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Figume 1. The structure of BIX (13,4-dihydroxyphenyl)-2-thiocya-
nate-cthanone).

HO

protein and sample buffer with 10% 2-mercaptocthanol was subjected
o 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The
separated protein was then transferred onto a polyvinylidene difluo-
ride membrane (Immobilon-P; Millipore Corporation, Bedford, MA).
For immunoblotting, the following primary antibodies were used:
rabbit anti-CHOP polyclonal antibody (1:1000; Santa Cruz), mousc
anti-factin monoclonal antibody (1:4000; Sigma-Aldrich), and rabbit
anti-green Nuorescent protein (GFP) polyclonal anmibody (1:1000; Med-
ical & Biological Laboratories Co. Ltd., Nagoya, Japan). The sccondary
antibody used was either goat anti-rabbit HRP-conjugated (1:2000) or
goat anti-mouse HRP-mn]ug:t:cl (1 2000) The immunoreactive bands
were i using a ct 1t substrate (SuperSignal West
Femto Maximum Sensitivity Substrate; Pa:nx Biotechnology). The band
intensiry was measured using an imaging analyzer (Lumino Imaging Ana-
lyzer; Toyobo, Osaka, Japan) and a gel analysis electrophoresis analysis
sofrware (Gel Pro Analyzer; Media Cybernetics, Atlanta, GA).

Statistical Analysis

Data are presented as the means * SE. Statistical comparisons were
made by way of Dunnent's test or Student's icst using statistical
analysis software (STAT VIEW version 5.0; SAS Institute, Cary, NO). P <
0.05 was considered 1o indicate staristical significance.
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RESULTS

BiP mRNA in RGC-5 Preferentially Induced by BIX

To clarify whether BIX (Fig. 1) induces BiP in RGC-5, we used
semi-quantitative RT-PCR and realtime PCR, using a specific
primer and a TagMan probe recognizing BiP mRNA, respec-
tively. Real-time PCR revealed that the level of BiP mRNA was
significantly elevated at 0.5 to 12 h (peak at approximately 6 h)
after treatment with 50 pM BIX (Fig. 2A). At 6 h after treatment
with BIX (2 to 150 pM), BiP mRNA was increased concentra-
tion-dependently (Fig. 2B). Next, we used realtime PCR to
investigate whether BIX might affect the expressions of any
other genes related to the ER stress response, such as GRP94,
calreticulin, protein kinase inhibitor of 58 kDa (p58™™), or
asparagine synthetase (ASNS; Fig. 2C). Real-time PCR revealed
significant inductions of ASNS and calreticulin mRNAs at 6 h
after treatment with BIX at 2 and 10 pM, respectively. At 50
pM, BIX induced the mRNAs for GRP94 at 12 h, calreticulin at
6and 12 h, p58"" at 6 h, and ASNS at 12 h. In contrast, GRP94
mRNA was significantly reduced at 4 h after treatment with 50
1M BIX.

Protective Effect of BIX against ER Stress—Induced
Cell Death in RGC-5 Cells

To investigate whether BIX can prevent the cell death induced
by ER stress, RGC-5 cells were pretreated for 12 h with or
without BIX, then treated with 2 pg/ml tunicamycin, and
finally incubated for a further 48 h. Fluorescence micrographs
of Hoechst 33342 and PI staining revealed 38.4 * 4.5% cell
death (n = B) at 48 h after tunicamycin treatment, (control:
0.9 = 0.2%, n = 8), and pretreatment with BIX at 1 and 5 pM
significantly reduced this cell death (Figs. 3A, 3B). Next, we
evaluated the expression of CHOP protein after tunicamycin
treatment. There was no CHOP protein expression in either
nontreated or BIX-treated cells (Figs. 3C, 3D). On the other
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Figure 2. Effect of BIX on BiP BD{ SOpM ﬁ oM r..un,m o
mRNA expression BIXinRGCS5 cells. B =
(A) Time-dependent induction of BiP 10 50 150 pM E
mRNA after treatment with 50 uM c
BIX and (B) conccntration-depen- =
dence of BIX-induced BiP mRNA cx- =
pression are cach shown by semi- %
quantitative RT-PCR (upper panel)

and realtime PCR (lower panel).
PB-Actin mRNA is shown as an inter-
nal control. (C) Induction of GRP94,
calreticulin, p58"™, and ASNS mR-
NAs at 6 h aficr treatment with 2 or
10 uM BIX and at 2 1o 12 h afier
treatment with 50 pM BIX. Data are
shown as mean = SE (n = 3 or 4).
‘P < 0.05,*P< 0,01 versus 0 pM (A
and B) or 0 pM/0 h (O).
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Figure 3. Effects of BIX on tunica-
mycin-induced cell death and CHOP
protein expression in RGC-§ cells.
(A) RGC5 cclls were pretreated
with vehicle or with 1 uM BIX for
12 h, and then immersed in fresh

B-actin mﬁ%ﬁ]

medium (control) or in medium
supplemented with 2 pg/mlL tni-

FI
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Control

Normal

Normal BIX Tm Tm+

Tm + camycin (Tm; labeled Tm or Tm +
BIX BIX). Upper photomicrographs show
Hoechst 33342 and lower ones pro-
pidium iodide (PI) staining at 48 h
after tunicamycin stimulation. Scale
bar represents 25 pm. (B) Numbers
of Pl-positive cells after tunicamy-
cin treatment. Pretreatment of cells
with BIX (1 and 5 pM) significantly
reduced the amount of cell death
(vs. cells treated with tunicamycin
alone). (C) Immunoblot of CHOP
protein shows that tunicamycin in-
duced significant CHOP expres-
sion, and that pretreatment of cells
with BIX at 5 pM reduced this ex-
pression with no change in the
level of Bactin. Upper panel shows
CHOP and lower panel shows B-ac-

tin. (D) Quantitative representations of f-actin-based tunicamycin-induced CHOP protein expression (in arbitrary units). Data are shown as
mean * SE (# = 6 or 8). *P < 0.05, **P < 0.01 versus tunicamycin alone,

hand, tunicamycin markedly induced CHOP protein, while
pretreatment with BIX at 5 pM reduced this expression to
almost half the value seen after tunicamycin treatment alone
(Figs. 3C, 3D).

Effects of BIX on Cell Damage Induced by
Staurosporine in RGC-5 Culture

To investigate whether BIX protects non-ER stressinduced cell
death, we examined staurosporine-induced cell death. Stauro-
sporine at 30 nM for 24 h reduced cell viability to approxi-
mately 60% of control (Fig. 4). There was no statistical differ-
ence between BIX (1 and 5 pM)-treated and vehicle-treated

group.

Cell viability (% control)

Control 1 5 pM
BIX
Staurosporine

FiGure 4. Effect of BIX on the cell death induced by staurosporine in
RGC-5, RGC-5 cells were pretreated with vehicle or with BIX (1 or 5
;LMJ for 12 h and then immersed in fresh medium (control) or in

d with porine at 30 nM. At the end of this
culture pcrlod cell death was assessed by WST-8 assay (Cell Counting
Kit-8; Dojin Kagaku). Data are shown as mean * SE (n = 6).

BiP Protein in the Mouse Retina Induced by
Intravitreous Injection of BIX

Compared with that in the nontreated retina, BiP protein ex-
pression in GCL and IPL was significantly increased at 6 and
12 h after intravitreal injection of BIX (5 nmol; Figs. SA, 5B).
Optical density analysis confirmed that administration of BIX
induced BiP protein in vivo (Fig. 5D).

Intensity of BiP (pixels) in GCL
and IPL (% of Normal)

Normal 6 12h

BIX

Ficume 5. BiP protein expression in the mouse retina induced by
intravitreous injection of BIX. Immunostaining probed with an anti-
body against BiP/GRP78. (A) Nontreated, (B) 6 h, and (C) 12 h after
intravitreous injection of BIX (5 nmol). (D) Expression ratio for BiP
induction intravitreous injection of BIX is represented as the ratio of
intensity values. Data are shown as mean * SE (n = 6). *P < 0.05,
**P < 0.01 versus nontreated normal retina. Bach scale bar represenis
25 pm.
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Ficure 6. Effects of BIX on rectinal
damage induced by intravitreal injec-
tion of tunicamycin in mice. Hema-
toxylin and cosin staining of cross
sections of (A) nontreated, (B) Tm-
treated, and (C) Tm plus BX-treated
mouse retinas at seven days after in-
travitreal injection of tunicamycin (1
pug) either alone or with BIX (5
amol). (D) Damage was evaluated by
counting cell numbers in GCL at D
seven days after the above injections.
TUNEL staining of cross-sections of

(E) nontreated, (F) Tmetreated, and

(G) Tm plus BIX-treated mousc reti-

nas at scven days after the above in-
jections. (H) Effect of BIX on Tm-
induced expression of TUNEL-
positive cells at 24 h after the above
injections. Data are shown as

mean = SE (7 = 9 or 10). "P < 0.05
versus tunicamycin alone. Scale bars L]
cach represent 25 pm.

Normal Tm

Cell number (GCL)/ mm

Protective Effect of BIX against Tunicamycin-
Induced Retinal Damage in Mice

Tunicamycin decreased the cell number in GCL at 7 days after
its intravitreal injection (vs. nontreated retinas; Figs. 6A, 6B).
There was significantly less cell loss in GCL when BIX (5 nmol)
was co-administered with the mnicamycin (Figs. 6B-6D). In
addition, intravitreal injection of tunicamycin increased the
number of TUNEL-positive cells in GCL at 24 h (vs. nontreated
retinas; Figs. 6E, 6F). BIX (5 nmol), when co-administered with
the mnicamycin, significantly reduced the number of TUNEL-
positive cells (vs. tunicamycin alone; Figs. 6F-GH).

