H AR w412 & 5
2 0 0 O FE A HEFFINAZTE

®. EETEAFEED LR

(10)5 v M —BERFAMELEFNVTOEP C-K 1 DR

1l




T v b BB FTKEE € 5 )L T O EPC-KI OZHR
|’NH, #WE ELRTET, WHBEZ  (FILAFEHERERD
[E#)

EPC-KI RHBLERZETA2METH Y. ROEMBESZ2ERI T2 EMHFEIN
TWw3, FZThbIT v MBFRKELET )V % AW TKE M EEEICx 9 5 EPC-KI
DRI DWTHRE Uk, BRMEMR MCA) 60 2RISR ITHAR S NI iNEZEIZ. EPC-KI
BECIDEEICHNEINAE, F/2, EPC-Kl BEHTE TR M- ABEEATH S
caspase-3. DNA OEMLMIBE D~ —H—Th 3 8-0HdG. TUNEL D& TIIBNT, TNHHED
BEMEHIRRLE vehicle BEICHEBIL THA LIz, TNH5D T &L D, EPC-KI 2k BE{LE DNA
BEENHIEHRHREONE. BLOEEROMNMNIESLTHEDDEEbNE,

(E#) EPC-K1 {3, vitamin C & vitamin E QTAFIELEMTH D, HEBELIERZE
THZERFONTVS, FEMRTETICBNTIE, A—/\—FFT1 RiZ S0D 7))V %
FFRINFF Y-, A¥IT—FiILDEREENTVWS, LML, BOTIRBNTIE
TS PHNNEEREEL., INSOBBTIIEELENZ<RS. TOLIREHAN
5, BOFERICEIMEEIBNT, FVINZAFIRI Dy —ICL2HEBERANKR
HEh, $ETRBLOSFIRBVWTEORDENER S NTE. DNONES v NRFT
MEMETINEZRNTHAEROMFEERICEZAD2HE L, Bl DNA BEICEXZ28EIC
DINT TTC s & 8-0HAG RBEREEITI ZLICKDBRE Lz, X 51T, caspase-3 Frfa L
TUNEL BB 21T ZER X2 TT R =Y ADESFIZDVWTHHREL =,

(H#]  Wistar rat ORBEEIRD S F 1 O R FEHALEAFKINBIRELETEZ 60 5
BELE., HNOFEBHEOER S 3 REE#RIC, EPC-K1 20mg/kg(n=7). F /ZIi& EPC-KI
10mg/kg (n=9) ZHERRN 55 L7z, vehicle =9) BIZB W TIXER (Inl/kg) & E L 7=,
PEEROTERIT. BER2 4RMRICHRBR TSy NEHEHE,. MO 2m BEXT1 2 &2EM
U ITCHBEZITIZ EICE > THIR U . £/, BN 2 4 FFMRICT v FORZERH L.
10un BEOBEREY Z21ER. O ZEAWT TUNEL &REEBLERE%21To . TUNEL
BI3I-80C TREL TR NS A 2, HRREOZEERICR L%, 105K
V) TT 10 3FRERE Lz, PBS TH#ER, H202 4JU. TIT. EFF Ak dNTP & RS



T ®7~. KRIE%. streptavidin-horseradish peroxidase (HRP) 4L ¥ % 17 W
2,3-diaminobenzidine tetrahydrochloride (DAB) THRE=H7=. 8-0HdG. caspase-3 B X
Cactive caspase-3 DML FELREITBWTIE, LRYIA E U TH 8-0Hd6 ik (M06-020,
JICA. Shizuoka. Japan) . ¥i caspase-3 HifF (sc-1217. Sana Cruz Biotechnology Imc.
CA) . ¥l active caspase-3 Hif& (CFI-05. Genzyme/Techne. U.S.A) ZBWiz. HeMid.
ABC #£Z VY, DAB ZREME &L TiTo Tz,

(#6R]  MEZEBI. Vehicle B (230.0+61. 2nn®) 1% L EPC-K1 20mg/kg 3% 58 (156.8
+60.5mn®) THBRICHE/NL Tz, EPC-K1 10mg/kg 358 (216 £78 mnd) TIXABEZHE/N
ERDBMN 0Tz, HBFIMRERTIE, Shan BEONTIX, caspase-3. 8-0HdG. TUNEL BEE#H
BIEZWTFNHRD NN 522, vehicle BOFER TIIHEHMBOMBEIZT
caspase-3 A%, MUREAZIC T 8-0HAG SR IC B A I N, TUNEL BRHEMIIE S E T L Tz,
—75. BPC-KI #% 58 T3 caspase-3. 8-0HdG. TUNEL & %I BBHEMMAEAS vehicle B HLlE L
TR,

