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Exc¡totox¡ c¡ ty and ox¡ dat¡ ve stress Πled ¡ate neurona' death after hypox¡ c-¡ scheΠ 1¡ c bra¡ n injury.
We exam¡  ned the poss¡ b¡

' 

¡ty that target¡ ng both 肝Πηethy'-D— aspartate (NMDA) receptor— n'ediated
exc¡ totox¡ c¡ty and ox¡ dat¡ ve stress would result ¡n enhanced neuroprotect¡ on aga¡ nst hypox¡ c—
ischem ¡a. 2-Hydroxy-5-(2,3,5,6-tetraf' uoro-4-tr¡ f' uoronη ethy[-benzy'aΠ 1 ¡ no)-benzo¡  c ac¡ d (Neu2000)
was deriνed fro∏ l asp¡ r:n and su'fasa'az¡ne to prevent both NMDA neurotox¡ c¡ ty and ox¡ dat¡ve
stress. 'n cort¡ ca' ce[' cu'ttlres, Neu2°°0 was shown to be an unconlpet¡ t¡ve NMDA receptor
antagon¡st and con'p'ete'y b'ocked free rad¡ ca' tox¡ c¡ty at doses as 'ow as 0.3 μmo'Iㄴ. Neu2000
showed marked neuroprotect¡ on ¡n a Πηasked fash¡ on us¡ ng h¡ sto'ogy and behav¡ ora' test¡ ng ¡n
two rodent Π1odels of foca' cerebra' ¡scheΠη¡a w¡ thout caus¡ng neurotox¡ c s¡ de effects. Neu2000
protected aga¡ nst the effects of Πㄱ¡dd'e cerebral artery occ'us¡ on, even when de'¡ vered 8h after
reperfus¡ on. S¡ ng 'e bo'us adn'¡ n ¡strat¡ on of the drug prevented gray and wh ¡te nlatter degenerat¡ on
and spared neuro'og¡ c funct¡ on for over 28 days after MACO. Neu2000 n￢ ay be a nove' therapy for
coΠηbat¡ng both NMDA receptor-'ㄲ ed¡ ated exc¡ totox¡ c¡ ty and ox¡ dat¡ve stress, the two nη ajor routes
of neurona' death ¡n ¡scheΠ￢¡a, offer¡ ng profound neuroprotect¡ on and an extended therapeut¡ c
w¡ ndow.
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'ntroductionInteIIuption of blood supply to the blain by loca1
thlo∏1bosis, elnbollc palticles, oI blood vessel
ruptule can cause pri∏laly neuIonal death in the
ischeII1土C COIe, aCco∏1panied by secondary death in
the ischelnic penuljlbla as a Iesult of activation of
Irlultiple death path、

'Tays. Thelapeutically, thIo∏
1bo—

lytlc and anticoagulant dlugs ale used to counteyact
these events by incleasing Iepelfusion and Π1odi㏉—

ing coagulat효 on.
AI10ther talget fbr thelape11tic intervention is

neulonal death, '∼ Thich pelsists foI houls alld days

Marked prevent¡ on of ¡sche'ㄲ¡c bra¡ n ¡n' ury by
Neu200o, an NMDA antagon¡ st and ant¡ o×¡dant
der¡ved fro'ㄲ asp¡  r¡ n and su 'fasa'az¡ ne
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aftel even a brief ischeΠ lic attack. Resealch findings

have sho"Yed the involveIIlent of glutamate alld
calciurlil in neuronal death aftel hypoxic— ischelli11c

bTain injuly. Such injuly cauξ es glutaⅢ ate release,

excess activatlon of ionotlopic glutamate Ieceptols,
and acculnulation of intlacellulal calciuln, ㄳThich

Iesults in Iapid and fullninant ne11Ional death (Choi
and Roth∏ lan, 1990; Mattson and KIoeIIleI, 2003).
Incleased calciuln then Uiggers neuIonal injuly by
activating cytotoxic pIoteins such as nitlic oxide
synthase, calpain, and endonuclease, and by iII1—
paiIing Initochondlia and endoplaslnic IeticuluΠ 1.