Protective Effect of BIX against Tunicamycin-
Induced Retinal Damage in Thy-1-CFP
Transgenic Mice

In this experiment on Thy-1-CFP transgenic mice, we con-
firmed the effect of BIX in a larger retinal area than that
evaluated in Figure 6D. We counted the number of Thy-1-CFP-
positive cells (in flatmounts) in the four white areas shown 1
mm from the center of the optic disc in Figure 7E, and then

FiGURE 7. Effects of BIX on retinal
damage induced by intravitreal injec-
tion of tunicamycin in Thy-1-CFP
transgenic mice. Mouse retinas (flat-
mounts) at seven days after intravit-
real injection of (A) vehicle, (B) BIX
(5 nmol), (C) Tm (1 pg), or (D) Tm E
(1 pg) plus BIX (5 nmol). Damage
was evaluated by counting Thy-1-
CFP-positive cell numbers in the
four white arcas shown in (E) (each
area 0.144 mm® X 4 arcas; total
0.576 mm®) at seven days after the
above intravitreal injections. (F) EF
fect of BIX against Tm-induced dam-
age (indicated by decreased number
of Thy-1-CFP-positive cells) at seven
days afier intravitreal injection. Data
arc shown as mean = SE(n = 9 or
10). *P < 0.05 versus tunicamycin
alone. Seale bar represents 25 pm.
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totaled these values, In the Thy-1-CFP-transgenic mouse retina,
axonal fibers were evenly and densely distributed. There were
congested CFP-positive cells in the vehicle-treated retina (Fig.
7A), and no change was observed in BIX-treated retinas with-
out tunicamycin treatment (Fig. 7B). Intravitreal injection of
runicamycin decreased the Thy-1-CFP-positive cell count at 7
days (vs. vehicle-treated retina; Figs. 7A, 70). BIX at 5 nmol,
when co-administered with the tunicamycin, significantly in-
hibited this cell loss (Figs. 7C, 7D, 7F.

Effect of BIX on Tunicamycin-Induced CHOP
Expression in Mice

Representative photograph of a nontreated retina is shown in
Figure BA. No change was observed in the BIX-treated retina
(Fig. 8B). Optical density analysis of CHOP protein immunore-
activity in GCL and IPL showed that intravitreal injection of
mnicamycin (1 pg) significantly increased the level of CHOP
protein at 72 h after the injection (Fig. BC). BIX (5 nmol), when
co-administered with the tunicamycin, significantly inhibited
this effect (Figs. 8D, BE).

F

F 1?50[
E

2 1500 *
s Eiwo
ie
249 150
&-._
g 150
3

E ¢

Vehicle BIX Tm Tm+BIX



340 Inokuchi et al.

BIX Tm

da
=
=

e
=
=3

g
S
=1

—

—

Intensity of CHOP (pixels) in
g

GCL and IPL (% of Normal)

Normal BIX

Effect of BIX on Tunicamycin-Induced XBP-1
Expression in ERAI Mice

In ERAI mice, the fluorescence intensity arising from the XBP-
1-venus fusion protein (indicating ER stress activation) can be
easily visualized, allowing evaluation of the effect of ER stress
on the retina. In the representative photographs of flatmount
retinas from ERAI mice shown in Figure 9, no difference was
observed between vehicle-treated and BIX-treated retinas (Fig.
9B). Intravitreal injection of tunicamycin (1 pg) induced XBP-
1-venus expression (vs. the vehicle-treated retina; Fig. 9C),
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Ficure 8. Effect of BIX on tunica-
mycin-induced CHOP expression in
the mouse retina, Mouse retinas
(crosssections) cither (A) nontreated
or at three days after intravitreal injec-
tion of (B) BIX (5 nmol), (C) Tm (1 pg)
or (D) Tm (1 pg)d plus BIX (5 nmol).
(E) Relative density of CHOP protein
expression in GCL and IPL at three
days afier the above intravitreal injec-
tons. Data are shown as mean * SE
(n = 6)."P < 0.01 versus tunicamycin
alone. Scale bar represents 25 pm.

Immunoblot analysis of XBP-1-venus protein expression in the
retina (using an anti-GFP antibody) showed that intravitreal
injection of tunicamycin (1 pg) significantly raised the level of
XBP-1-venus protein, and that BIX (5 nmol), when co-admin-
istered with the tunicamycin (Fig. 9D), significantly inhibited
this effect (Figs. 9E, 9F).

Protective Effect of BIX against NMDA-Induced
Retinal Damage in Mice

A representative photograph of a nontreated retina is shown in
Figure 10A. Intravitreal injection of NMDA (a) decreased the
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Tm + BIX Ficune 9. Effect of BIX on tunica-
mycin-induced XBP-1 venus expres-
sion in ERAl mice. Mousc rctinas
(fatmounts) at 24 h after intravitreal
injection of (A) vehicle, (B) BIX (5
nmol), (C) Tm (1 pg) or (D) Tm (1
pg) plus BIX (5 nmol). (E) Upper
panel shows XBP-1 venus protein ex-
pression, while lower panel shows
Pactin protein expression at 24 h
after the above injections. (F) West-

* em blot analysis showing effect of

BIX on Tmrinduced cxpression of

Bactin-based XBP-1 venus protein

expression at 24 h afier the above

injections. Data are shown as
mean * SE(n = B). "P < 0.01 versus
tunicamycin alone. Scale bars in
main photomicrographs and in {nsets
represent 25 and 5 pm, respectively,
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Figure 10. Effects of BIX on retinal
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D( 0.5 nmnl

Vehicle BIX 5 nmol

damage induced by intravitreal injec-

tion of NMDA in mice. Mouse retinas E
(crosssections) either (A) non-
treated or at seven days afier intrav- 140
itreal injection of (B) NMDA (40
nmol) alone or (C, D) NMDA (40
nmol) plus BIX (0.5 or 5 nmol). (E)
Damage was evaluated by counting
cell numbers in GCL at seven days
after the above intravitreal injections,
(F) Effect of BIX on NMDA-induced
expression of TUNEL-positive cells at
24 h afier intravitreal injection of 20
NMDA (40 nmol) ecither alone or

with BIX (5 nmol). Data arc shown as

mean * SE (n = 9 or 10). P < 0.01
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versus NMDA-treated control group.
Scale bar represents 25 pm.

cell number in GCL at 7 days (Figs. 10B, 10E) and (b) increased
the number of TUNEL-positive cells in GCL at 24 h (vs. non-
treated normal retina; Fig. 10F), BIX (5 nmol), when co-admin-
istered with the NMDA, significantly reduced (vs. NMDA
alone) both the cell loss in GCL (Figs. 10D, 10E) and the
number of TUNEL-positive cells (Fig. 10F). On the other hand,
there was no statistical difference between BIX (0.5 nmol)- and

Normal
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FiGuRe 11.  Effect of BIX on NMDA- = '8 1000
induced CHOP expression in mice, s -2
Mouse retinas (cross-sections) cither =< gm0
(A) nontreated or at three days after O
intravitreal injection of (B) NMDA -
(40 nmol) alone or (C) NMDA (40 E‘u 600 ¢
nmol), or (D) NMDA (40 nmol) plus = 8
BIX (5 nmol). (E) Relative density of = .7 400
CHOP protcin expression in GCL and 20
IPL at three days after the above in- =0 200}
travitreal injections. Data are shown
asmean = SE(n = 6), P < 0.01

NMDA

vehicle-treated group in NMDA-induced cell death in GCL
(Figs. 10C, 10E).

Effect of BIX on NMDA-Induced CHOP Expression
in Mice

A representative photograph of a nontreated retina is shown in
Figure 11A and no change was detected between nontreated

# Gl
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BIX  NMDA

versus NMDA alone. Scale bar repre- 0
sents 25 pm.
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retina and the BIX-treated retina without NMDA treatment
(Figs. 11A, 11B). Optical density analysis of CHOP protein
immunoreactivity in GCL and IPL showed that intravitreal in-
jection of NMDA (40 nmol) significantly increased the level of
CHOP protein at 72 h after the injection (Fig. 11C). When
coadministered with the NMDA, BIX (5 nmol) significantly
inhibited this effect (Figs. 11D, 11E).