[(#%) HBWETSS BPCKl OREICL DEZROHE NSRS SN, Thicid.
8-0HG EEA DI BID 5ND T EM D, EORBLIERNEERRICHES LT\ 5 a4
WRH2BEEZ 5N, —F. caspase-3 [BHEMIAE, TUNEL BBHEHIIB BB LI &M 5,
TR =L A OHEBEE LTSNS 5 & BbNie,



Glial cell line-derived neurotrophic factor (GDNF) DRN{REVEFRDISFEEIHE ZIERHEL

(therapeutic time window) Bk U'¥a% mechanism DBRES

RXH, g, FER— (FEILARZEEREARD
350

GDNF (IR MIEREERZET2METH V. ROEHREEEZRRS TS 2 LAMF
ENTVD, T Thhbd T v ~RFIMELE T )V 2 BW TRELEREICHT 54
HANORAEERICH T HRBEOHEDRERBIC DWW TRET L 2. R AMEINR (MCA) 90 4 REIER
EZRBRIHRINMEREIL. FERERE | FEO GDNF OREGICEXDERICHE NI N,
Fiz, BERERD GONF BEFHFTITR M- AMEBEERTHD active caspase-3 &
active caspase-9 D EREHMIEHE. TINEL DL TR BWT. NS OBHEMIIRIL vehicle -
BETHBRL T L, TUNEL & active caspase-3 DRBEMEMIMEIX active caspase-9 DX D
BERBE SEN . ZNSDZ E KD, CNF ORFEIER OBENA LRI 1 BT,
Z DYEBIE cytochrome ¢ & active caspase-9 ORFEITHT BN EBbiz,

(B8] GDNF I3MEHRREEREZE T LA NTVS, B4 IXT v NEFKE
MEFINERANWTHAEROMEERICE T 2IROFPREREIRITDONT TIC REZTI T
EITEDBRELUR, E5IT, active caspase-3 & caspase-) DT EG 5 & TUNEL Zufa
217D T EITE o THEZRD nechanisn IZDOWTHBEKR Uk, [HE]  Wistar rat
KWEERD S -1 0 oRTFEEALAPKNBIREREZ 90 SHMEL . BOEEEO
B | R E 3 REf%% GDNF (2.51 g /fFE 2602) Z#5%21Tolk. MIEEROERIL.
R 24 BRI T Sy FEWEE, KO 2m BEXAS1 ZAE2ERL. TTCHREEZTS I
LWL THIE L, £z, BER 12 FERICSy MOREMEL. 10un BEOBEEYH
ZIER. ZOYRERAWT TUNEL &BERBHRBILFERBZT o /2. TUNEL FeAi3-80CT
BREFELTBWENERET A 2, ZRREBOEEFRICEL B, 108FHERL <Y 22T 10
STEEE Uz, PBS THeiF%. H202 LB L. TdT. EFF AL dNTP &S B2, KIBE.
streptavidin-horseradish peroxidase(HRP) # ¥ % 1T W . 2,3-diaminobenzidine
tetrahydrochloride (DAB) THE X/, Active caspase-3 Bk W active caspase-9 D
YoBERABIZBWTIE, | kA& LU TH active caspase-3 Hifk (#IMG-144, San Diego,
CA) &Hiactive caspase- 9 Hifk (#9501S, Cell Signaling Tech, MA) ZR Wiz, ZXKHi
{A 13X Goat anti-rabbit IgG-FITC ( # 5570500, Biomedical Tech Inc, USA) & Goat



anti—-mouse IgG-TRITC ( # 108H9165, Sigma Chemical Co, USA) % FHV 7=,

(#52) IAEZRIZ. Vehicle B (295.7 £ 56.6, n=7) IZX L GDNF &5BIIER (177.0
+ 52.8 mn’, n=6, p<0.01) & 1WFfHIER (220.2 %= 51.5, n=T; p<0.05) THEIHMNLT
Wiz, GDNF 3 B¥fHit%3% 5.8 (250 £ 57.7, n=6) TIIEBERM/NERDBMN o7z, AEEN
¥ TIX. GDNF E%I% 58 Tl active caspase-3 & active caspase-9, TUNEL & HIzfg4
MBS vehicle BITLLEE U TH S04 Lz, GDNF3 R 5838 kv oz,
FH—EREITHIZPIC active caspase-9 ODEBAEMN active caspase-3 Dk D HEZFHD
YIAVAY Rl e

(£22] GDNF DRNREBIEROHENESRREIL. MOREROERNSEREGEDINED
FH3TH>T. CONF OREIERADIBEMNTREREIRIT 1 FRIT. ZDEMI cytochrome ¢
& active caspase-9 OBKICHT 3TN EEbN=.