A nulillber of NL∏ lethy1-D— aspartate (NMDA) an—
tagonists have been sho、〃n to Ieduce hypoxic—
ische∏lic brain injury 土n vaIious aIIilna1 ∏1odels
(Buchan, 1990). However, none have pIoven effec—

tive 土n clinical tlials 'ν ith ischeIIlic stloke patients,

∏lainly due to naIIow thelapeutic t土 ∏le 'νindoνv

(Labiche and GIotta, 2004). This appeals to be
Ielated to the occuIIence of slowly e、 701ving blain

insult aftel Iepelfusion oI Ieoxygenation, which 土s

tliggeled by cytotoxic 윱ee Iadicals, pliIIIarily genel—

ated as a Iesult of inU· acellular accuIIIulation of

tlansition Iilletal ions such as Zn2 + and Fe2 十 and

∏litochondlial dysfLlnctions (Koh eι  αI, 1996; KiIⅡ
θι αI, 1999; Kondo θ

' 
αI, 1995; Fiskuln, 2000).

'‘

oreover, adIIlinlstlation of NMDA antagonists can
prod11ce neuIon쇼 1 、Yacuolization and necIosis pli—

nlalily in the posteliol c土 ngulate alld Ie柾 osplenia1
cortex in adult Iat (01ney θι αI, 1991; rix θι αI, 1993).
These 요ndings Ialse the possibillty that talgeting
both NMDA neuIotralls∏ lission ννithout neuIotoxi—
city and fl˙ ee Iadical neuIotoxicity Ⅱlay pIovide
enhanced neuroprotection agalnst hyp oxi c—ischelni c

injuly and inclease the thelapeutic τνindo"Y.
Acetylsa1icylic acid (asp土 III1) 土s widely used t0

plevent recurrent ischelrlic stroke; 1ts thelapeutic
effoct is related to its Iole as an ilrevelsible
cyclooxygenase inhibitol, inhibiting conversion of
alachidonic acid to thIolnboxane A2 and theleby
1nhiblting platelet aggregation (Botting, 1992). Re—

cently, aspilin and salicylic acid 'ν ele shoννIl t0
plevent NMDA Ieceptol— Inedlated excltotoxicity
by blocklng nucleal factol-κ B and cJun N— terIIIina1

kinase (G:rilli θ
' 

αI, 1996; Ko θι αI, 1998). Aspilin can
plotect against ischeIIlic neuIonal death by inhibit—

ing voltage— gated Ca2 + channels, p44/42 Ⅱlitogen—

actlvated pIotein kinase, and glutalnate Ielease (Kiln

θι αI, 2001; De Cristobal θι αI, 2002; V I̧÷tiainen θ
' 

αI,

2003). Ho'νevel, the thelapeutic potential of aspㅗ rin

土n the blain ∏lay be 1ilnited given that high doses
(as Inuch as 10IIIIno1/L) of the dlug ale needed t0

plevent N'4DA and Zn2 + neurotoxiclty 土n plilnaly

coItical cel1 cultules. The alltiinflalnIIlatoly drug
su1㎩salazine, a conjugate of 5귄minosalicy1土 c

acid and sulfapylidine, inhibits N'/IDA neuIotoxi—
citY Π1ole potently than aspilin and in addition
offels ne11IopIotection against 윰ee Iadlca1 injuly
(Gionchetti θ

' 

αI, 1990; Ry11 θι αI, 2003).
νVe pIopose that the dual pharIIlacological actions

of these sa1icylates on NMDA Ieceptol—iIIlediated
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excitotoxicity and free Iadlcal Ile11Iotoxicity offor

the potential foI inlpIo、 Yed neulal pIotectlon aftel

1schelnlc blain injuly aJId that developIIIent of
cheII1ical derivatives of these coIIlpo11nds νν土tlI

gleatel potency, safety, alld effoctiveness Inight offer

a novel, successful therapy·

Mater¡ a's and 'ㄲ ethods

PriIILarv Cortical CeⅡ  Cultures

ⅳIouse coTtical cell cultures were plepaled as previouslv

described (Noh alld Gwag, 1997). Anilnals wele halldled

ill accoTdance with a pTotocol approved by ouT institu—

tional anilnal cale con1ㅍ littee. BTains νvele ren10ved fron1

14-day⌒ old fetal nlice, and 난le celebral cortices weTe

isolated, gently Uiturated, and plated on 24-、 Ne11 plates

(5 helnispheles/plate, approxiilnately 2. 5 × 105 ce11s/plate)

precoated with 100 μg/InL poly— D-lysine and 4 μg/IIIL

lalininin. Platlng Πledia cons土sted of Eagle’ s mlninla1

essential IIledia (with Ealle ’s salts, supplied glutaⅡline—

fI˙ee) supplemented with 5 % hor㏄  serum, 5 % fetal bovine

serum, 2 Inㅍ 101/L glutan1ine, and 21 Inlno1/L glucose.

Cultules wele maintained at 37oC in a hulnidified 5 %

CO2 atlnosphere. Cytoslne alabinofulanoside (ⅱ nal con—

cenU· atiol1, 10 μnlo1/L) was added to cultures at 7 to 9 days
j'n i i'ro (DIV), when glia becanle confluent undeT neurons.

