0.10+0.14 0.10+0.14*

The immunoreactivity was semiquantitatively gradethgense (grade
3), moderate (grade 2), weak (grade 1), and not detedtalde 0).

Values are expressed as means = S.D. Each groupirceht5-8

animals. Statistical significance was evaluated with-way ANOVA

followed by Fisher's PLSD multiple comparison testP<6.05,

** P<0.01 compared with sham operated control group).

Table 6. Effect of pitavastatin on cytochromeimmunoreactivity in

the gerbil hippocampus 5 days after transient cerebral

ischemia
CAl CA3 dentate gyrus
Cytochromec (neuron)

Sham 0.92+0.74* 0.11+0.20 0.3940.24
Ischemia 0.19+0.26 0.28+0.39 0.25+0.19

Ischemia + pitavastatin
3mgl/kg 0.71+0.64 0.29+0.37 0.43+0.55
10mg/kg 0.46+0.37 0.11+0.13 0.14+0.20
30mg/kg 1.14+0.56** 0.36+0.24 0.43+0.19

The immunoreactivity was semiquantitatively gradethéense (grade
3), moderate (grade 2), weak (grade 1), and not detedgrhblde 0).
Values are expressed as me&r&D. Each group contained 7-8
animals. Statistical significance was evaluated Witiest followed by
non-parametric Dunnett's multiple comparison testP<@.05,
** P<0.01 compared with ischemia group).
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Pitavastatin 10ma/kg,

Pitavastatin"30mg/kg

1 mm 100°'um-

Fig. 10: Effect of pitavastatin on active caspase 3
immunoreactivity in the CA1l sector (right
panels) of the hippocampus (left panels) of the
gerbil brain 5 days after transient cerebral
ischemia. Each group contained 7-8 animals.

Active caspase 3 immunostaining: Representative
photomicrographs are presented in Fig. 9 and 18e T
changes of active caspase 3 immunoreactivity after
transient cerebral ischemia are summarized in Téble
and 8. Active caspase 3 immunoreactivity was olezerv
in neurons and glial cells of the hippocampus iansh
operated animals. No change of active caspase 3
immunoreactivity was detected in the hippocampal
CAl neurons up to 1 day after transient cerebral
ischemia. Thereafter, a significant increase divac
caspase 3 immunoreactivity was evident in the
hippocampal CAl neurons 2 days after ischemia. A
marked decrease of active caspase 3 immunoregctivit
was observed in the hippocampal CA1 neurons 5 and
14 days after ischemia, when severe neuronal agdl |
was observed. In contrast, a transient increasetdfe
caspase 3 immunoreactivity was evident in glialiscef

the hippocampal CAl sector 5 hr after cerebral
ischemia. Thereafter, a significant decrease oivact
caspase 3 immunoreactivity was found in glial cefis
the hippocampal CAl sector 5 days after ischemia.
However, 14 days after cerebral ischemia, a marked
increase of active caspase 3 immunoreactivity was
found in glial cells of the hippocampal CA1 sectior.

the hippocampal CA3 sector and dentate gyrus, no
change of active caspase 3 immunoreactivity was
observed in neurons and glial cells throughout the
experiments except for a transient increase ofadent
gyrus. In contrast, the administration of pitavista
dose-dependently attenuated the alterations cidtiee
caspase 3 immunoreactivity in the hippocampal CAl
neurons and glial cells 5 days after ischemia.

TUNEL staining: Representative photomicrographs

are presented in Fig. 11 and 12. The changes of
TUNEL positive cells after transient cerebral istiiee

are summarized in Table 9 and 10. TUNEL positive

Fig. 9: Representative photomicrographs with activecells were not observed in the hippocampus of sham-

caspase 3 immunostaining of the hippocampu

®perated animals. No change of TUNEL positive cells

(left panels) and CA1 sector (right panels) afterwas detected in the hippocampal sector up to 2 days

transient cerebral ischemia. Each

contained 5-8 animals.

groupafter transient cerebral ischemia. Five days after

ischemia, a marked increase of scattered and damage
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neurons with TUNEL positive nuclei was evidentlie t cAt o
hippocampal CAl sector. Thereafter, TUNEL positive pok i
nuclei were not observed in the hippocampal CAl —
sector 14 days after ischemia. No change of TUNEL
positive cells was observed in the hippocampal CA3
sector and dentate gyrus throughout the experimbnts SHF
contrast, the administration of pitavastatin dose- <
dependently prevented a significant increase of EUN
positive nuclei in the hippocampal CAl sector 5gay 1day
after ischemia.

2days

Double-labeled immunostainings: Representative
photomicrographs are presented in Fig. 13. Bcl-xs/I
immunoreactivity was observed mainly in GFAP-
immunoreactive astrocytes after transient cerebral
ischemia. In contrast, bcl-xs/l immunoreactivitysasot %
found in isolectin B-immunopositive microglia after 14 days
cerebral ischemia. - SE T
Amm el

5 days‘

Table 7. Caspase 3 immunoreactivity in the gerbil hippocangites
transient cerebral ischemia

Fig. 11: Representative photomicrographs with

CAl1l CA3 dentate gyrus L. N
TUNEL staining of the hippocampus (left

Caspase 3 (neuron) r

Sham 0.57+0.19 0.93+0.19 2.14+0.24 panels) and CAl sector (right panels) after

1hr 0.71+0.19 0.92+0.13 2.71+0.29%* . P -

= hr 07540 31 08640 14 5 5540 37 transient cerebral ischemia. Each group

1 day 0.60+0.22 0.85+0.14 2.00+0.50 contained 5-8 animals.