Attenuation of oxidative DNA damage with a
novel antioxidant EPC-K1 in rat brain neuronal
cells after tramsient middle cerebral artery
occlusion

W.R. Zhang, T. Hayashi, C. Sasaki, H. Warita, Y. Manabe, and K. Abe

Department of Neurology, Okayama University Medicél School, 2-5-1 Shikatacho,
Okayama, Japan
No. of text pages: 15 pages including 1 table and 2 figures.
Correspondence: Prof. Abe, MD, PhD.
Department of Neurology
Okayama University Medical School,
2-5-1 Shikatacho
Okayama 700-8558, Japan

Tel: +81-86-235-7365
Fax: +81-86-235-7368

E-mail: zhang@cc.okayama-u.acjp

Acknowledgments: This work was partly supported by Grants-in-Aid for Scientific Research on
12877211 and 12470141 from the Ministry of Education, Japan, and grants from Japan Brain

Foundation, Takeda Medical Research Foundation, and Japan Heart Association.



Abstract

EPC-K1, L-ascorbic acid 2-[3,4-dihydro-2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)-
2H-1-benzopyran-6-yl-hydrogen phosphate] potassium salt, is a novel antioxidant. In this study,
we investigated a reduction of a oxidative neuronal cell damage with EPC-K1 by
immunohistochemical analysis for 8-hydroxy-2’-deoxyguanosine (8-OHdG) in rat brain with 60
min transient middle cerebral artery occlusion, in association with terminal deoxynucleotidyl
transferase-mediated dUTP-biotin in situ nick end labeling (TUNEL) and staining for total and
active caspase-3. Treatment with EPC-K1 (20mg/kg iv) significantly reduced infarct size
(p<0.05) at 24 h of reperfusion. There were no positive cells for 8-OHdG and TUNEL in sham-
operated brain, but numerous cells became positive for 8-OHdG, TUNEL and caspase-3 in the
brains with ischemia. The number was markedly reduced in the EPC-K1 treated group. These
reductions were particularly evident in the border zone of the infarct area, but the degree of
reduction was less in caspase-3 staining than in 8-OHdG and TUNEL stainings. These results

indicate EPC-K1 attenuates oxidative neuronal cell damage and pfevents the neuronal cell death.

Abbreviations: ANOVA, two way analysis of variance; CBF, cerebral blood flow; DAB, 2,3’-
diaminobenzidine tetrahydrochloride; MCAO, middle cerebral artery occlusion; 8-OHdG, 8-
hydroxy-2’-deoxyguanosine; SOD, superoxide dismutase; TTC, 2,3,5 triphenyltetrazolium
chloride; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin in situ nick end

labeling.



INTRADUCTION

L-Ascorbic acid (vitamin C) and a-tocopherol (vitamin E), two endogenous antioxidants,
are important members of non-enzymatic antioxidant defense systems. However, as vitamin E is
insoluble in water, its water-soluble analogs are synthesized in order to improve its absorption.
EPC-K1, L-ascorbic acid 2-[3,4-dihydro-2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)-2H-1-
benzopyran-6-yl-hydrogen phosphate] potassium salt, is a novel phosphate ester of vitamin C
and vitamin E, which is soluble in both water and lipid [1]. It was reported that EPC-K1 could
act as a scavenger of hydroxyl radicals and an inhibitor of lipid peroxidation [2]. Hydroxyl
radical is highly reactive, and oxidizes cellular lipids, protein and nucleic acids, leading to cell
death [3, 4,]. Under physiologi.cal condition, superoxide and hydrogen peroxide are constantly
scavenged by superoxide dismutase (SOD), glutathione peroxidase, and catalase. Under
condition of ischemia, however, an overproduction of oxygen free radicals perturbs the
antioxidative defense mechanisms, and hydroxyl radicals are generated. Studies have shown that
radical scavengers and inhibitors of lipid peroxidation can ameliorate ischemic neuronal damage
[5,6,7,8,9,10,11,12,13,]. Indeed, previous study demonstrated that EPC-K1 reduced ischemic
brain damage [14]. However, the mechanism of its neuroprotective effect had been unclear.

In the present study, therefore, we examined the effect of EPC-K1 on ischemic/reperfusion
brain injury by measuring infarct volume and performing terminal deoxynucleotidyl transferase-
mediated dUTP-biotin in situ nick end labeling (TUNEL) study. Furthermore, we also
investigated its effect on oxidative DNA damage and apoptosis by immunohischemical analysis
for 8-hydroxy-2’-deoxyguanosine (8-OHdG), which is a oxidative DNA damage marker and

caspase-3.



MATERIALS AND METHODS

Adult male Wistar Tats (body weight, 270 to 300 g) were anesthetized with an -
intraperitoneal injection of pentobarbital (4 mg/100 g), and a burr hole with a diameter of 1.5
mm was made in the skull using an electric dental drill with care to avoid traumatic brain injury.
The location of the burr hole was 3 mm dorsal and 5 mm lateral to the right from the bregma,
which was located in the upper part of MCA territory. Thin bone was preserved in the burr hole.
The animals were allowed to recover at ambient atmosphere.