DiscussioN

In the present study, we confirmed that BIX preferentially
induces BiP mRNA in RGC-5. Although it also induced GRP94,
calreticulin, pS8'F, and ASNS, these inductions were lower
than that of BiP. This is consistent with our previous study that
BIX preferentially induced BiP with slight inductions of GRP94,
calreticulin, and CHOP mediated by the activating transcrip-
tion factor 6 (ATFG) pathway accompanied by activation of
ERSEs, and that BIX does not affect the pathway downstream of
IRE1 or the translational control branch downstream of PERK
in SK-N-SH cells.** Therefore, BIX is not just an ER stressor
such as tunicamycin or thapsigargin, and we consider that the
induction of BiP by BIX is mediated by the ATF6 pathway in
RGC-5 similar to that in SK-N-SH cells. Next, we evaluated the
effects of BIX, as a preferential inducer of BiP, on ER stress-
induced in vitro cell death in RGC-5 (a rat ganglion cellline)
and in vivo retinal damage in mice. We found that BIX reduced
tunicamycin-induced cell death in RGC-5 and also reduced
both tunicamycin-induced and NMDA-induced retinal damage
in mice. Our previous study revealed that BIX (a) reduced
tunicamycin-induced cell death in SK-N-SH cells, (b) contrib-
uted to the induction of BiP expression via the ATF-6 pathway
(but not via the PERK or IRE]1 pathways), and (c) on intrace-
rebroventricular injection, prevented the neuronal damage in-
duced by focal ischemia in mice.>* Furthermore, immunostain-
ing revealed that intravitreal injection of BIX significantly
induced BiP protein in mouse retina. Particularly, it expressed
in GCL and IPL (versus both the normal and the sham retina).
On the other hand, there was little protective effect of BIX
against RGC-5 damages after staurosporine treatment. Stauro-
sporine is well known as a nonspecific inhibitor of protein
kinases and initiates caspase-dependent apoptosis in many cell
types.*'*% Our previous studies revealed that staurosporine
induced cell death without any changes in the expression of
BiP or CHOP protein.'*** Furthermore, preliminary study
showed that treatment with BIX (1 and 5 pM) did not inhibit
RGC-5 cell death 48 h after serum deprivation, which does not
induce any UPR-responses such as BiP or CHOP (unpublished
data). These results strongly support that BIX selectively pro-
tects cell damage induced by ER stress,

Recently, we reported that in mice, increased expressions
of XBP-1 splicing, BiP, and CHOP could be detected after the
induction of retinal damage by tunicamycin, NMDA, or an
elevation of intraocular pressure.'® That report was the first to
demonstrate an involvement of ER stress and BiP in retinal cell
death in mice. Hence, in the present study we asked whether
BIX can prevent such retinal damage. By histologic analysis and
TUNEL staining, we estimated that BIX reduced tunicamycin-
induced retinal damage in GCL. However, the cell counts in
partial cross sections provide a comparatively small sample on
which quantitative morphometry can be used to judge such an
effect. Therefore, we used Thy-1-CFP transgenic mice to
examine the effect of BIX in a large retinal area. This transgene
contains a CFP gene under the direction of regulatory elements
derived from the mouse Thy-1 gene, and the transgenic mice
express CFP protein in RGC and in the inner part of the IPL of
the retina.*® Our results show that BIX exerted a protective
effect against tunicamycin-induced retinal damage in the Thy-
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1-CFP transgenic mouse, However, it is possible that microglial
cells become co-labeled with CFP by phagocytosis of the dying
RGCs. In this study, we evaluated CFP-positive cells in 7 days
after unicamycin injection. In our previous and preliminary
studies, activated microglia cells in GCL were increased at 3
days after NMDA injection’® and their increases were almost
ceased within the 7 days (unpublished data). Furthermore,
microglial cells can be distinguished with neuronal cells by
their morphologic features.** In fact, microglial cells were
scarcely observed at seven days after tunicamycin injection,
similar to that at seven days after NMDA injection. When we
investigated the effect of BIX on NMDA-induced retinal damage
in ddY mice, we found that it significantly attenuated such
damage. NMDA is well known to induce RGC death and optic-
nerve loss (effects mediated by excitatory glutamate receptor),
and such neuronal death is believed to play a role in many
neurologic and neurodegenerative diseases. ¢ Recently, Ue-
hara et al*’ noted that mild exposure to NMDA induced
apoptotic cell death in primary cortical culture, and they dem-
onstrated this effect to be caused by an accumulation of polyu-
biquitinated proteins and increases in XBP-1 mRNA splicing
and CHOP mRNA (reflecting activation of the UPR signaling
pathway). They also found that protein-disulphide isomerase,
which assists in the maturation and transport of unfolded
secretory proteins, prevented the neurotoxicity associated
with ER stress. These findings suggested that activation of ER
stress may participate in the retinal cell death occurmring after
NMDA-receptor activation and/or an ischemic insult.*”

In our investigation of the mechanisms underlying the
above-mentioned effects, we focused on CHOP. Since CHOP is
a member of the CCAAT/enhancer-binding protein family that
is induced by ER stress and participates in ER-mediated apo-
ptosis, CHOP may be a key molecule in retinal cell death,*® We
found that treatment with tunicamycin induced apoptotic cell
death in RGC-5 and also induced a production of ER stress-
related proteins (BiP, the phosphorylated form of elF2«, and
CHOP protein). BIX reduced both the cell death and the CHOP
protein expression induced by tunicamycin in RGC-5 in vitro.
BIX also attenuated the CHOP protein expression induced by
either tunicamycin or NMDA in the mouse retina in vivo. As
mentioned above, BIX may affect CHOP protein expression
through ATF6 pathway, but no change was observed in BIX-
treated RGC-5. In our previous data in SK-N-SH cells, BIX
slightly increased CHOP mRNA only at 2 h after the treatment.
Expression of CHOP is mainly regulated by three transcription
factors—ATF4, cleaved ATF6, and x-box binding protein-1
(XBP-1)—which are downstream effectors during ER stress in
similar to other ER chaperones. These differences berween BiP
and CHOP expression by BIX may be due to the difference of
their promoters, CHOP promoter contains at least two ERSE
motifs (CHOP ERSE-1 and CHOP ERSE-2) located in opposite
directions with a 9 bp overlap, and one of ERSEs is inactive.*”
On the other hand, BiP promoter has three functional ERSE
motifs of the rat GRP78 promoter (ERSE-163, ERSE-131, and
ERSE-98).°° These variations in each promoter may contribute
to the differences among the expressions of ER chaperons
induced by BIX and the lack of CHOP expression.

Subsequently, we monitored XBP-1 activation in the mouse
retina in vivo, using ERAI transgenic mice.>” Effective identifi-
cation of cells under ER stress conditions is possible in the
retina in these mice, as described in our previous report.’®
Here, ERAI mice carrying the FXBP1ADBD-venus expression
gene were used to monitor ER stress. The fluorescence inten-
sity arising from the X-box binding protein (XBP1)venus fu-
sion protein, indicating ER stress activation, was increased in
cells within GCL and IPL at 24 h after injection of tunicamycin
into the vitreous. BIX significantly reduced this expression,
indicating that BIX may attenuate the retinal damage induced
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by ER stress-associated factors. In our previous study,>*
found that BIX induced BiP protein expression via the A‘I‘F6
pathway (not via other ER stress-associated factors such as the
PERK and IRE1 pathways) in SK-N-SH cells. Possibly, the pro-
tective mechanism underlying the effect of BIX on the mouse
retina may be the same as that revealed by our previous study,
but further experiments will be needed to clarify this issue.

In conclusion, we have demonstrated that BIX, a preferen-

tial inducer of BiP, inhibits both the neuronal cell death in-
duced by ER stress in vitro in RGC-5 cells and in vivo in the
mouse retina. Hence, an increase in BiP might be one of the
targets of mechanisms bestowing neuroprotection in retinal
diseases.
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Abstract—We aimed to thalidomide might
inhibit the neuronal damage resulting from focal cerebral
ischemia, and if so to explore the neuroprotecti b
nism. Focal cerebral ischemia was induced by permanent
middle cerebral artery occlusion (MCAD) in mice, and thalid-
omide was intraperitoneally administered a total of three
times (at 10 min before, just before, and 1 h after MCAD).
Thalidomide significantly reduced (a) the infarct area and
volume at 24 and 72 h after MCAD and (b) the neurological
score at 72 h after MCAOQ. Brains were also histochemically

d for apoplosis and lipid peroxidation using terminal
deoxynucleotidyl transfe liated dUTP nick end-label-
ing (TUNEL) staining and an antibody recognizing 8-hydroxy-
2'-deoxyguanosine (8-OHdG), respectively. Thalidomide re-
duced both the number of TUNEL-positive cells and the oxi-
dative damage. However, post-treatment of thalidomide
[20 mg/kg, three times (at just after, 1 h after, 3 h after MCAO)]
did not reduce the infarct volume. In an in vitro study, we
examined the effects of thalidomide on lipid peroxidation in
mouse brain homogenates and on the production of various
radical species. Thalidomide inhibited both the lipid peroxi-
dation and the p of H,0, and O, -~ (but not HO™)
radicals. We also measured the brain concentration of TNF-a
by ELISA. The TNF-x level in the brain was significantly in-
creased at 9-24 h after MCAO. However, thalidomide did not
reduce the elevated TNF-« level at either 12 or 24 h after MCAD.
These findings Indicate that thalidomide has neuroprotective
effects against ischemic neuronal damage in mice, and that an
Inhibitory action of thalidomide against oxidative stress may be
partly responsible for these neuroprotective effects. ® 2009
IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: focal cerebral ischemia, middle cerebral artery
occlusion, oxidalive stress, thalidomide, TNF-a.

Stroke is the third mosl common cause of death after heart
attack and cancer, and it has profound negative social and
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economic effects. The current lreatment for complete
stroke is only parlially successful at reversing neurodegen-
eration and restoring premorbid function. Clinical and ex-
perimental data suggest that ischemic neuronal damage is
al least parlly caused by the free-radicals production and
lipid peroxidation that occurs either during the ischemia
itself or following reperfusion (Flamm et al., 1978; Hara et
al,, 1993; Toyoda el al,, 2004). Ischemia causes an imbal-
ance between antioxidants and oxygen radicals, with an
accumulations of foxic free radicals increasing the suscep-
tibility of brain tissues to oxidative damage via inflamma-
tion, apoplosis, lipid peroxidation of membranes, and DNA
oxidation (Chan et al., 2001). Hence, one of the prime
goals of neuroprolective slrategies is to reduce oxidative
damage, and indeed edaravone, a radical scavenger, has
been an approved neuroprotective agent for the treatment
of acute cerebral infarction since 2001 in Japan.