2 days 1.00+0.40%* 1.10+0.93 2.25+0.35

5 days 0.09+0.13** 0.78+0.25 1.88+0.23

14 days 0.10+0.14** 0.75+0.25 2.00+0.47 i Sham
Caspase 3 (glia)

Sham 1.54+0.09 1.39+0.24 1.50+0.52 DG CA3

1hr 1.75+0.22 1.50+0.27 1.96+0.37* :

5 hr 1.90+0.38* 1.55+0.33 1.70+0.33 zelisiia,

1 day 1.60+0.14 1.40+0.29 1.60+0.45

2 days 1.55+0.11 1.75+0.50 1.90+0.29

5 days 1.00£0.27%* 1.31+0.22 1.09+0.35 g

14 days 2.40+£0.38** 1.35+0.38 1.30+0.33 Pitavastatin 3mg/kg

The immunoreactivity was semiquantitatively gradechtense (grade
3), moderate (grade 2), weak (grade 1), and not detedgrblde 0).

Values are expressed as means * S.D. Each groupircecht5-8

animals. Statistical significance was evaluated wite-way ANOVA

followed by Fisher's PLSD multiple comparison testP<©.05,

** P<0.01 compared with sham operated control group).

Pitavastatin 10mg/kg

. . . Lo . Pitavastatin 30mg/kg
Table8. Effect of pitavastatin on caspase 3 immunoreactivity in the

gerbil hippocampus 5 days after transient cerebchkemia

CAl CA3 dentate gyrus
Caspase 3 (neuron)

1mm 100 um

Fig. 12: Effect of pitavastatin on TUNEL staining i

Sham 0.57+0.19*  0.93+0.19 2.14+0.24 the CAl1 sector (right panels) of the
ISCEem?a ~0.09+0.13 0.78+0.25 1.88+0.23 hippocampus (left panels) of the gerbil brain 5
Ischemia + pitavastatin i ; ;
amgkg  0.30+0.35 0.7140.17 2.00£0.14 days after Fran3|ent cgrebral ischemia. Each
10mghkg — 0.54£0.09%  0.75%0.20 2.14+0.24 group contained 7-8 animals.
30 mglkg 0.71+0.37™ 0.710.17 2181047 GFAR+Belas " lisolectifhBa +.Bokxsli
Caspase 3 (glia) b g MR ISR XY Lagre et
Sham 1.54+0.09%  1.39:0.24 1.50+0.52 : 1& s “-; " e \.“_._,-"«.;c
Ischemia 1.00£0.27 1.31£0.22 1.09+0.35 : o SRV LA AR IR Ry
Ischemia + pitavastatin & ? oy K\ e
3mgkg  1.43#0.19* - - e G R T
10mg/kg  1.57+0.12% - - S g 1 SR o
30 mg/kg 1.54+0.09** - -
. — . . Fig. 13: Representative photomicrographs with deubl
The immunoreactivity was semiquantitatively gradsdntense (grade . L h
3), moderate (grade 2), weak (grade 1), and nefctaile (grade 0). labeled iImmunostaining with bCI'X_SII (blue)
Values are expressed as mear&D. Each group contained 7-8 and GFAP (brown, left panel) and with bcl-xs/I
animals. Statistical significance was evaluatedh Wwitest followed by (blue) and isolectin B(brown, right panel) in
non-parametric Dunnett's multiple comparison testP<Q.05, the CA1 sector of the gerbil brain 5 days after

. b . i . _ !
P<0.01 compared with ischemia group). -, not tested. transient cerebral ischemia.

219



Am. J. Biochem. & Biotech. 1 (4): 212-225, 2005

Table9. TUNEL s_taining_ in the gerbil hippocampus after siemt the levels of the bcl-2 regulators of apoptosis,
cerebral ischemia translocation of cytochromefrom the mitochondria to

CA1 CA3 dentate gyrus  the cytosol, and caspase-3 activation after trahsie

TUNEL staining (neuron) cerebral ischemi®*”. Furthermore, caspase inhibitors

Sham 0.6:0.0 0.0£0.0 0.0£0.0 reduce the volume of infaftt®. Based on these

1hr 0.0£0.0 0.0-0.0 0.0t0.0 observations, it is conceivable that apoptosistedla

5hr 0.0£0.0 0.0£0.0 0.0£0.0 proteins are key factor in neuronal cell death. Ewsy,

1 day 0.a:0.0 0.0t0.0 0.0t0.0 there is no exact evidence for apoptosis-relatetejprs

2 days 0.8:0.0 0.0£0.0 0.0£0.0 in the hippocampal CAl sector following transient

5 days 1.90.9%  0.0+0.0 0.0£0.0 : L P : ; )

14 days 0.6:0.0 0.0L0.0 0.0£0.0 cerebral ischemia using an immunohistochemicalystud

The present study showed that significant changes
The immunoreactivity was semiquantitatively gradsdntense (grade  of pgl-2g, immunoreactivity were found in the
3), moderate (grade 2), weak (grade 1), and nefctigile (grade 0). .