On the next day, at about 24 h after the drilling, the rats were anesthetized by inhalation of
a nitrous oxide/oxygen/halothane (69%/30%1%) mixture and the right MCA was occluded by
insertion of nylon thread through the common carotid artery according to previous report. Body
temperature was maintained at 37 = 0.3°C during surgical procedure. After 60 min of occlusion,
the cerebral blood flow (CBF) was restored by withdrawal of the nylon thread. EPC-K-1 was
diluted into 0.9% NaCl containing 1N NaOH, to give a ultimaté EPC-K1 concentration of 10
mg/1 ml with pH 7.5. Vehicle group was treated the saline. Animals were infused intravenously
with EPC-K1 0.25ml /250g, EPC-K1 0.125ml/250g and same amount of saline through the
jugular vein just and 3 h after the reperfusion. Blood samples (90 ul) were collected before and
just after MCAO from ventral tail artery for measurement of PO,, PCO,, and pH (blood gas
analyzer model ABL336, Radiometer). Regional CBF of right frontoparietal cortex region was
measured before and just after MCAO, as well as before, just after (0), and at 3 h after the
reperfusion. R,ectal temperature was monitored contin1;0usly with a rectal probe inserted to a 4
cm. The animals were allowed to recover at ambient temperature (21 to 24 °C) until sampling.
The experimental protocol and procedures were approved by the Animal Committee of the
Okayama University Medical School.

To examine a possible effect of EPC-K1 on infarct size after transient MCAO, forebrains
were removed at 24 h of reperfusion and divided into sections of 2-mm thickness. The coronal

sections were immersed in 2% solution of 2,3,5-triphenyltetrazolium chloride (TTC) at 37 °C for
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30 min, and their sections were fixed in 10 % neutralized formalin. The infarct areas of each
section were measured using Scion Image software, version 1.62a.

For TUNEL study and immunohistochemical analysis, the forebrains were quickly removed
at 24 h after the reperfusion and frozen in powered dry ice (n=4 each, in vehicle and 20mg/kg
EPC-K1 applied groups). Coronal sections were cut on a cryostat at —25 °C and collected on
glass slides coated with silan. Sham control sections (n=2) were also obtained. TUNEL study
was performed with use of a kit (TACS TdT in situ apoptosis detection kit #80-4625-00,
Genzyme), as our previous report [15]. For immunohistochemical analysis of 8-OHdG, the
sections were fixed in ice-cold acetone for 5 min and air-dried, followed by a rinse in phosphate-
buffered saline (PBS). After blocking with 2% normal horse serum in PBS for 2 h, the slides
were incubated with mouse monoclonal antibody against 8-OHdG (MOG-020, JICA, Shizuoka,
Japan) at a concentration of 7.0 pg/mg in 2% normal horse serum and 0.3% polyoxyethelene
octyphenyl ether (Triton-X) for 8 h at 4 °C. The specificity of this antibody had been established
elsewhere [16,17]. The slides were then washed and incubated for 3 h with biotinylated anti-
mouse IgG (BA-2000, Vector Laboratories) for 30 min, and then developed using
diaminobenzidine (DAB) as a color substrate. The reaction were stopped by washing them in
distilled water. A set of sections was stained in a similar way without the first antibody.

For immunohistochemical analysis for total caspase-3 aﬁd active caspase-3, the sections
were also fixed in ice-cold acetone, air-dried, and then rinsed 3 times in PBS. After blocking
with 2% normal serum for 2 h, the slides were incubated for 16 h at 4 °C with first antibody: a
goat polyclonal antibody against total caspase-3 (sc-1217, Sana Cruz Biotechnology Inc, CA) at
1 : 100 or a rabbit polyclonal antibody against active caspase-3 at 1 : 100. A set of sections was
treated without the first antibody, in order to ascertain specific finding of the first antibodies. The
speciaficity of this antisera had been confirmed elsewhere [18]. The sections were then washed
and incubated for 1 h with the biotinylafed second antibody (1 : 200), followed by incubation
with avidin-biotin-peroxidase complex for 30 min. Diaminobenzidine (DAB) was used as a color

substrate. In this study, we performed quantitative analysis as our previous report with slight



modification [15]. Briefly, the number of positive cells were counted in three pixels of 1 X1 mm?
First is a region of cortex 2 mm from the midline rendered ischemia by MCAO. This region falls
within the border of infarction in vehicle-treated group, but is spared in EPC-K1-treated group.
Second is a region of dorsolateral cortex involved in infarcts in both vehicle- and EPC-K1 group.
Third is a region of medial striatum involved in infarcts in vehicle-treated group, but variably
involved in EPC-K1 group. These staining were categorized into 4 grades to count in the
following: (-) no staining, (+) small (1-25), (2+) moderate (26-70), or (3+) a large (more than 71),
respectively (Table).