Thalidomide [a-(N-phthalimido)-glutarimide] was first
released in Europe and Canada as a rapidly acting and
hangover-free sedative in 1956. Reports of phocomelia in
the infants bom to women who had taken thalidomide
during pregnancy started to surface a few years later,
leading to its withdrawal from the market. Despite ils ter-
atogenicity, thalidomide was approved by the United
States Food and Drug Administration in 1998 as a treat-
ment for erythema nodosum leprosum. The clinical effi-
cacy of thalidomide against inflammatory and autoimmune
diseases is attribuled in part to ils ability to inhibit TNF-«
production (Sampaio et al., 1991; Moreira et al., 1993;
Klausner et al., 1996). It has been reported that thalido-
mide reduces ischemic injury of the spinal cord in rabbits
(Lee et al., 2007), and that it decreases polymorphonu-
clear leukocyte infiltration, retinal edema, and the synthe-
sis of vascular endothelial growth factor (VEGF) and
TNF-a following ischemia/reperfusion injury to the guinea-
pig retina (Aydogan et al., 2007).

TNF-e, a cytokine involved in systemic inflammation, is a
member of a group of cylokines that all stimulate the acute
phase reaction. TNF causes apoplotic cell death, cellular
proliferation, inflammation, and tumorigenesis. At 6 and 22 h
afler middle cerebral artery occlusion (MCAQ), aclivated
spleen cells are major secretors of TNF-a and some other
cytokines (Offner et al., 2006). This response is associaled
with marked proinflammatory changes in the brain. Thus, the
neuroimmune axis appears 1o have a feedback loop in which
focal cerebral ischemia resulls in widespread activation of
inflammalory cytokines in peripheral immune organs, and
this in tum modulates CNS pathophysiology.

Given the background described above, we performed
the present study to examine the neuroprotective effects of
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thalidomide against infarction, neurological deficits, and apo-
ptosis in @ murine focal cerebral ischemia model. In addition,
we studied the mechanism of action of thalidomide, focusing
on the extent to which ischemia induced TNF-« production in
the ischemic brain (by ELISA) and oxidative stress [by as-
sessing (i) radical-scavenging capacity in neuronal cells, (i)
immunohistochemical changes using 8-hydroxy-2'-deox-
yguanosine (8-OHdG), (iii) lipid peroxidation in mouse brain
homogenales using an assay for thiobarbituric acid (TBA)
reactive substance, (iv) diphenyl-p-picrylhydrazyl (DPPH)-in-
duced free radicals by electron spin resonance (ESR)-spin
trapping and absorbance determinations).

EXPERIMENTAL PROCEDURES
Animals

The experimental designs and all procedures were in accordance
with the U.S. National Institutes of Health Guide for the Care and Use
of Laboralory Animals and the Animal Care Guidelines issued by the
Animal Experimental Committee of Gifu Phamaceulical University.
All efforts were made lo minimize both suffering and the number of
arﬂnlalslsadﬁulinwmmeﬁmenbmparhmedmhgmala
ddY mice (4 weeks old; body weight 22-28 g; Japan SLC Lid.,
Shizuoka, Japan). The animals were housed al 24+2 "C under a
12-h lightidark cycle (lights on from 07:00-19:00 h). Each animal
was used for one experiment only.

Drugs .

Thalidomide was synlhesized al the Department of Materials En-
gineering (Prof. N. Shibata), Nagoya Inslitste of Technology
(Nagoya, Japan). 2,3,5-Triphenylletrazolium chioride (TTC), so-
dium pentobarbital, and isoflurane were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA), Nissan Kagaku (Tt okyo, Japan),
and Merck Hoei Lid. (Osaka, Japan), respedively. DPPH and
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich
and Koso Chemical (Tokyo, Japan), respeclively.

Focal cerebral ischemia model in mice

Anesthesia was induced using 2.0-3.0% isoflurane and main-
tained using 1.0-1.5% isoflurane (both in 70% N,O/30% O,) by
means of an animal general anesthesia machine (Soft Lander;
Sin-ei Industry Co. Lid., Saitama, Japan). Body temperature was
maintained al 37.0-37.5 "C with the aid of a heating pad and
heating lamp. Afler a midline skin incision, the lett external carotid
arlery was exposed, and ils branches were occluded (Hara et al.,
1996, 1997). An 8-0 nylon monofilament (Ethicon, Somerville,
NJ, USA) coated with a mixture of silicone resin (Xanlopren; Bayer
Dental, Osaka, Japan) was introduced inlo the left intemnal carotid
arlery through the common carotid artery so as 1o occlude the origin
of the middie cerebral arery. Then, the left common carolid artery
was occluded. After the surgery, the mice were kept in the preoper-
alive condition (room temperature; 24 +2 *C) until sampling.

Thalidomide treatment

Thalidomide or DMSO 0.8 ml/kg (vehicle) was administered intra-
periloneally (10, 20 and 50 mg/kg in DMS0) a lotal of three times
(at 10 min before, just after, and 1 h after MCAO, or at just after,
1 h afier, and 3 h after MCAO).

Physiological monitoring

A polyethylene catheler inserled into the left femoral arlery was
used lo measure arerial blood pressure (MABP) and heart rate

(Power Laboralory/8SP; AD Instrument, Osaka, Japan) 20 min
before and 30 min ater MCAO. Blood samples (50 ul) were taken
before and at 30 min after the onsel of ischemia for pH, pCO,, and
pO; being measured (i-STAT 300F; Abbott Co., Abbolt Park, IL,
USA). Regional cerebral blood flow (rCBF) was monitored by
Doppler flowmetry (Omegaflow flo-N1; Omegawave Inc., Tokyo,
Japan). A flexible probe was fixed to the skull (2 mm posterior and
6 mm laleral lo bregma).

Assessment of cerebral infarction

To analyze infarct volume, mice were euthanized using sodium pen-
lobarbilal al 24 h or 72 h after MCGAO, and forebrains were seclioned
mmmmmmwd@Mamﬁmm%m
at 37 *C for 30 min. The infarcled areas and volumes were recorded
as images using a digilal camera (Coolpix 4500; Nikon, Tokyo,
Japan), then quantified using an Image J (hitp:/irsb.info.nih.gov/
jdownload/) and calculaled as in a previous report (Hara el al,
1997).

Neurological deficits

Mice were tested for neurological deficils at 72 h after MCAO.
Scoring was done as described in our previous study (Hara et al.,
1996), using the following scale: 0, no observable neurological
deficits (normal); 1, failure to extend the right forepaw (mild); 2,
circling lo the conlralaleral side (moderate); 3, loss of walking or
righting reflex (severe). The investigator (K.H.) who rated the mice
was masked as lo the group lo which each mouse belonged.

Terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling (TUNEL) staining

The TUNEL assay was performed according to the manufaclurer's
instructions (Roche Molecular Biochemicals Inc., Mannheim, Ger-
many). Ischemic areas of corical brain seclions 0.4-1.0 mm
anterior 1o bregma (through the anterior commissure) were ex-
cised and used. For lhe identification of brain struclures, we
referred lo a mouse brain allas (Paxinos and Franklin, 2001). The
brains were removed, fixed ovemnight in 4% paraformaldehyde, and
immersed for 1 day in 25% sucrose with PBS. The brains were then
embedded in a supporfing medium for frozen-tissue specimens
(OCT compound; Tissue-Tek). Cerébral sections 10 um thick were
cut on a aryostat al ~25 "C, and stored at —80 “C until staining. Afler

~ twice washing with phosphate-butiered saline (PBS), sections were

incubaled with terminal lransferase (TdT) en-
zyme al 37 °C for 1 h. The seclions were washed lhree limes in PES
for 1 min al room temperalure. Sections were subsequenlly incu-
bated with an anti-fluorescein antibody—peroxidase conjugate at
room lemperalure in a humidified chamber for 30 min, and then
developed using DAB tetrahydrochloride peroxidase subslrale.

Immunohistochemistry for 8-OHdG

Twenty-four hours after MCAOQ, mice were perfusion-fixed using
heparinized saline followed by 4% paraformaldehyde in PBS, and
the forebrain was processed and paraffin-embedded. After depar-
affinization, seclions were microwaved for 10 min at 121 °C in 10
pmolA cilric acid (pH 6.0), then allowed to cool lo room tempera-
ture for 60 min. Seclions were rinsed three limes in PBS, incu-
baled in 3% H,0, in methanol for 30 min, then placed in PBS and
blocked with 1% mouse serum for 30 min. A monoclonal antibody
against B-OHdG was applied lo seclions ovemight at 4 *C. Sec-
ondary antibody (M.O.M. biotinylated anti-mouse) was applied for
10 min. The avidin/biotinylated horseradish peroxidase complex
(ABC Elile kil; Veclor Laboratories, UK) was applied for 30 min,
and the seclions were allowed to develop chromogen in 3,3-
diaminobenzidine + nicke! solution (Sigma-Aldrich) for 2 min. Isch-
emic areas of coriical brain sections 0.4-1.0 mm anleror 1o
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Table 1. Physiological paramelers measured 10 min before and 30 min afler MCAQ in vehicle group and thafidomide group

Paramelers Vehicle Thalidomide
Before During Before During

MABP (mm Hg) 6337 72233 © 66258 74235
Hear rate (per min) 403+15 390 +14 42129 442 =31
pH 7.34:001 7.35=0.01 7.35:0.02 7.33:0.03
Arderial pCO, (mm Hg) 27+54 28145 316237 30+0.7
Arterial pO, (mm Hg) 184=8.0 204=43 16812 158+123
rCBF (mimin per 100 g) 73.8=8.1 181225 71.2+59 1WAx72
% of before 100 245237 100 240+B6

None of the parameters analyzed was significantly different among the groups. Indicated values are expressed as mean*S.E, n=3,

bregma (through the anlerior commissure) were excised and
used. Therefore, in the present study, we cul coronal sections
through the infarction (bregma 0.5 mm).