Values are expressed as means = S.D. Each groupircamh 5-8 _hlppocampa_l CAl neurons 2 d_ays af_ter cerebral
animals. Statistical significance was evaluatedhwite-way ANOVA |SChem_|a- Five and.l_4 days after |5?h§m|a, th@ﬂaﬁ
followed by Fisher's PLSD multiple comparison tegP<0.05,  bcl-20 immunoreactivity decreased significantly in the
™ P<0.01 compared with sham operated control group). hippocampal CAl neurons where severe neuronal
damage was observed. In the hippocampal CA3 sector
and dentate gyrus, however, no change of hcl-2
immunoreactivity was observed almost in neurons

Table 10. Effect of pitavastatin on TUNEL staining in the gerbil
hippocampus 5 days after transient cerebral ischemia

CAl CA3 dentate gyrus  throughout the experiments. Pitavastatin  dose-
TUNEL staining(neuron) dependently prevented a significant decrease eRdocl
Sham 0.0£0.0** 0.0£0.0 0.0£0.0 immunoreactivity in the hippocampal CA1 neurons 5
Ischemia 1809 0.0:0.0 0.0:0.0 days after ischemia. On the other hand, a sigmifica
Ischem|a+p|tavastatm . f b | /l . .. d tﬂd
3mglkg 0.620.8* 0.0£0.0 0.040.0 increase of bcl-xs/l immunoreactivity was detec
10mglkg 0.0+0.0%* 0.0£0.0 0.0£0.0 glial cells of the hippocampal CAl sector from Sulpr
30mglkg 0.0£0.0** 0.0+0.0 0.0£0.0 to 14 days after transient cerebral ischemia. Nangh

The immunoreactivity was semiquantitatively gradeéhtense (grade ~ Of bCl-xs/l immunoreactivity was observed almost in
3), moderate (grade 2), weak (grade 1), and not detedtahlde 0). the hippocampal CA3 sector and dentate gyrus
Values are expressed as mear&D. Each group contained 7-8 throughout the experiments. Pitavastatin  dose-
animals. Stati;tical signifis:ance was evaluated _\I\?Hﬂest followed by dependently prevented a significant increase oikk#l
non-parametric Dunnett's multiple comparison testP<@.05, . T . .
++P<0.01 compared with ischemia group). immunoreactivity in glial cells of the hippocamahl
sector 5 days after ischemia. These results sugigast
the expression of bcle2in neurons and bcl-xs/l in glial
DISCUSSION cells of hippocampal CA1 sector precedes the neliron
damage in the hippocampal CA1 sector. Based orthes
Transient cerebral ischemia in gerbils results in &indings, we demonstrate that the expression of2hcl
delayed and selective neuronal damage in then neurons and bcl-xs/l in glial cells of hippocaahp
hippocampal CA1 sector, which occurs between 3 andAl sector may play a key role in the protection
7 days after bilateral common carotid occluSfil.  against cell damage after transient cerebral iszem
Morphological and biochemical methods have For bax immunostaining, no change of bax
demonstrated that this delaged neuronal deathtis, ammunoreactivity was detected in the hippocampal
least in part, due to apoptd$is Caspases are believed CA1 neurons up to 1 day after ischemia. Howevee, th
to be the central executioner molecules of the &iitp  hippocampal CA1 neurons showed a significant
cell death prograltt. Caspase-dependent apoptosisincrease of bax immunoreactivity 2 days after iscie
may be initiated either by activation of caspasesnf  Thereafter, a marked decrease of bax immunoresctivi
cell surface receptors or by mitochondrial stre& Vv was evident in the hippocampal CA1 neurons 5 and 14
cytochrome c releale. days after ischemia. In contrast, a marked incredise
The Bcl-2 family of proteins regulates bax immunoreactivity was evident in glial cells the
mitochondrial changes during both apoptosis antippocampal CA1 sector 5 and 14 days after cerebral
necrosi§**’ The Bcl-2 family is divided into two jschemia. In the hippocampal CA3 sector and dentate
groups: anti-apoptotic members include bcl-2 and bc gyrus, no change of bax immunoreactivity was
XL and pro-apoptotic members include Bax and Bid.observed in glial cells throughout the experiments.
Post-translational modification can change anti-pPitavastatin attenuated the alterations of the bax
apoptotic members to pro-apoptotic fé#h Bcl-2 and  immunoreactivity in the hippocampal CAL neurons and
bcl-xL localize to the outer mitochondrial membrane glial cells 5 days after ischemia. These findingggest
Bax is localized predominantly in the cytosol ofite  that the expression of bax protein in the hippocamp
cells and translocates to mitochondria after agapto CA1 neurons as well as the expression of hcli2
stimulatiod®!. Several studies demonstrated changes imeurons and bcl-xs/l in glial cells of hippocam@ail
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sector also precedes the neuronal damage in tHe the hippocampal CA3 sector and dentate gyrus, no
hippocampal CA1 sector. Therefore, the presentystudchange of active caspase 3 immunoreactivity was
indicates that the expression of bax protein in theobserved almost in neurons and glial cells througho
hippocampal CA1 neurons may play an important rolehe  experiments. Pitavastatin  dose-dependently
in the acceleration against neuronal damage aftemttenuated the alterations of the active caspase 3
ischemia. immunoreactivity in the hippocampal CA1 neurons and