Statistical analyses were performed using Student’s t-test for infarct volume, two way
analysis of variance (ANOVA) followed by Bonferroni/Dunnett for infarct area, or ANOVA

repeated measure for ICBF data, respectively.

RESULTS

There was no significant difference in physiological parameters between the vehicle- and
two EPC-K1-treated groups. rCBF was declined to lesser than 40% of basal level immediately
after MCAO, and recovered after reperfusion in vehicle or’ two EPC-Kl-treated group,
respectively. There was no significant difference in rCBF between two animal groups.

Infarct area of two sections (8 and 10 mm caudal from frontal pole) of EPC-K1-treated (20
mg/kg) group was significantly smaller (p<0.05) than vehicle group (Fig. 1A). The infarct
volumes of vehicle-treated and EPC-K1-treated (20 mg/kg) group at 24 h after transient MCAO
were 230.0+ 61.2 (mean £ SD, n=9) and 156.8 = 60.5 mm’ (n=7; p<0.05 vs. the vehicle-
treated group), respectively (Fig. 1B). Infarct area and volume of 10 mg/kg EPC-K1-treated
group were also smaller than vehicle-treated group, but there was no statistical significance
between two groups (Fig. 1).

TUNEL and 8-OHdG staining were negative in the sham control brain (Fig. 2a, d), but
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became positive in the brain at 24 h of reperfusion (Fig. 2b, €). Positive cells were mainly
distributed in the ischemic core, but were also present in the border of MCA area. Approximately
70% of cells were positive for TUNEL and 8-OHdG in that area. No positive cells were found in
the contralateral area. Treatment with EPC-K1 (20 mg/kg) markedly reduced the number of both
TUNEL and 8-OHdG positive cells, especially in the border of the infarct area (Fig. 2c, f). Total
and active caspase-3 staining showed numerous positive cells in the ischemic hemisphere of rats
at 24 h of reperfusion, especially in the border of the infarct area (Fig. 2h, k). There were no
positive cells in the contralateral hemisphere or in the either hemisphere of sham controls (Fig.
2g, j). Treatment with EPC-K1 (20 mg/kg) greatly reduced the number of positive cells in the
ischemic hemisphere, particularly in the border of the infarct area as compared to vehicle-treated
group (Fig. 2h, k). The degree of reduction was milder in caspase-3 staining than 8-OHdG and
TUNEL stainings (Table, Fig. 2).

DISCUSSION

In this study, we found that EPC-K1 (20 mg/kg) reduced infarct volume when administered
intravenously. The mechanism of the protective effect of EPC-K1 after transient MCAO seems
to be related with several important findings. First, there is no significant difference between the
vehicle and EPC-K1-treated group in the tCBF after transient MCAO and reperfusion. Second,
the effect was associated with reduction of 8-OHdG-positive cells. Under a condition of severe
oxidative stress, the C-8 position of 2'-deoxyguanosine, which is the constituent of DNA, is
hydroxylated, and 8-OHdG is produced [19]. Hydroxyl radical, singlet oxygen, and peroxynitrite
are proposed to be responsible for this production [20,21]. In our previous study, the extent of
oxidative damage was investigated in rat brain after transient MCAO by immunohistochemical
analysis for 8-OHdG [22]. In the current study, we showed that intravenous EPC-K1 (20 mg/kg)

decreased 8-OHAG immunoreactivity, especially in the border (penumbra) of the ischemic area



that is spared from infarction. This result shows that EPC-K-1 attenuates oxidative DNA damage
induced by the transient MCAO.
| On the other hand, abundant evidence suggest that apoptosis plays an important role in cell
death after stroke. This includes evidence of DNA fragmentation (laddering) in the ischemic
hemisphere, as well as evidence that protein synthesis inhibitors can block cell death, both
prominent characteristics of apoptosis [23]. In the current study, we used TUNEL and caspase-3
staining as markers of apoptosis. We found that, consistent with its infarct-reducing effects,
intravenous EPC-K1 (20 mg/kg) reduced the number of TUNEL positive cells in .the ischemic
hemisphere, especially in the ischemic “penumbra” that was spared from infarction. Previous
studies show that 90-95% of TUNEL positive cells in the ischemic brain are neurons [24].
Caspases, which are strongly related to the process of apoptotic cell death, were induced and
mainly located in the ischemic penumbra, suggesting that the expansion of neuronal cell damage
in this area may be primarily by an apoptotic mechanism. Caspase-3, 29-kDa pro-apoptosis
cysteine protease, exists in both inactive and active forms. The inactive form of the enzyme is
present at very low levels, and the active form is barely detectable in normal rat brain. Following
focal cerebral ischemia, caspase-3 immunoreactivity increased in the ischemic penumbra of
affected hemisphere [25]. In the current study, we found the reduction of the number of positive
cells for both active and total caspase-3 in the border of the ischemic area, although the degree of
the reduction was less than 8-OHdG and TUNEL. These results indicate that there are airect or
indirect cytoprotective effects of EPC-K1 in the ischemic tissue.