T、wo days latel, cultures were shifted to a gro、 νth ∏lediu∏1

lacking fetal bovine seluㅍ1 but otherwise identical to the

plating Iillediuln; cult11Ies were s11bsequently fed every

othel day·

DeterIIlination of Neurotoxlci㏉

Mixed cortical cell c111tules (11 to 14 DIV) containing

neulons and glia were briefly exposed to NMDA
(300 μmo1/I,) or continuously exposed to α-alnino-3—

hydloxy- 5 -∏ lethy1 -4 - isoxazoleplopionic acid (10 μInoI /L) ,

kainate (30 μIIlo1/L), Fe2 + (50 μIno1/L), DL— buthionine—

[S,Π ] -sulfoxilnine (10 nlnlol/L), 0r sodium nitToprusside
(5 μⅡ101/L) 土n Ⅱ1inilnal essential media containing
25 IIlmo1/L glucose. Neuronal death was evaluated 24 h

later by measuling the alnount of lactate dehydlogenase

Ieleased into the bathing mediuln. The pelcent of
neuronal death M/as nolrnalized to the Iylean lactate
dehydlogellase value released aftel coIylplete death of

neurons on 24 h exposule to 500 μn101/L NMDA ( = 100%)

or shaII1 νvash ( = 0%〕 .

Electrophysiologic Recordillg

VVhole— cell voltage— clamp recoldillgs ⅳvele perforlned on

plilnary cultured coTtical Ile11Ions (11 to 14 DIV) at rooㅍ 1

tempelatule (18○ C to 23oC) VVhole—ce11 curlents νvere

recoIded and analyzed using an Axopatch 200A alnp liⅱ er

(Axon Instlulnents, FosteT City, CA, USA) with Digidata—

1322A A/D converteT alld pClaIIlp 8. 0 (Axon Instruments).

The 2 to 3-'4Ω-resistance recording pipettes wele filled

Ⅳvith an illtelnal solution coyltainillg 135 InⅡ 1o1/L CsC1,

10 nln101 /IJ N- 2 -hydIoxyethylpiperazine—  NI - 2 -eυhanesulfonic
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acid, 1.2 Inmo1/L MgC12, 4 Inlno1/L ATP— Na2, 0. 5 ∏1Inol/L

CaC12, alld 11 ∏1Ino1/L ethyleneglyco1 tetraacetate (pH

adjusted to 7. 3 'vith CsOH) The external soluUon was

composed of 140 nα 그nol/L I、 TaC1, 2 Ⅱ1IIlo1/L KC1, 2 Iylmol/L

CaC12, 1 0 HLnlo1 /L N- 2 -hy dIoxyethylpiperazille— N' - 2 - etha—

nesu⊥ fonic acid, and 0. 01 Inlno1/L glycine 〔pH adjusted
to 7. 3 to 7.4 'ν ith NaOH). N— Ineth,γ l— D—aspaltate and
2 - hy dToxv- 5 - (2 , 3 , 5 , 6 -tetranuoro-4 -tTiflu oIomethy1-benzy1

alylino) -benzoic acid (Neu2000) solutions were prepared

b}·
 dissolvillg these chelnicals in the extelnal solutiolls,

and they τνele apphed to talget neuIons using a gravity—

dliven supeTfusion systeln ⅳvith a lineal aITay ㅇf 8ㅡ 10
baITels. Graphing of data and doseㅡ Tesponse analyses 'Nas

performed using Prism, and a11 data were plesented as

mean + s.e.

rocal Cerebral Isε hemia: Clip '4ode1

'4ale Sprague一
Dawley rats (260 to 300 g) wele anesthe—

tized with chloral hydlate (400 Ing/kg, intraperitoneally)

and subjected to tTallsient focal celebral ischeㅍlia by

occl11siol1 of the rlght Iniddle cereblal alteyy and both

CO∏1Iinon carotid altelies, as pleviously desclibed (Chen

θI αI, 1986). IIl brief, the colnlnon caIotid altelies νveTe

exposed thIough a vertical Inidline neck incision. The

right IIIiddle cereblal aTtely was exposed undel surgica1

ΠlicToscope alld occluded with a Inicroclip positioned
inferior tㅇ  the cerebral vein. Co∏ 1plete interluption of

blood floν v νvas v土 sually confiIIned under s11Igical InicIo—

scope. Both coㅍ 1Inon caIotid arteries νvele then occluded
νvith InicIoclips. Body temperature ν̨as Ineasuled with a
rectal probe and maintained at 37ㅇ C with a heating pad.
The aneurysm clips ⅳvere released 60 Πlins latel, and
restorat土 on of blood flow was observed undel a Inicro—

scope.