In the present study, interestingly, the onsethef t glial cells 5 days after ischemia. The present ystud
increase of bcl-@ and bax immunoreactivity in the demonstrates that the expression of active caspase
vulnerable hippocampal CA1 neurons after transienprotein as well as the expression of bax proteithan
ischemia preceded apoptotic changes. These findinggppocampal CA1 neurons may play a key role in the
indicate that both proteins are involved primaiiiythe  acceleration against cell damage after ischemia.
regulation of neuronal survival disturbed by isciem For TUNEL staining, no change of TUNEL positive
insult. As reported recently by Nakatsuéaal.*”, in  cells was detected in the hippocampal CA1 sectdoup
gerbils in which ischemia-tolerance had been induce 2 days after transient cerebral ischemia. Five ddigs
the high level of bcl-2 immunoreactivity persists. ischemia, a marked increase of TUNEL positive nucle
Therefore, our results demonstrate that the addivaif  was evident in the hippocampal CA1 sector. Theeeaft
bcl-20. protein is not sufficient to protect neuronal TUNEL positive nuclei were not observed in the
damage after transient ischemia, if the pro-apaptot hippocampal CAl sector 14 days after ischemia. No
proteins are activated concomitantly. Furthermdine, change of TUNEL positive cells was observed in the
present study suggests that the persistent expres$i hippocampal CA3 sector and dentate gyrus throughout
bcl-xs/l protein may play a key role in the proiest the experiments. Pitavastatin  dose-dependently
against glial cell damage after transient cerebraprevented a significant increase of TUNEL positive
ischemia, although further studies are needed touclei in the hippocampal CAl sector 5 days after
investigate the exact mechanism for our findings. ischemia. These findings suggest that transierthcat

For cytochrome ¢ immunostaining, no change ofischemia can cause apoptosis in the hippocampal CAl
cytochrome c¢ immunoreactivity was detected in theneurons. Furthermore, our study shows that the
hippocampal CA1 neurons up to 1 day after transienadministration of pitavastatin can protect hippopam
cerebral ischemia. Thereafter, a marked increase d&@Al neurons from cell death with a reduced numlfer o
cytochrome ¢ immunoreactivity was evident in the TUNEL positive cells.
hippocampal CAl1 neurons 2 days after ischemia. Apoptosis contributes to be development of
However, 5 and 14 days after ischemia, a markeaeuronal ischemic infarction after both global dochl
decrease of cytochrome ¢ immunoreactivity wasischemi&“®*® In mammalian cells, two major
evident in the hippocampal CA1 neurons when severapoptosis signaling pathways have been described,
neuronal cell loss was observed. In the hippocampalamely the death receptor and the mitochondrial
CAS sector and dentate gyrus, no change of cytocéro pathways. The mitochondrial pathway is activated by
¢ immunoreactivity was observed almost in neurondhe release of pro-apoptotic molecules from
throughout the experiments. Pitavastatin dosemitochondria, such as cytochromec and
dependently attenuated the alteration of the cymok ~ Smac/DIABLJ*?. Once released, cytochrome
¢ immunoreactivity in the hippocampal CA1 neurons 5forms a complex with Apaf-1 (apoptotic protease
days after ischemia. These present results sugiggist activating facto-1) and pro-caspase 9, which resinlt
the overexpression of cytochrome ¢ may be invoimed caspase 3 activation, cleavage of cellular sulestrabd
the hippocampal CA1 neuronal damage after transientell deatf***°¥ The translocation of cytochronseand
cerebral ischemia. caspase 3 activation has been demonstrated after

For active caspase 3 immunostaining, no change aferebral ischemia in gertfié®*. Our present results
active caspase 3 immunoreactivity was detectedhén t suggest that the overexpressions of bax and cytowr
hippocampal CA1 neurons up to 1 day after transient precede the neuronal damage in the hippocampal CAl
cerebral ischemia. Thereafter, a significant inseeaf  sector after transient cerebral ischemia in gerbils
active caspase 3 immunoreactivity was evident & th Furthermore, the present study shows that theatiiv
hippocampal CAl1 neurons 2 days after ischemia. Aof caspase-3 precedes the neuronal damage in the
marked decrease of active caspase 3 immunoregctivihippocampal CALl sector following transient cerebral
was observed in the hippocampal CAl neurons 5 anschemia. Based on these findings, we speculatdhfa
14 days after ischemia, when severe neuronal gl | activation of caspase 3 after cerebral ischemiahtrbg
was observed. In contrast, a significant decredse aontributed to the mitochondrial pathway through
active caspase 3 immunoreactivity was found inl gliacytochromec release, although further work is needed
cells of the hippocampal CAl sector 5 days afterto understand this aspect of apoptosis signaling.
ischemia. However, 14 days after ischemia, a marked Of particular interest in the present study is that
increase of active caspase 3 immunoreactivity wasanti-apoptotic protein bcl-xs/l was expressed nyainl
observed in glial cells of the hippocampal CAl1 sect GFAP-immunoreactive astrocytes, but not in isofecti
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Bs-immunopositive microglia. It is known
overexpression of the anti-apoptotic protein bctah

that transient cerebral ischemia in gerbils, althougtthfer
studies are needed to investigate the exact mesrhani

reduce astrocyte de&fl These findings suggest that for our findings.