Cell counting

To gquantity lhe number of DNA-fragmenled cells present after
MCAO, tha numbers of TUNEL-posilive cells in the caudate-
pulamen (as lthe ischemic core) and corlex (as lhe ischemic
penumbra; iwo areas) were counled in a high-power field (x200)
on a seclion through the anterior commissure by a masked investi-
galor (K.H.). Each count was exp d as numb 2 (n=Bor 7).

Measurement of brain TNF-«

Twenty-four hours after MCAQ, brains of mice were removed and
the infarcled area cut out, Then, these tissues were cenlrifuged at

Vehicle

Thalidomide

—O—Vehicle

=

[
(=
1

—
h
T

Infarct area (mm?)
i 6

o

0 2 4 6 &8
Coronal slice (mm)

10 12

—o—Thalidomid 10 1)~
—d— Thalidomide 20

10,000 rpm for 20 min. ARer thal, the supemalan! fluid was
removed and preserved at —80 “C. Then, the brain contents of
TNF-« were measured by ELISA according 1o the kit instructions
provided by R&D Syslems (Minneapolis, MN, USA) for the Quan-
tikine Mouse TNF-oTNFSF1A. immunoassay. The sensifivity of
this assay is ~5.1 pg/ml.

RGC-5 culture

Retinal ganglion cells (RGC-5) were presenled by Dr. Agarwal
(Depariment of Palhology and Analomy, UNT Health Science
Center, Fort Worth, TX, USA). RGC-5 were maintained in DMEM
containing 10% FBS, 100 U/mi penicillin (Meiji Seika Kaisha Ltd.,
Tokyo, Japan), and 100 pg/ml streplomycin (Meiji Seika Kaisha
Lld.) under a humidified almosphere of 85% air and 5% CO, at
37 "C. The cells were passaged by Irypsinization every 3-4 days,
as described in a previous report (Krishnamoorthy el al., 2001).

c

0'Vehicle 10 20 mg/ke

Thalidomide

Fig. 1. Effecls of thalidomide on infarction at 24 h after MCAD in mice. (a) TTC staining of coronal brain sections (2 mm thick) at 24 h afier permanent
MCAD in representative mice. Upper panels, vehicle-injecled (control) mice. Lower panels, thalidomide (20 mgkg, i.p., given lhree times)-realed
mice. (b) Brain infarcl area measured at 24 h afler MCA occlusion. Brains \nrars removed and the forebrains sliced into five coronal 2-mm sections.,

ide on infarct

d al 24 h after MCAD). * P<0.05 vs, vehicle, n=8-15.

* P<0.05, vs. vehicle, n=8-15. (c) Effects of thalid
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Radical scavenging-capacity assay

This assay was measured in RGC-5 cellular radical CM-
H,DCFDA was converted with DCFH by being taken into the cell
and baing cul with the inlracellular enzyme (eslerase). Radical
species (H,0,, O,'", and HO') oxidize nonfluorescant di-chlo-
rofluorescein (DCFH) lo fluorescent di-chlorofluorescein (DCF).
Experiments were performed in D-MEM medium al 37 "C (Adom
and Liu, 2005). To examine lhe anlioxidan! effects of thalidomide
against radical species (H,0,, 0,', and HO’), RGC-5 cells were
seeded at 2x10° cells per well inlo 96-well plales. Afler incubating
for 1 day, cells were washed by 1% FBS in D-MEM. We ex-
changed the cell culture medium to new D-MEM containing 1%
FBS with thalidomide or vehicle for 1 h. The cellular radical probe
CM- was added for 20 min and cells were washed with
1% FBS D-MEM wilh thalidomide or vehicle. Fluorescence was
measured afler adding reactive oxygen species (ROS)-generating
compounds for various lime-periods using excitalion/emission
wavelengths of 485/535 nm (Skan It RE for Varioskan Flash 2.4;
Thermo Fisher Scientific, Waltham, MA, USA). H,0, radicals were
generaled by lrealment with H,0, al 100 uM, O,’" radicals were
generaled following treatment with KO, at 100 uM, and
HO'radicals genaraled by treatment with H,0, al 1 mM plus Fe
parchlorale (Il) at 100 M. Radical inlegral was calculaled by
integrating the area under the CM-H,DCFDA fluorescence Inlen-
sity curve for 20 min after R unds trealment.
Resulls represent the averages=5.E. of four independent exper-
iments, with each trealment perormed in duplicate.

~—0— Vehicle
=& Thalidomide

0 2 4 6 8 10

12

763

ESR-spin trapping determinations of DPPH-induced
free radical

The stable free radical, DPPH, was dissolved in ethanol (200 uM).
The DPPH solution (250 ul) and a sample solution (250 ) were
mixed, and DPPH radical was measured afler 90 s. The sample was
dissolved in a midure of ethanol and DMSO (9:1). The concenlra-
lions of DPPH radical wen calculated from the double integrals of
DPPH radical spectra (the areas of the DPPH radical spectra).
The measuremenl conditions for ESR (JES-FA200; JEOL Lid.,
Tokyo, Japan) were as follows: field sweep 305.0-335.0 mT; field
modulation frequency, 100 kHz; field modulation width, 0.10 mT:
amplitude, 500; sweep lime, 4 min; time constant, 0.3 s; micro-
wave power, 4 mW.

DPPH-induced free radicals

Free radical-scavenging activity was delermined by the method of
Mellors and Tappel (1966), which involved adding 0.125 ml of
thalidomide or trolox solution (in DMSO) to 0.75 ml of elhanolic
DPPH. The resulling decrease in DPPH absorplion at 517 nm was
measured after 30 min.

Lipid peroxidation in mouse forebrain homogenate

The supernalant fraction of a forebrain homogenale obtained from
male adult ddY mice was as described elsewhere (Hara
and Kogure, 1990). Brain tissues were homogenized in a glass—
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Fig. 2. Effects of thalidomide on infarction at 72 h after MCAO in mice. (a) Brain infarct area measured at 72 h afler MCAO. Brains were removed
and the forebrains sliced into five coronal 2-mm sections. * P<0.05 vs, vehicle, n=12-14, (b) Effecis of thalidamide on infarct volt ed al
72 h after MCAD). * P<0,05 vs. vehicle, n=12-14. (c) Effects of thalidomide on qgical deficils ( i at 72 h after MCAQ). 'P-cﬂﬂﬁvs

Vehicle, n=12.
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Teflon homogenizer in 4 vols. of ice-cold phosphale-saline bulfer
(50 mM, pH 7.4), and the homogenale was slored al —80 "C. The
slock brain homogenale was diluled 10-fold with the same buffer,
then 2 mi portions of the diluted homogenate were added lo 10 ul
of the lest compound and incubaled sl 37 "C for 30 min. The
reaclion was slopped by adding 400 pl of 35% HCIO,, followed by
cenfrifugation al 2800 rpm for 10 min. The supematanlt (1 ml) was
heated with 0.5 mi of TBA solution (5 g/l in 50% acetic acid) for 15
min al 100 *C. Absorbance was then measured al 532 nm.

Statistical analysis

All data are presented as means=S.E. Slatistical comparisons
were made using a one- or Iwo-way analysis of variance followed
by Studant's f-tast or Dunnett's test. Slal View software version
5.0 (SAS Inslitule Inc., Cary, NC, USA) was used. * P<0.05 was
considered stalistically significanl.

RESULTS
Physiological parameters

There were no significant differences in MABP or hearl
rate, in arterial pH, pCO,, or pO,, or in rCBF between the
vehicle- and thalidomide-treated groups (Table 1). Surface
rCBF was reduced to approximately 25% of the baseline
value immediately after MCAO in all mice (Table 1).

a Cc

A: Penumbra
B: Core 0

Infarction and neurological deficits

Twenty-four hours afler MCAO, mice developed infarcts
affecling the cortex and striatum. Thalidomide at 20 mg/kg,
i.p., but not at 10 or 50 mgkg, i.p. (given three times:
namely, al 10 min before, just after, and 1 h after MCAQ)
decreased infarct area and volume al 24 h after MCA
occlusion (Fig. 1a—-c). Futhermore, al 20 mg/kg thalido-
mide significantly reduced infarct area, infarct volume, and
neurological deficits at 72 h after MCAO (Fig. 2a—c). On the
other hand, there was no significant change in infarct volume
in post-treatment (at just after, 1 h afler, and 3 h after MCAQ)
(vehicle; 73.5+5.9 mm?, n=15 vs. thalidomide; 69.7+8.3 mm®,
n=13). In regional analysis, thalidomide at 20 mg/kg, i.p.
reduced both infarct area and infarct volume in the corex
and the subcortex (data not shown).

Histological observation

The morphological features of TUNEL-stained cells are
shown in Fig. 3. TUNEL-positive cells (exhibiting shrunken
czll bodies and condensed nuclei) were distributed in the is-
chemic penumbra (Fig. 3a-A) and core (Fig. 3a-B) in the
MCA teritory. Thalidomide at 20 mgkg, i.p. (given three

OVehicle
B Thalidomide

Core

Penumbra

Vehicle

Thalidomide

Fig. 3. Effect of thalidomide on TUNEL staining at 24 h afler MCAO in mice. (a) Schnmnﬂn arawlng showing brain reglons at 0.4-1.0 mm anterior

1o bregma (through the anterior commissure): (A, B) measurement areas In &

h p and ischemic core, respectively, The number of

TUNEL-positive cells was counted In each of these areas, the average of the numbers obtained !n the various seclions for area A or B being taken
as Ihe number for the ischemic penumbra area or ischemic core area, respectively. (b) Thalidomide al 20 mg/kg, i.p. (given three limes) reduced the
number of TUNEL-posilive cells (vs. Vehicle trealment) in both the ischemic penumbra and the ischemic core. Scale bar=25 um. (c) Quantitative
representation of TUNEL-pasitive cells in ischemic penumbra and core areas in mice treated with thalidomide or vehicle (see above). * P<0.05 vs.