In conclusion, the current study demonstrated that the ameliorative effect of EPC-K1 on
ischemic brain injury was associated with reduction of 8-OHdG-, TUNEL-, total and active

caspase-3-positive cells.
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Figure legends

Fig. 1) Effects of EPC-K1 (10 mg/kg and 20 mg/kg) on infarct area (A), and infarct volume (B)
at 24 h after 60 min of transient MCAO. A, Infarct areas of 2 coronal sections (8 and 10 mm
caudal) from EPC-K1 (20 mg/kg) treated group (n=7) were significantly smaller than those
of the vehicle group (n=9, *p<0.05). B, Infarct volume in the brain sections was significantly
reduced by EPC-K1 (20 mg/kg) treatment (*p<0.05). There are no significant difference

between 10 mg/kg EPC-K1 group and vehicle group.

Fig. 2) Representative stainings of TUNEL (a-c), 8-OHdG (d-f), active caspase-3 (g-i) and total
caspase-3 (j-1) in sham control brain (a, d, g, j), vehicle (b, €, h, k) or EPC-K1 (20mg/kg) (c, {,
i, ) brain, respectively. No cells are stained in the sham control brain (left column). In
contrast, large number of staining cells became positive in the vehicle group (middle column),
which are reduced in the EPC-K1 (20mg/kg) group (right column). Magnifications, X 50.

Bar in panel 1, 0.05 mm.
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Table. Number of TUNEL and immunohistochemical staining of positive neurons with or without EPC-K-1

(20 mg/kg) treatment after MCA occlusion

TUNEL Active caspase-3 ~ Total caspase-3 8-OH dG
Sham - - - -
Vehicle
1 3+ 2+ 3+ +
2 2+ 3+ 3+ 2+
3 3+ 3+ 3+ 2+
4 3+ 3+ 2+ 2+
EPC-K-1(20 mg/kg)
1 2+ 2+ 2+ +
2 + 2+ + +
3 2+ 2+ 2+ +
4 + 2+ + +

The staining was categorized into the following four grades: no staining, small (1-25), mode-
rate (26-70), or a large (71-100 or more) number of stained cells into (-), (+), (2+),
(3+), respectively. Sham control group, n=2, Vehicle and EPC-K-1(20 mg/kg) group, n=4.
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Abstract

Time dependent influence of glial cell line-derived neurotrophic factor (GDNF)
was examined after 90 min of transient middle cerebral artery occlusion (MCAO)
in rats. Treatment with GDNF significantly reduced the infarct volume stained
with 2,3,5-triphenyltetrazolium chloride (TTC) when GDNF was topically applied
atOand 1 h of réperfusion, but became insignificant at 3 h as compared to vehicle
group. Tﬁe protective effect of GDNF was closely related to the significant
reduction of the number of TUNEL positive cells as well as immunofluorescently
positive cells for active forms of caspases, especially active casapase-3 but not -9.

Thus, the present study showed that topical application of GDNF significantly
reduced infarct size in a time-dependant manner, while the therapeutic time
window was shorter than other chemical compounds such as an NMDA receptor
antagonist (MK-801) and a free radical scavenger (PBN). The effect of GDNF

was stronger in suppressing active caspase-3 than active caspase-9.

THEME A: DEVELOPMENT AND REGENERATION
TOPIC: GDNF: Biological effect

Keywofd: GDNE, Ischemia, TUNEL, caspase-3, caspase-9

Abbreviations: ANOVA, two way analysis of variance; BDNEF, brain-derived
neurotrophic factor; CBF, cerebral blood flow; DAB, 2,3’-diaminobenzidine
tetrahydrochloride; FITC, fluorescein-isothiocyanate; GDNF, glial cell
line-derived neurotrophic factor; MCA, middle cerebral artery; MCAO, middle
cerebral artery occlusion; rCBE, regional cerebral blood flow; TTC, 2,3,5
triphenyltetrazolium chloride; TRITC, tetramethylrhodamine-isothyocyanate;
TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin in situ nick

end labeling.



Glial cell line-derived neurotrophic factor (GDNF), a member of the
transforming growth factor- B superfamily, is a potent neurotrophic factor that
promotes the survival and morphological differentiation of dopaminergic neurons
[3, 7, 11,16] and motoneurons [13, 18]. GDNF is upregulated after mechanical
injury and cerebral ischemia/rel.)erfusion [1, 15]. When cells receive apoptotic
stimuli, mitochondria releases cytochrome ¢ which then binds to Apaf-1 together
with ATP. The resultant complex recruits caspase-9 leading to its activation.
Activated caspase-9 cleaves downstream caspases such as caspase-3, -6 and -7 for
initiating the caspase cascade [9), finally induces the DNA fragmentation. Another
pathway for caspase-3 activation has also been identified that is independent of
mitochondrial cytochrome c release and caspase-9 activation [14].