the persistent expression of anti-apoptotic proteih
xs/l may play a key role in the protection against
astrocyte death after ischemia. In the presentystud

CONCLUSION

however, the expression of active caspase 3 was In conclusion, the present study indicates that

observed in glial cells of hippocampal CA1 sectarr5

transient cerebral

ischemia in gerbils causes the

14 days after ischemia. The reason for this phenome mitochondrial-dependent apoptosis in the hippocampa

is presently unclear. However, Petibal.*” reported

CAl
that scattered astrocytes with apoptotic bodies andemonstrates

Furthermore, our
that pitavastatin

sector. present

can

study
prevent the

DNA fragmentation were observed in thalamus andalterations of apoptosis-related proteins andribesase
cortex, but without any apparent spatial corretatio of TUNEL-positive nuclei in the hippocampal CAl
between neuron death and astrocyte death afterid0 msector after cerebral ischemia. Thus our studyiges/

of global ischemia in rats. Therefore, the expmssif
active caspase 3 in glial cells of the hippocantpal
sector at late stage after transient ischemia mdigate
an effect of these interventions on apoptosis in
astrocytes as well as in neurons, although anentir
effect on astrocyte survival can not be entirelglected.

novel therapeutic strategies in clinical stroke.
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interesting study indicates that long-term treathveth 2.

pitavastatin in effective and safe for patients hwit
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on these findings, it is conceivable that pitaviastis a

new and potentially superior therapeutic agent in3.

comparison with currently available other statins.
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inhibitors can decrease the severity of cerebrahlfo 4.
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leveld?”). A recent study also suggests that simvastatin
can inhibit several immunological properties of
microglia, which may provide a rational for statin

treatment in multiple sclero&8. We recently reported 5.

that pitavastatin can protect against the hippoemp
CAl neuron and interneuron damage after transient
cerebral ischemia in gerbii%®® Based on these
observations and our findings, it is conceivablat th

HMG-CoA reductase inhibitor pitavastatin are effiext 6.

against transient cerebral ischemia. The preseilyst
indicates that prophylactic treatment with pitaasist
can prevent a significant increase of TUNEL positiv

nuclei in the hippocampal CAl sector 5 days after7.

transient cerebral ischemia. Our immunohistochelmica
study also demonstrates that pitavastatin can pteve

the alterations of apoptosis-related proteins ie th 8.

hippocampal CAl sector after transient cerebral
ischemia. Taken together, these data support the
hypothesis that HMG-CoA reductase inhibitors can
prevent the mitochondrial-dependent apoptosis after

222

Foundation of Koujinkai.

REFERENCES

Saunders, J. Jr., 1966. Death in embryoniesyst
Science 154: 604-612.

Linnik, M.D., R.H. Zobrist and M.D. Hatfield,
1993. Evidence supporting a role for programmed
cell death in focal cerebral ischemia in rats. IStro
24: 2008-2009.

MacManus, J.P., AM. Buchan, LE. Hill, I.
Rasquinha and E. Preston, 1993. Global ischemia
can cause DNA fragmentation indicative of
apoptosis in rat brain. Neurosci. Lett. 164: 89-92.
Li, Y., M. Chopp, N. Jiang, F. Yao and Z. Z&og
1995. Temporal profile of in situ DNA
fragmentation after transient middle cerebral grter
occlusion in the rat. J. Cereb. Blood Flow Metab.
15: 389-397.

Li, Y., V.G. Sharov, N. Jiang, C. Zaloga, H.N.
Sabbah and M. Chopp, 1995. Ultrastructural and
light microscopic evidence of apoptosis after
middle cerebral artery occlusion in the rat. Am. J.
Pathol. 146: 1045-1051.

LeBurn, D.P., R.A. Warnke and M.L. Cleary,
1993. Expression of bcl-2 in fetal tissues suggasts
role in morphogenesis. Am. J. Pathol. 142; 743-
753.

Novack, D.V. and S.J. Korsmeyer, 1994. Bcl-2
protein expression during murine development.
Am. J. Pathol. 145: 61-73.

Merry, D.E., D.J. Veis, W.F. Hickey and S.J.
Korsmeyer, 1994. bcl-2 protein expression is
widespread in the developing nervous system and
retained in the adult PNS. Development 120: 301-
311.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Am. J. Biochem. & Biotech. 1 (4): 212-225, 2005

Endres, M., S. Namura, M. Shimizu-Sasamata, C21. Nicholson, D.W. and N.A. Thornberry, 1997.