Vehicle, n=5,
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times) significantly reduced the number of TUNEL-positive
cells in both the ischemic penumbra and core (Fig. 3).

TNF-a concentration in MCAO-induced ischemic
brain (by ELISA)

We first lesled whether MCAO treatment increased the con-
cenfration of TNF-a in the ischemic brain. A significant in-
crease in TNF-a concentration was delected as early as 9 h
after MCAO. Then, we tested whether thalidomide at 20 mg/
kg, ip. (given three times) would decrease the MCAQ-in-
duced effect. We found no significant differences between
the vehicle and thalidomide groups at either 12 or 24 h after
MCAO (Fig. 4).

Effects of thalidomide on intracellular oxidation

To investigale the effects of thalidomide on the production of
hydrogen peroxide (H,O, radical), superoxide anion (O, - ),
and hydroxyl radical ( - OH), we employed a radical scaveng-
ing-capacity assay using the ROS-sensilive probes CM-
H;DCFDAar\dAPF.mBIdneticsofROSraacﬁmy(morﬂ—
tored as fluorescence generation) are shown in Fig. 5 (a, c,
and e), with quantification in Fig. 5 (b, d, and 1). H,0, radicals
were generaled by treatment with H,0, at 1 mM, and
thalidomide at 0.1-10 M scavenged the H,0, radical
(Fig. 5b). O, - ~ radicals were generated following treat-
ment with KO, at 1 mM, and thalidomide at 1 and 10 M
scavenged the O, - ~ radical in a concentration-dependent
manner (Fig. 5d). In contrast, the - OH radicals generated

a

b
w o

TNF-a (pg/myg protein)
- B8

10 1 . -
nnk
" i B

Control | 3 ]

TNF-& (pg/mg protein) i
vy

W

Velicle Thaid
1Ih 24h

Control V Thalid,

Fig. 4. Brain concentrations of TNF-a measured by ELISA. (a) Time
course of changes in brain concenlrations of TNF-a at 1-24 h after
MCAD. (b) Effect of thalidomide at 20 mgkag, L.p. (given three limes) on
TNF-a production at 12 and 24 h after MCAO, * P<0.05 vs. Control,
n=6-15.

by treatment with H,0, at 1 mM plus Fe perchlorate (I1) at
100 uM were not scavenged by thalidomide at 0.1 1010 uM

(Fig. 5f).
Effects of thalidomide on DPPH-induced free radicals

An inducer of stable free radicals, DPPH, was used lo
assess the radical-scavenging aclivities of thalidomide
(which was extracted with athanol) and trolox (1-100 pM)
(a derivative of a-tocopherol; vitamin E). In ESR-spin trap-
ping determinations, trolox (1-100 uM) reduced DPPH-
induced free radical activity in a concentration-dependent
manner. In contrast, thalidomide did not decrease DPPH-
induced free radical activity, but trolox (10 M) did (Fig. 6).

Effect of thalidomide on lipid peroxidation

The malondialdehyde (MDA) level in the supernatant from
mouse forebrain homogenates increased after a 30 min
incubation at 37 *C. The amounts of TBA substance (% of
vehicle control) detected in the presence of thalidomide
(0.1, 1, and 10 pM) were 95.2+2.3%, 94.9+1.4%, and
90.8x1.4%, respeclively (each, n=6). The data show that
thalidomide inhibited lipid peroxidation in a concentration-
dependent manner, with a significant difference between
the control and thalidomide-treated groups being detected
al a concentration of 10 uM (P<0.05). Trolox at 100 uM
significantly inhibited lipid peroxidation (P<0.01) (Table 2).

Anti-oxidative effect of thalidomide on focal ischemic
brain in mouse

We examined the neuroprotective effects of thalidomide
against MCAO-induced oxidative stress by performing im-
munohistochemical analysis for B-OHdG, a marker of DNA
damage, in the forebrain. No positive staining was de-
tected in the sham group. At 24 h afler MCAO treatment,
however, strong 8-OHdG-immunoreactivity was detected
in the penumbra area in the vehicle group (Fig. 7b, c). Tha-
lidomide at 20 mglkg, i.p. (given three times) significantly
reduced the number of 8-OHdG-posilive cells (Fig. 7b, c).

DISCUSSION
Neuroprotective effects of thalidomide

The main aim of this study was to investigate the neuro-
protective effects of thalidomide. In a previous report, tha-
lidomide reduced ischemic injury of the spinal cord in the
rabbit (Lee et al., 2007), but as far as we are aware little is
known about any effects of thalidomide against ischemic
brain damage. We therefore investigated the neuroprotec-
tive effects of thalidomide in mice in which focal cerebral
ischemia was produced by permanent MCAO, and we also
explored its mechanism of action. We found that thalido-
mide displayed neuroprotective effects against histological
injury in both the cortex and subcortex, and also against
the neurological deficits evident after ischemia, When ad-
ministered three times (at 10 min before, just before, and
1 h after MCAO), thalidomide reduced neuronal damage
(infarct area and infarct volume) and functional damage
(neurological deficit) at 24 h and 72 h after MCAO and at



766 K. Hyakkoku el al. / Neuroscience 159 (2009) 760769

HO-

0.5

0 i i i ]

a C
H,0,
10 6
8
@ —— Control
2 —+— Vehicle
S ——— 0.1 pM 2r
= —— | pM
—e— l0uM AL
0 i o iite P
0 5 10 15 20min 0 5
12001
10001

Radical Integral

0" Cont. Veh. 0.1
Thalidomide

Fig. 5. Time-kinetic and tration-resp data for

10pM 9 Cont. Veh 01 1 10uM
Thalidomide

idant aclivilies of thalidomid { producti

15 20 min 0 5 10 15 20 min

450 7

0 Cont. Veh. 0.1 | 10 pM
Thalidomide

of varicus radical species (H,0,,

0, - ~, and ‘- OH) in neuronal cells (RGC-5). (a, ¢, e) Cell cullures were raated with thalidomide (D 1,1 0 or 10 uM) for 1 h, and then CM-H,DCFDA

al 10 xM (H,0, O, " ~) or APF a1 10 xM (- OH) was added for 20 min. ROS-p

duction was stimulated with H,0, a1 1 mM, with KO, at 1 mM, or

with H,O, at 1 mM plus ferrous perchiorate (1) at 100 uM, and fi

was ed at

lime-points. (a) The kinelics of DCFH oxidation

by H,0, in RGC-5. (c)TheklrulhofDCFHmddnﬂmbyO,’ in RGC-5. (e) The kinetics of DCFH oxidation by HO'in RGC-5. (b, lii]lntngrnlofﬁos

production from the ll'n- fics gra | was
were (b) H,0,, (d) O,
72 h after MCAO, respectively. We additionally examined
the effect of post-treatment of thalidomide. Thalidomide at
20 mg/kg was administered intraperitoneally at three limes
(at just after, 1 h after, 3 h after MCAD). In results, there
were no significant changes in infarct volume between
vehicle and thalidomide groups. The post-ireatment of tha-
lidomide only resulted in trace amounts reaching the brain
because we used the MCAO permanent model, which
limits vascular flow in the middle cerebral artery. Report-
edly, post-treatment of thalidomide did not affect ischemic
injury of spinal cord in rabbits, although pre-ireatment pre-
venled the injury (Lee et al., 2007). Therefore, our resulls
were consistent with this previous report.

Involvement of angiogenesis

Vascular endothelial growth factor (VEGF) was expressed
in the brain edema area afier cerebral vein occlusion
(Kimura et al., 2003). VEGF is an angiogenic factor that
was first purified from the ascitic fluid of guinea pigs im-

ph. "‘im{n.n.a).udeauwh'mparhwuwﬁmmm Radical spacies
=, and (f) - OH. Data are shown as mean+S.E, n=6.* P<0.05, ** P<0.01 vs. Vehicle-ireatment alone,

planted with hepatocarcinoma cells (Senger et al., 1983)
and induced by hypoxia (Schoch et al., 2002). Increases in
VEGF were delecled at 2 h after ischemia. Increased
levels of VEGF were delected at 28 days after ischemia.
The VEGF induction is most prominent in the cytoplasm of
neurons (Hayashi et al., 1997, Marti et al,, 2000). VEGF
has been suggested as a new therapeutic mediator for
ischemic diseases because of the angiogenic and neuro-
protective effects. However, VEGF also increases vascular
permeability, which could increase brain edema. There-
fore, in the acute stage of brain ischemia, the effect of
VEGF may be considered controversial. In our previous
report, to investigate the anti-angiogenesis of thalidomide
on tube formation by endothelial cells in vitro, HUVECs
were co-cultured with fibroblasts in the presence of thalid-
omide, VEGF stimulaled the formation of capillary-like
structures by HUVECs, and thalidomide suppressed
HUVEC tube formation in a concentration-dependent man-
ner, ils effecls being significant al a concenlration of
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100 M (Yamamoto et al., 2008). In the present study,
thalidomide at 0.1-10 uM inhibited the oxidation induced
by radical species. In the present vivo study, we treated
thalidomide at 20 mg/kg. Brain concentration of thalido-
mide (38 mg/kg) at 1.5 h after oral administration was
54 pM (Nicholls, 1966). It was suggested that an anti-
angiogenesis effect of thalidomide needs higher concen-
trations (more than 100 uM) in brain, and the brain con-
centration estimated in our study was not reached to this
concenlration (100 xM). Taken together, the neuroprotec-
tive effect of thalidomide was detected at lower concentra-
tions than anti-angiogenesis. Therefore, an anti-angiogen-
esis effecl of thalidomide at 20 mg/kg, i.p. (in the present
sludy) may not affect on its neuroprotective effects. We
additionally examined the effect of thalidomide in a higher
dose [50 mg/kg, 1.p., three times (10 min before, just after
and 1 h after MCAO)] on infarct volume, but there were no
significant changes between vehicle and thalidomide
groups. Thalidomide has anli-angiogenic effects based on
inhibitory of VEGF. As mentioned above, a high dose of
thalidomide at 50 mg/kg and more may aggravate the
stroke oulcomes by the effect of anti-angiogenesis.