Others and we have reported that topical application and intracerebral
administration of GDNF decreased the size of ischemia-induced brain infarction
[8,17]. GDNF decreased ischemic brain edema and the number of TUNEL
positive neurons with suppressing apoptotic pathways such as caspases-1 and -3
[2, 8]. However, therapeutic time window is not still clear when GDNF should be
administered after ischemia in relation to caspase activations. In this study,
therefore, we examined a time dependent influence of GDNF on the infarct size

after 90 min of transient middle cerebral artery (MCA) occlusion model in relation

to modification of active forms of caspases-3 and -9.

Animal experiment was performed in the similar way to our previous reports
[1, 6]). In brief, a burr hole was made in the skull of adult male Wistar rats (body
weight, 250 to 280 g) at 3 mm dorsal and 5 mm lateral to the right from the
bregma at 24 h before MCA occlusion (MCAO). On the next day, the rats were
anesthetized by inhalation of a nitrous oxide/oxygen/halothane (69%: 30%: 1%)
mixture and the right MCA was occluded by insertion of a nylon thread with
silicon coating through the common carotid artery. Body temperature was
maintained at 37 + 0.3°C during sufgical procedure. After 90 min of occlusion, the
cerebral blood flow (CBF) was restored by withdrawal of the nylon thread. A
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small piece (8 mm’) of spongel presoaked vehicle (Ringer solution) or GDNF
Ringer solution (2.5 pg/9 pl), was placed in contact with the surface of the
cerebral cortex, just after, or 1 h and 3 h after the reperfusion. Blood samples (90
ul) were collected just after MCAO and reperfusion from ventral tail artery for
measurement of PO,, PCO,, and pH (blood gas analyzer model ABL330,
Radiometer). Regional CBF (rCBF) of right frontoparietal cortex was measured
before, during, and just after MCAO. The animals were allowed to recover at
ambient temperature (21 to 24 °C) until sampling. The experimental protocol and
procedures were approved by the Animal Committee of the Okayama University
- Medical School.

At 24 h of reperfusion, the animal forebrains (n=7, 6, 7 and 6, in vehicle, just,
1 h and 3 h after reperfusion of GDNF treatment groups, respectively) were
divided into coronal sections of 2-mm thickness, and were stained with
2,3,5-triphenyltetrazolium chloride (TTC), and infarct size was measured [19].

For TUNEL and immunofluorescent analyses, the forebrains were frozen at
12 h after the reperfusion (n=3, both vehicle and GDNF applied groups), and
coronal sections (10 pl) were obtained. Sham control sections (n=2) were also
obtained. TUNEL study was performed as our previous report [6]. For
immunofluorescent staining, the coronal sections at caudate level were incubated
together with 1 : 10 dilution of rabbit anti-cleaved caspase-9 polyclonal antibody
(#9501S, Cell Signaling Tech, MA) and 1 : 40 dilution of mouse anti-active
caspase-3 monoclonal antibody ( # IMG-144, San Diego, CA) overnight at 4°C.
After washing, the sections were incubated with both secondary antibodies: Goat
anti-rabbit IgG-FITC ( # 5570500, Biomedical Tech Inc, USA) and Goat
anti-mouse IgG-TRITC ( # 108H9165, Sigma Chemical Co, USA) for 30 min at
room temperature. Immunofluorescence was evaluated by a fluorescence
microscope with a filter cube (excitation filter, 541 nm; suppression 572 nm) for
TRITC labeling and another filter cube (excitation filter, 490 nm; suppression
filter, 520 nm) for FITC labeling. For the detection of double immunofluorescence,

both cubes were used.



The positive cell stainings were counted in the three 1 x 1 mm? regions of
inner boundary zone of subsequent infarction or control cerebral cortex. Statistical
analyses were performed using Student’s t-test for infarct volume, two way
analysis of variance (ANOVA) followed by Bonferroni/Dunnett for infarct area

and positive cells, or ANOVA repeated measure for rCBF data, respectively.

There was no significant difference in physiological parameters such as pH,
pO, and pCO, between the vehicle- and three GDNF-treated groups before and
after MCAO. There was also no significant difference in rCBF between vehicle
and GDNF groups similar to our previous report [19]. The infarct volumes of
GDNF-treated groups were significantly reduced when GDNF was applied at O h
(177.0 £ 52.8 mm’, n=6, mean * SD;p<0.01), and 1 h (2202 £ 51.5, n=7;
p<0.05), but not at 3 h (250 £ 57.7, n=6), as compared with vehicle group
(295.7 + 56.6, n=7) (Fig. 1).