Waeber, L. Zhang, T. Gomez-Isla, B.T. Hyman
and M.A. Moskowicz, 1998. Attenuation of

delayed neuronal death after mild focal ischemia in22-

mice by inhibition of the caspase family. J. Cereb.
Blood Flow Metab. 18: 238-247.

Fink, K., J. Zhu, S. Namura, M. Shimizu-Sastna 23.

M. Endres, J. Ma, T. Dalkara, J. Yuan and M.A.
Moskowitz, 1998. Prolonged therapeutic window
for ischemic brain damage caused by delayed
caspase activation. J. Cereb, Blood Flow Metab.
18: 1071-1076.

Namura, S., J. Zhu, K. Fink, M. Endres, A.
Srinivasan, K.J. Tomaselli, J. Yuan and M.A.
Moskowitz, 1998. Activation and cleavage of

caspase-3 in apoptosis induced by experimentajg

cerebral ischemia. J. Neurosci. 18: 3659-3668.
Zhang, X.F., X.T. Hu and F.J. White, 1998.
Whole-cell plasticity in cocaine withdrawal:
reduced sodium currents in nucleus accumbens
neurons. J. Neurosci. 18: 488-498.

Springer, J.E., R.D. Azbill and R.E. Knapp, 999

Activation of the caspase-3 apoptotic cascade ir26.

traumatic spinal cord injury. Nature Med. 5: 943-
946.

Zhang, J.M., X.L. Song and R.H. LaMotte, 1999.
Enhanced excitability of sensory neurons in rats
with cutaneous hyperalgesia produced by chronic
comparison of the dorsal root ganglion. J.
Neurophysiol. 82: 3359-3366.

Merry, D.E. and S.J. Korsmeyer, 1997. Bcl-2egen
family in the nervous system. Annu. Rev.
Neurosci. 20: 245-267.

Yang, E., J. Zha, J. Jockel, L.H. Boise, C.B.
Thompson and S.J. Korsmeyer, 1995Bad, a
heterodimeric partner for Bcl-XL and Bcl-2,
displaces Bax and promotes cell death. Cell 80:
285-291.

Kluck, R.M., E. Bossy-Wetzel, D.R. Green and
D.D. Newmeyer, 1997. The release of cytochrome

¢ from mitochondria: a primary site for Bcl-2 g

regulation of apoptosis. Science 275: 1132-1136.
Wattenberg, B. and T. Lithgow, 2001. Targetifig
C-terminal (tail)-anchored proteins: understanding
how cytoplasmic activities are anchored to
intracellular membrane. Traffic 2: 66-71.

Saito, A., T. Hayashi, S. Okuno, M. Ferrandiera
and P.H. Chan, 2003. Overexpression of
copper/zinc superoxide dismutase in transgenic
mice protects against neuronal cell death after
transient cerebral ischemia by blocking activation
of the bad cell death signaling pathway. J.3
Neurosci. 23: 1710-1718.

Eldadah, B.A. and A.l. Faden, 2000. Caspase
pathways, neuronal apoptosis, and CNS injury. J.
Neurotrauma 17: 811-829.

223

28.

30.

Caspases: killer protease. Trends Biochem. Sci. 22:
299-306.

Chan, S.L. and M.P. Mattson, 1999. Caspase and
calpain substrates: roles in synaptic plasticitd an
cell death. J. Neurol. Res. 58: 167-190.

Hara, H., K. Fink, M. Endres, R.M. Friedlandér,
Gagliardini, J. Yuan and M.A. Moskowitz, 1997.
Attenuation of transient focal cerebral ischemic
injury in transgenic mice expressing a mutant ICE
inhibitory protein. J. Cereb. Blood Flow Metab. 17:
370-375.

24. Schielke, G.P., G.Y. Yang, B.D. Shivers and .A.L

Betz, 1998. Reduced ischemic injury in
interleukin-B converting enzyme-deficient mice.
J. Cereb. Blood Flow Metab. 18: 180-185.

. Le, D.A., Y. Wu, Z. Huang, K. Matsushita, N.

Plesnila, J.C. Augustinack, B.T. Hyman, J. Yuan,
K. Kuida, R.A. Flavell and M.A. Moskowitz, 2002.
Caspase activation and neuroprotection in caspase-
3-deficient mice after in vivo cerebral ischemia
and in vitro oxygen glucose deprivation. Proc.
Natl. Acad. Sci. U.S.A. 99: 15188-15193.

Chen, J., T. Nagayama, K. Jin, R.A. Stetlet,. R.
Zhu, S.H. Graham and R.P. Simon, 1998.
Induction of caspase-3-like protease may mediate
delayed neuronal death in the hippocampus after
transient cerebral ischemia. J. Neurosci. 18: 4914-
4928.

27. Endres, M., U. Laufs, Z. Huang, T. Nakamura, P.

Huang, M.A. Moskowitz and J.K. Liao, 1998.
Stroke protection by 3-hydroxy-3-methylglutaryl
(HMG)-CoA reductase inhibitors mediated by
endothelial nitric oxide synthase. Proc. Natl. Acad
Sci. U.S.A. 95: 8880-8885.