Involvement of TNF-«

Next, we measured the brain concentrations of TNF-a by
ELISA analysis. We found a significant increase in the

TNF-a level in the brain as early as 9 h after MCAO, but
there was no significant difference belween the vehicle
and thalidomide groups at either 12 or 24 h after MCAO
(Fig. 4). One of the effects of thalidomide is known to be an
inhibition of TNF-q, but in the present study such an effect
was nol observed in associalion with its effects against
ischemic brain injury. In previous reports, depending on
lhe type of calls stimulated with lipopolysaccharide (LPS)
in vitro, thalidomide (used at concentrations that can be
achieved in vivo) eilher enhanced or suppressed the syn-
thesis of TNF-« (Miyachi et al., 1996; Shannon and San-
doval, 1996), suggesting that thalidomide can act as a
regulator of the TNF-« level. Taken together TNF-a may
nol involve in the neuroprolective action of thalidomide in
the present study.

Effect of thalidomide on oxidative stress

ROS such as H,0,, nitric oxide (NO), superoxide anion
(O * 7). and hydroxyl radical (OH) have been implicated in
the regulation of many important cellular events, including
transcription-factor aclivation (Schreck et al., 1991), gene
expression (Lo and Cruz, 1995), and cellular proliferation
(Murrell et al,, 1990). However, excessive produclion of
ROS causes events leading to death in several types of
cells (Wolfe et al,, 1994), and indeed ROS have been
shown 1o induce death in vifro in cultured neurons (Ratan
el al., 1994), It is known that cells possess antioxidant
systems controlling the redox state, which is important for
their survival, and H,0, is often used to invesligate the
mechanism underlying ROS-induced cell death (Goldshmit
et al.,, 2001). Since litlle is known about the anti-oxidative
effects of thalidomide, we measured its radical-scavenging
capacily in neuronal cells. We found that thalidomide sig-
nificantly decreased the generation not only of H,0,, but
also of O, - 7; indeed, our findings indicate that thalido-
mide has radical-scavenging capacity. We therefore exam-
ined the effect of thalidomide against MCAO-induced oxi-
dative stress by performing immunohistochemical analysis
for 8-OHdG. Oxidative stress is strongly related to the
ischemic reperfusion model because after a reperfusion
treatment, a great deal of ROS is produced. These ROS
aggravale ischemic injury in brain. Therefore, the ischemic
reperfusion model may be more appropriate than the per-

Table 2. Thiobarbiturie acid reactive substance in mouse forebrain
homogenales

Treatments Concentration (M) % of control
Control 100
Thalidomide 01 852+234
1 94,9+1.37
10 20.8+1.40°
Trojx 100 38.6=1.04

Thalidomide and trolox each reduced lipid peroxidation In mice
forebrain homogenates.
* P<0.05 vs. control. Indicated values are expressed as mean=S.E.,
n=8.
** P<0.01 vs. control, Indicated values are expressed as mean+5.E.,
n=6.
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Fig. 7. Effect of thalidomide on MCAO-induced 8-OHdG-positive expression cells in brain al 24 h after MCAO lreatment in mice. (a) Schematic
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of 8-OHdG-positive cells in ischemic brains treated with thalidomide or vehicle. * P<0.05 vs. Vehicle, n=5. Scale bar=25 um,

manent model lo examine the antioxidation of thalidomide
in cerebral ischemia. However, in clinic, the permanent
ischemic model is more similar to an actual clinical condi-
lion in human than the reperfusion model. Therefore, we
examined this effect by using the permanent model in the
present study. Our data indicate that it reduced the number
of B-DHdG-posilive cells in both the ischemic core and
penumbra areas. Furthermore, thalidomide inhibited lipid
peroxidation in mouse forebrain homogenales in a concen-
tration-related manner.,

An antioxidation effect of thalidomide was not delecled
in the ESR assay or DPPH-induced free radical assay (Fig.
6). However, thalidomide had protective effects on lipid
peroxidation and some radicals in the presence of cells
(Fig. 5 and Table 2). In previous studies performed in the
absence of microsomes, thalidomide had no effect on
either microvessel formation or cell proliferation, suggest-
ing that metabolites of thalidomide (4-OH-thalidomide,
3-OH-thalidomide, 3'-OH-thalidomide, 4'-OH-thalidomide,
and/or 5'-OH-thalidomide) may be responsible for its anti-
angiogenic effects (Bauer et al., 1998). Since in the
present study an antioxidation effect of thalidomide was
observed in the presence of cells, but not in their absence,
lhe abovementioned metabolites of thalidomide may be
responsible for its antioxidation effects as well as for its
anti-angiogenic effects. However, further experiments will
be needed fo clarify the detailed mechanism(s).

Concentrations of thalidomide in vitro and in vivo

Recommended oral doses of thalidomide for the treatment
AIDS and leprosy in adult human are 2001200 mg/day, and
by assuming an average body weight of 60 kg in human, we
can estimate 3-20 mg/kg/day in animals. Therefore, we used
10 and 20 mg/kg as the experimental doses of thalidomide.
The doses used in the present study were close lo those ina
previous study (Lee et al., 2007). Furthermore, after a single
oral dose of 200 mg of thalidomide (as the US-approved
capsule formulation) in heallhy volunteers, the absorption
was found to be slow and this resulted in a peak serum
concentration (C,,,,.) of 7.7 uM and in the present in vifro
sludy, thalidomide at 1 and 10 pM showed antioxidation
effects (Fig. 5). The concentrations of thalidomide were con-
sistent with those of our in vitro effects. In a previous repor,
the concentration of [“Clthalidomide in brain was 5.4 uM at
1.5 h afler the oral administration of thalidomide in mice
(Nicholls, 1966). The concentration was consistent with those
of the present sludy in vitro (0.1-10 pM). It is suggested that
when thalidomide at 20 mg/kg was administered intraperito-
neally, thalidomide may reach enough concentrations 1o ex-
press pharmacological neuroprotection into brain.

CONCLUSION

In conclusion, thalidomide was found to reduce ischemic
brain injury in mice subjected to permanent MCAO, and an



K. Hyakkoku et al. / Neuroscience 159 (2009) 760-769 769

inhibilory action of thalidomide against oxidative stress
may be partly responsible for its neuroprolective effects
against such damage.
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Article history: Cilostazol, an antiplatelet drug used to treat intermittent claudication, has been reported to offer neu-
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roprotection and endothelial protection in animals with ischemic brain injury. Here, we evaluated the
protection afforded by cilostazol against ischemic brain injury and hemorrhagic transformation. Mice sub-
jected 1o a 2-h filamental middle cerebral artery (MCA) occlusion were treated with cilostazol (10 mg/kg,
intraperitoneally just after the occlusion) or with vehicle. Histological outcomes (infarct volume and
hemorrhagic transformation) and Evans blue extravasation were assessed after reperfusion. Mean infarct
volume, hemorrhagic transformation, and Evans blue extravasation were all significantly reduced in

3 the cllostazol-treated group. Thus, cilostazol protected against ischemic brain injury and hemorrhagic

le;e

transformation in mice subjected to transient focal cerebral ischemia.

© 2009 Elsevier Ireland Lrd. All rights reserved.

Accumulating evidence suggests that for acute ischemic brain
attack, thrombolytic therapy may be a useful dlinical strategy. The
clinical efficacy of treatment with recombinant tissue-plasminogen
activator (rt-PA) within a few hours after the onset of the ischemic
attack has been demonstrated by the National Institute of Neu-
rological Disorders and Stroke rt-PA Stroke Study Group [19].
However, if there is a delay in its administration or in reper-
fusion, hemorrhagic transformation can occur, often with fatal
results, Indeed, the restrictions on the use of thrombolytic ther-
apy may include, for instance, the very short “window™ for its
administration after the onset of the attack. One of the factors
causing hemorrhagic transformation may be a disruption of the
blood-brain barrier (BBB), which consistent mainly of endothe-
lium [2]. For ‘this reason, the proper treatment for acute brain
ischemia mightinclude not only thrombolytic therapy, but also BBB
protection.