TUNEL and caspase stainings were negative in the sham control brain
section (Fig. 3a, e, i, m), but became strongly positive in the brain at 12 h of
reperfusion with vehicle treatment (Fig. 3b, f, j, n). Positive cells were distributed
in the ischemic core and border of occluded MCA area. TUNEL labeling was
essentially found in the nucleus of cells. The number of TUNEL positive cells was
larger than the positive cells of caspase stainings (Fig. 2). Treatment with GDNF
significantly reduced the number of both TUNEL and active caspases -3 and -9
positive cells in the border of the infarcts, especially when GDNF was applied at 0
h (Fig. 2; Fig. 3c, k, 0) of reperfusion than 3 h (Fig. 2; Fig. 34, 1, p).

In the double staining, some cells were positive only for active caspase-3
(Fig. 3k, arrowheads) or active caspase-9 (Fig. 30, arrows), or double positive (Fig.

3f). Treatment with GDNF reduced the number of double positive cells as well

(Fig. 3g).

In this study, we demonstrated that topical application of GDNF significantly
reduced infarct size in a time-dependant manner. The extent of penetration of
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GDNF was roughly 2/3 part of the affected hemisphere which cover the MCAO
territory (data not shown). Amelioration of the infarct size by GDNF application
was the strongest at 0 h, still effective at 1 h, but became unsignificant at 3 h (Fig.
1). This effect was closely related to the reduction of the numbers of TUNEL,
active caspase-3 and -9 positive cells (Fig. 2; Fig. 3). Because there was no
significant difference between the vehicle and GDNF groups in the rCBF before,
during and after MCAO, the protective effect was not secondary to rCBF
improvement but primarily to reducing apoptotic pathways by GDNF. DNA
fragmentation detected by TUNEL method can be found in both apoptotic and
necrotic neurons, although they can be discriminated morphologically [S5]. Larger
number of TUNEL-positive cells than active caspase-3 or caspase-9 positive cells
(Fig. 2) may be due to colocalization of necrotic and apoptotic cells in the
boundary region of infarction.

Caspase-3 is activated through caspase-9 or other pathway [8, 10, 14].
Presence of active caspase-9 negative but active caspase-3 positive cells (Fig. 3k,
arrowheads) suggests an activation of the alternative pathway in the ischemic
brain [14]. Double positive cells suggest the serial activation of caspase-9 and
caspase-3 in the cells (Fig. 3f). Treatment with GDNF reduced the number of
TUNEL and active caspase-3 positive cells, while the reduction was weak in
active caspase-9 or ;louble positive cells (Fig. 2). Thus, the effect of GDNF was
stronger in suppressing active caspase-3 than active caspase-9, or the effect of
GDNF may be weak in the pathway of cytochrome c, caspase-9, and caspase-3.

Therapeutic time window of many drugs have been reported after cerebral
ischemia. Combinations of an NMDA receptor antagonist (MK-801) and a free
radical scavenger (alpha-phenyl-tert-butyl-nitrone, PBN), increased the
therapeutic window up to 3 h [4]. Combinations of a GABA agonist and glutamate
antagonist showed a synergistic neuroprotective effect up to 4 h following the
onset of cerebral ischemia [12]. However, such therapeutic time window has not
been reported in neurotrophic factors such as GDNF or others. This study first
demonstrated a time-dependant ameliorative effect of GDNF after transient
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cerebral ischemia, while the time window was shorter than previous report with
other drugs above mentioned. Because the effect of GDNF seemed to be weaker
in cytochrome c and caspase-9 pathway, potentiation of this pathway with other

drug may further prolong the time window in the future.
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Figure legends

Fig. 1) Effects of GDNF (GDNF Oh, 1h and 3h) on infarct volume at 24 h after 90
min of transient MCAO. Note significant reduction of the GDNF treatment at O h

and 1 h (**p<0.01, *p<0.05).

Fig. 2) Number of TUNEL and active caspases-3 and -9 positive neurons with or
without GDNF at 12 h after transient MCAO. Note significant reduction in the
number of both TUNEL and active caspase-3 positive cells in the border of the

infarcts at O h of treatment (*p<0.05).

Fig. 3) Representative stainings of TUNEL (a-d), double (e-h), active caspase-3
(i-1) and active caspase-9 (m-p) in sham control (a, e, i, m), vehicle (b, £, j, n),
GDNF treatment at 0 h (c, g, k, 0) and 3 h group, respectively. In contrast to the
sham control group (left column), large number of cells became positive in the
vehicle group (second column), which are reduced in the GDNF 0 h group
especialiy in TUNEL and active caspase-3 (p<0.05) (third column), less change in
GDNF 3 h group. Magnifications, x200. Bar in panel p, 32 um.
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