Aoki, T., H. Nishimura, S. Nakagawa, J. Kojima,
H. Suzuki, T. Tamaki, Y. Wada, N. Yokoo, F.
Sato, H. Kimata, M. Kitahara, K. Toyoda, M.
Sakashita and Y. Saito, 1997. Pharmacological
profile of a novel synthetic inhibitor of 3-hydroxy
3-methylgluaryl-coenzyme A reductase.
Arzneimittelforschung 47: 904-909.

. Kojima, J., H. Fujino, H. Abe, M. Yoshimura, H.

Kanda and H. Kimata, 1999. Identification of
metabolites of NK-104, an HMG-CoA reductase
inhibitor, in rat, rabbit and dog bile. Biol. Pharm
Bull. 22: 142-150.

Kumagai, R., C. Oki, Y. Muramatsu, R. Kurosaki,
H. Kato and T. Araki, 2004. Pitavastatin, a 3-
hydroxy-3-methylglutaryl-conenzyme A (HMG-
Co-A) reductase inhibitor, reduce hippocampal
damage after transient cerebral ischemia in gerbils
J. Neural. Transm. 111: 1103-1120.

1. Himeda, T., N. Hayakawa, H. Tounai, M. Sakuma,

H. Kato and T. Araki, 2005. Alterations of
interneurons of the gerbil hippocampus after
transient cerebral ischemia: effect of pitavastatin
Neuropsychopharmacology 30: 2014-2025.



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Am. J. Biochem. & Biotech. 1 (4): 212-225, 2005

Araki, T., H. Kato, X.H. Liu, K. Kogure, K. Kat
and Y. ltoyama, 1994. An immunohistochemical

study of parvalbumin containing interneurons in46.

gerbil hippocampus after cerebral ischemia. Metab.
Brain Dis. 9: 225-234.

Kurosaki, R., Y. Muramatsu, M. Michimata, M.
Matsubara, H. Kato, Y. Imai, Y. Iltoyama and T.
Araki, 2002. Role of nitric oxide synthase against

MPTP neurotoxicity in mice. Neurol. Res. 24: 655-47.

662.

Streit, W.J. 1990. An improved staining metfiad
rat microglial cells using the lectin from Griffani
simplicifolia (GSA 1-B4). J. Histochem. Cytochem.
38: 1683-1686.

Kato, H., K. Kogure, T. Araki and Y. Itoyama,
1995. Graded expression of immunomolecules on
activated microglia in the hippocampus following

ischemia in a rat model of ischemic tolerance.49.

Brain Res. 694: 85-93.

Muramatsu, Y., R. Kurosaki, H. Kato and T. Arak
2004. Effect of pitavastatin against expression of
S1007 protein in the gerbil hippocampus after
transient cerebral ischaemia. Acta Physiol. Scand.
182: 95-107.

Kusakabe, K., Z.L. Li, Y. Kiso and Y. OtsukD@5.
Perforin improves the morphogenesis of mouse
placenta  disturbed by IL-2  treatment.
Immunobiology 209: 719-728.

Kirino, T. 1982. Delayed neuronal death in the

gerbil hippocampus following ischemia. Brain Res.51.

239: 57-69.
Araki, T., H. Kato and K. Kogure, 1989. Seleeti
neuronal vulnerability following transient cerebral

ischemia in the gerbil: Distribution and time 52.

course. Acta Neurol. Scand. 80: 548-553.

Nitatori, T., N. Sato, S. Waguri, Y. Karasawh,
Araki, K. Shibanai, E. Kominami and Y.
Uchiyama, 1995. Delayed neuronal death in the
CAl pyramidal cell layer of the gerbil

hippocampus following transient cerebral ischemia53.

is apoptosis. J. Neurosci. 15: 1001-1011.
Budihardjo, I., H. Oliver, M. Lutter, X. Luo drX.
Wang, 1999. Biochemical pathways of caspase
activation during apoptosis. Annu. Rev. Cell Dev.
Biol. 15: 269-290.
Adams, J.M. and S. Cory, 1998. The Bcl-2 protei
family: arbiters of cell survival. Science 281: 232
1326.
Tsujimoto, Y. and S. Shimizu, 2000. Bcl-2 famil
life-or-death switch. FEBS Lett. 466: 6-10.
Basanez, G., J. Zhang, B.N. Chau, G.L., MaksaeV
V.A. Frolov, T.A. Brandt, J. Burch, J.M. Hardwick
and J. Zimmerberg, 2001. Pro-apoptotic cleavage
products of Bcl-xL from cytochrome c-conducting
pores in pure lipid membranes. J. Biol. Chem. 276:
31083-31091.

Wolter, K.G., Y.T. Hsu, C.L. Smith, A.
Nechushtan, X.G. Xi and R.J. Youle, 1997.

224

48.

50.

55. Antonawich,

Movement of Bax from the cytosol to mitochondria
during apoptosis. J. Cell Chem. 139: 1281-1292.
Chen, J., R.L. Zhu, M. Nakayama, K. Kawaguchi,
K. Jin, R.A. Stetler, R.P. Simon and S.H. Graham,
1996. Expression of the apoptosis-effector gene,
Bax, is up-regulated in vulnerable hippocampal
CAl1 neurons following global ischemia. J.
Neurochem. 67: 64-71.