Cilostazol, an antiplatelet drug used to treat intermittent claudi-
cation, increases the intracellular level of cyclic AMP by inhibiting
its hydrolysis by type Ill phosphodiesterase. Its principal reported
actions include inhibition of platelet aggregation [8,9], antithrom-
bosis in feline cerebral ischemia, and vasodilation via an increased
cyclic AMP level [18]. A characteristic feature of clostazol is that
it has weaker hemorrhagic side effects than other antiplatelet
drugs, indeed, it does notincrease the bleeding time [20). Recently,
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it has been reported that cilostazol has a neuroprotective effect
against ischemic brain injury [3,11], and this neuroprotective
potential has been ascribed to (a) its anti-inflammatory and anti-
apoptotic effects (mediated by a scavenging of hydroxyl radicals),
(b) decreased formation of tumor necrosis factor-a, and (c) an
inhibition of poly(ADP-ribose) polymerase activity [10,12,13}. We
further reported that cilostazol afforded neuroprotection against
the permanent, filamental MCA occlusion-mediated increases in
metallothionein-1 and -2 [21). In addition, increasing evidence
indicates that cilostazol may offer endothelial protection via both
an inhibition of lipopolysaccharide-induced apoptosis [7] and an
inhibition of neutrophil adhesion to endothelial cells (through
a down-regulation of the expressions of adhesion molecules)
[14-16). Since endothelium is one of the main constituents of BBB,
cilostazol may afford not only endothelial protection, but also BBB
protection.

The above suggests that cilostazol may not only be neuroprotec-
tive, but also protect against hemorrhagic transformation during
the reperfusion after ischemia. By so doing, cilostazol may pro-
long the time window for thrombolytic therapy. The aim of this
study was to assess whether reperfusion-induced hemorrhagic
transformation is indeed suppressed by cilostazol in a mouse MCA
occlusion/reperfusion model,

The experimental designs and all procedures were in accordance
with the Animal Care Guidelines of the Animal Experimental Com-
mittee of Gifu Pharmaceutical University. Male ddY mice (body
weight, 24-28g; Japan SLC Ltd., Shizuoka, Japan) were housed
at controlled room temperature (24.5-25.0°C), with a 12/12-h
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light/dark cycle. Mouse food pellets and tap water were provided
ad libitum.

Cilostazol  {6-[4-(1-cyclohexy-1H-tetrazol-5-yl)butoxyi |-3,4-
dihydro-2-(1H)-quinolinone} was kindly gifted by Otsuka Phar-
maceutical Co. Ltd. (Tokushima, Japan). Mice assigned to the
cilostazol group were treated by intraperitoneal (i.p.) injection of
cilostazol at 10mg/kg body weight only once [viz. immediately
after the completion of middle cerebral artery (MCA) occlusion].
Mice assigned to the vehicle group received an i.p. injection of 0.5%
carboxymethyl cellulose sodium salt (CMC) without cilostazol at
a timing and volume similar to that used in the dlostazol group.
The injection volume was adjusted to 8 ml/kg body weight in all
experiments.

Mice were anesthetized with 2.0-2.5% isoflurane (Merck Hoei
Co. Ltd., Osaka, Japan) in air (21% 0;) via a face mask (Soft Lan-
der; Sin-ei Industry, Saitama, Japan). Focal cerebral ischemia was
induced [using an 8-0 nylon monofilament (Ethicon, Somerville,
NJ, USA) coated with silicone hardener mixture (Xantopren; Bayer
Dental, Osaka, Japan)] via the internal carotid artery, as described by
Hara et al. [5]. In all animals during surgery, the body temperature
was maintained between 37.0 and 37.5°C with the aid of a heating
lamp and heating pad. Any mice with pulmonary insufficiency or
subarachnoid hemorrhage at the craniotomy due to thread pene-
tration of cerebral artery were excluded under blind to the animal
groups.

Mice were tested for neurological deficits at 22h after reper-
fusion by an observer (Y.N.) who was blind to the animal groups.
Scoring was done using the following scale: 0, no observable neu-
rological deficits; 1, failure to extend the right forepaw; 2, circling
to the contralateral side; 3, loss of walking or righting reflex [5].

At 22 h alter reperfusion, mice were given an overdose of pen-
tobarbital sodium (Dainippon Sumitomo Pharma, Osaka, Japan)
and then decapitated. The brain was cut (using a microslicer)
into 2-mm-thick coronal block slices at preselected positions
+3mm from bregma. These slices were immersed for 30min
in a 2% solution of 2,3 5-triphenyltetrazolium chloride (TTC)
(Sigma-Aldrich Co., 5. Louis, MO, USA) in normal saline at 37°C,
then fixed in 10% phosphate-buffered formalin at 4°C. TTC reacts
with intact mitochondrial respiratory enzymes to generate a
bright red color that contrasts with the pale color of the infarc-
tion. The caudal face of each slice was photographed (COOLPIX
4500; Nikon, Tokyo, Japan). Then, the unstained areas of the
total, cortical, and subcortical infarctions were measured using
Image ] (http://rsb.info.nih.govlij/download/), and the infarction
volume was calculated as in a previous report [6]). The num-
bers of mice underwent this assessment were eleven in each
group.

For evaluating BBB permeability, Evans blue (Sigma-Aldrich,
USA) dye extravasation was used, as described by Qin et al. [17].
At the time of reperfusion, 2% Evans blue in normal saline (4 ml/kg
body weight) was injected into the jugular vein and allowed to
circulate for 2h. Mice were deeply anesthetized with pentobarbi-
tal sodium and transcardially perfused with saline until colorless
fluid was obtained from the right atrium. Brains were quickly
removed, and the hemispheres separated and weighed. Then, the
right and left hemispheres were separately homogenized in 1ml
50% trichloroacetic acid. The supernatant obtained by centrifuga-
tion was and diluted four-fold with ethanol. The samples were kept
at 4°C for 30 min, then, centrifuged for 30min at 1000 x g. The
amount of Evans blue dye was measured by means of a microplate
fluorescence reader (excitation 610nm; Skan It RE for Varioskan
Flash 2.4; Thermo Fisher Scientific, Waltham, MA, USA.) and quan-
tified with the aid of a standard curve, A quantitative evaluation of
Evans blue extravasation was made by comparing the hemisphere
ipsilateral to the MCA occlusion with the contralateral one in each
mouse for correction of Evans blue which remained in blood ves-

sels. The numbers of mice underwent this assessment were 13 in
each group.

For evaluation of hemerrhage transformation, coronal brain
slices were taken (as described for the measurement ofbrain infarc-
tion) and fixed in 10% phosphate-buffered formalin (without any
staining), The caudal face of each slice was photographed, and
the number of the hemorrhagic spots >500 um in diameter was
counted (one spot being counted as one point) by an observer(Y.N.)
who was masked as to the experimental protocol. The numbers of
mice underwent this assessment were 11 in each group.

Data are presented as means +S.EM. Statistical comparisons
were made using a Student's t-test or Mann-Whitney U-test (neu-
rological deficit score and hemorrhagic score) or a Chi-square test
(for analyzing the exclusion and mortality rates). P<0.05 was con-
sidered to indicate statistical significance.

Among our mice, the mortality and the exclusion (because of
subarachnoid hemorrhage or pulmonary insufficiency) were each
approximately 10% at 24 h after ischemia [in each group (vehicle
or cilostazol), the actual figure was 9.1%]. There was no significant
difference between the groups in either mortality rate or exclusion
rate (P> 0.05, Chi-square test).

The ischemic group showed apparent neurological deficits at
22h after end of the ischemia, and the cilostazol group exhibit-
ing significantly lower neurological deficit scores than the vehicle
group (Fig. 1(B)).

There was ischemic brain damage (pale colored infarction) in
the ventrolateral cortex and subcortex in each group at 22h after
the 2-h MCA occlusion (Fig. 1(A)). Cilostazol treatment led to a sig-
nificant suppression of both infarct size and total infarct volume
(34.7% reduction in total infarct volume versus vehicle) (Fig. 1(B)
and (C)). Analyzing the lesion area as separate cortex and subcortex
regions (Fig. 1(D)) revealed that cilostazol significantly reduced the
infarction in the subcortex (44.6% reduction; P<0.01 vs. vehicle),
and tended to reduce it in the cortex (29.0% reduction; P=0.14).

In each group, at 2 h after the 2-h MCA occlusion, the weight
of the ischemic (left) cerebral hemisphere was greater than that
of the contralateral (right) one. There was no significant differ-
ence in the weight of the ischemic hemisphere (expressed as
a percentage of the weight of the contralateral one) between
the vehicle and cilostazol groups (6.1 +1.9% and 59+2.1% of
the weight of the contralateral hemisphere, respectively; P=0,94;
Fig. 2(C)). Measurement of the extent of the Evans blue extrava-
sation in the ischemic hemisphere in the vehicle and cilostazol
groups gave values of 2.28 4+ 0.22 and 1.72 +0.08 pgfg wet-brain-
tissue (P<0.05), respectively. The corresponding values for the
contralateral hemisphere were 1.87+0.15 and 177 +0.13 pg/g
wet-brain-tissue (P=0.63), respectively. Thus, cilostazol effectively
prevented Evans blue extravasation in the ischemic hemisphere
(Fig. 2(D)).

Hemorrhagic transformations were observed in all animals at
22 haafter the 2-h MCA occlusion as scarlet dot lesions (hemorrhagic
spots) within the area of ischemic damage (Fig. 3(A)). No mice dis-
played hematoma, which would be a significant space-occupying
effect. The hemorrhagic spots in the cilostazol group were, on the
whole, paler and smaller than those in the vehicle group. The points
score for hemorrhagic spots >500 wm in diameter was significantly
smaller in the cilostazol group than in the vehicle group both for
the entire hemisphere (63.8% reduction; P<0.05; Fig. 3(C)) and for
the cortex, but not for the subcortex (Fig. 3(D) and (E)).

In this study, cilostazol largely prevented hemorrhagic trans-
formation after transient MCA occlusion in mice. Thrombolytic
therapy, such as administration of rt-PA, for acute ischemic brain
attack may be a reasonable strategy, and indeed is supported by
accumulating evidence [19], but delay in instituting such therapy
may allow hemorrhagic transformation to occur, with potentially
fatal results.