Niwa, M., A. Hara, T. lwai, S. Wang, K. Hottd,
Mori and T. Uematsu, 2001. Caspase activation as
an apoptotic evidence in the gerbil hippocampal
CAl1 pyramidal cells following transient
forebrain ischemia. Neurosci. Lett. 300: 103-106.
Himi, T., Y. Ishizaki and S. Murota, 1998. A
caspase inhibitor blocks ischemia-induced delayed
neuronal death in the gerbil. Eur. J. Neurosci. 10:
777-781.

Nakatsuka, H., S. Ohta, J. Tanaka, K. Toku, Y.
Kumon, N. Maeda, M. Sakanaka and S. Sasaki,
2000. Cytochrome c release from mitochondria to
the cytosol was suppressed in the ischemia-
tolerance-induced hippocampal CAl region after 5-
min forebrain ischemia in gerbils. Neurosci. Lett.
278: 53-56.

Yao, H., R. Takasawa, K. Fukuda, D. Shiokawa, F
Sadanaga-Akiyoshi, S. Ibayashi, S. Tamura and H.
Uchiyama, 2001. DNA fragmentation in ischemic
core and penumbra in focal cerebral ischemia in
rats. Mol. Brain Res. 91: 112-118.

Liu, X., C.N. Kim, J. Yang, R. Jemmerson and X.
Wang, 1996. Induction of apoptotic program in
cell-free extracts: requirement for dATP and
cytochrome c. Cell 86: 147-157.

Verhagen, A.M., P.G. Ekert, M. Pakusch, J.&ilk
L.M. Connolly, G.E. Reid, R.L. Moritz, R.J.
Simpson and D.L. Vaux, 2000. Identification of
DIABLO, a mammalian protein that promotes
apoptosis by binding to and antagonizing IAP
proteins. Cell 102: 43-53.

Li, P., D. Nijhawan, 1. Budihardjo, S.M.
Srinivasula, M. Ahmad, E.S. Alnemri and X.
Wang, 1997. Cytochrome c¢ and ATP-dependent
formation of Apaf-1/caspase-9 complex initiates an
apoptotic protease cascade. Cell 91: 479-489.

54. Zou, H., W.J. Henzel, X. Liu, A. Lutschg and X.

Wang, 1997. Apaf-1, a human protein
homologous to C. elegans CED-4, participates in
cytochrome c-dependent activationf caspase-3.
Cell 90: 405-413.

F.J. 1999. Translocation of
cytochrome c following transient global ischemia
in the gerbil. Neurosci. Lett. 274: 123-126.

56. Xu, L., I.L. Koumenis, J.L. Tilly and R.G. Géfifd,

1999. Overexpression of bcl-xL protects astrocytes
from glucose deprivation and is associated with
higher glutathione, ferritin, and iron levels.
Anesthesiology 91: 1036-1046.



57.

58.

59.

60.

Am. J. Biochem. & Biotech. 1 (4): 212-225, 2005

Petito, C.K., J.P. Olarte, B. Roberts, T.S. Bkwr.
and W.A. Pulsinelli, 1998. Selective glial
vulnerability following transient global ischemia i
rat brain. J Neuropathol Exp. Neurol. 57: 231-238.
Fujimoto, H., J. Kojima, Y. Yamada, H. Kandalan
H. Kimata, 1999. Studies on the metabolic fate of
pitavastatin, a new inhibitor of HMG-CoA

reductase (4): interspecies variation in laboratory62.

animals and humans. Xenobio. Metabol. Dispos.
14: 79-91.

Kajinami, K., J. Koizumi, K. Ueda, S. Miyamofb,
Takegoshi and H. Mabuchi,2000. Effects of NK-
104, a new hydroxymethylglutaryl-coenzyme
reductase inhibitor, on low-density lipoprotein
cholesterol in heterozygous familial
hypercholesterolemia. Am. J. Cardiol. 85: 178-183.
Suzuki, H., T. Aoki, T. Tamaki, F. Sato, M.
Kitahara and Y. Sato, 1999. Hypolipidemic effect
of NK-104, a potent HMG-CoA reductase
inhibitor, in guinea pigs. Atherosclerosis 146: 259
270.

225

61. Noji, Y., T. Higashikata, A. Inazu, A. Nohar4,

Ueda, S. Miyamoto, K. Kajinami, T. Takegoshi, J.
Koizumi and H. Mabuchi, 2002. Long-term
treatment with pitavastatin (NK-104), a new HMG-
CoA reductase inhibitor, of patients with
heterozygous  familial  hypercholesterolemia.
Atherosclerosis 163: 157-164.

Kuipers, H.F., A.A. Rappert, AM. Mommaas, E.S.
Van Haastert, P. van der Valk, H.W. Boddeke,
K.P. Biber and P.J. van den Elsen, 2006.
Simvastatin affects cell motility and actin
cytoskeleton distribution of microglia. Glia 53:
115-123.