Focal Cerebral Ische∏ lia: IntraluIIlinal Thread '4ode1

'4ale SpTague—
Dawley rats (260 to 300 g) were anesthe—

tized alld ∏laintained with 2.5% isoflurane in 70% N20
and 30% O2 using a face ∏lask. Body teIIlperature νvas
maintained at 37ㅇC with a heaUng pad. The Iight colnlnon

carotid altery, external caIotid altely, and interllal caIotid

altely νveTe exposed. I노 length 4-0 ⅲonofilalnent nylon
sutule (17mm, precoated with silicolle) with its tip
Iounded by heating near a flalne νvas advanced fI˙ om the
lu∏len of the internal caIotid artery until it blocked the

origin of 난le Tight Iniddle celebral altery·  I'fter 90 ∏ⅱns,

ⅲe rats νveTe reanesthetized T/vith isoflurane and subjected
to reperfusion by withdla、νing the sutule.

2,3, 5-TriphenyltetrazoliuⅡ 1 Chloride StaiⅡ ing

Tㅇ analyze infalct volume, Iats were euthanlzed by chlora1

hydrate 24 h after Iepelfusion, and bralns weTe sectioned

coToIlally into six 2-yllrn— thick slices ill a rodent brail1

Ina'土x (HaIvard 工Ilstlunlents Incorporatiol1, South Natick,
MA, LISA) alld placed in 2 % 2,3,5-tliphenyltetlazoliuIIl at

37oC for 30Inins. IInages of bTain sections 、NeTe captuled

by all iIIIage analysis system (Bio— Rad, Hercules, CA,
【JSA). InfaIct volu∏ le was deternlined by colrectillg tissue

swelling accolding to the following equation to each
coronal blain slice (Belayev θτ αI, 2003) :

Acoㄸ ected 〓 Ainfarct × [1 - (AI — Ac) /Ac],

wheTe AI is the ipsi⊥ ateral heIy1isphere alea and ,4c is

the colltralatelal heII1isphere alea. Helnisphelic infaTct

volume 'ΛTas then deteIyI1ined by adding the infalct

voluIIles measuled 土n each brain slice using T工NA 2.0
(KAIST, Daejeon, Korea).

DeterⅡlination of '/Iitochondr크  al Free Radicals in
Neurons

Mitochondlial fI˙ ee radical geneTation 、Nas allalyzed as
descr土 bed previously (KiH1 θ

' 
αI, 2002). Rats '〃 ere

sLlbjected to clip occlusion of Lhe rMCA and both colr1ㅍ 10n

carotid alteries (coΠ 1II10n CaIotid altelies) for 60 Iylills,

placed into a Kopf stereotaxic appaTatus, and injected

11sing a Halni⊥ toll syIillge in the latelal ventl· icle (coordi—

nate: 1.0 Ⅱ1In allteriol to the breglna, 1.9 ∏1m lateral to the

midllne, and 2. 8 mln below the p㎩ 1 surface) with 0.4 nIIIo1

'4itotracker Red CM—
H2XRos ('4oleculal Probes, Eugene,

0R, USA〕  dissolved ln an 8ㅓ nl IIlixtule of dimethylsulf—

oxide and saline (1 :1 v/v). Anilnals wele euthanized at

indicated points of ti∏le after repelfusion and pelfused
wiith phosphate:1)uffeled sahne folloνved by 3 % palafoㅏ
maldehyde. The brain νvas ilnΠlediately removed, iln—

nlelsed ill fixative for 2 t0 4 h, incubated in 30% sucIose at

4· C for 2 days, alld sectioned into 30 μIIl slices. Sections

νveTe stalned νvith Hoechst 33258 foT 5 mins and visua—

11zed under a fluorescent IylicIoscope (Ex = 466 nII1,

En1 = 360 I1Π 1). Mitochondlial free Iadica⊥ s νvele deter—
ㅍ11ned by monitoring the oxidized fluorescence product
(Ex = 554 nm, Ξ∏1 = 576 nm) of Mitotlackel Red CM—
H2XRos under a fluorescence InicIoscope equipped '〃 ⅱh
a cooled chalged couple device system (Zeiss, GotUngen,

Germany) Njiitochondrial fI˙ ee radlcal intensity was detel—

∏ⅱned by Image Gauge 3. 12 (ruji, Tokyo, Japan)
ror neuIonal staining, sections were furthel incubated

in 0.3% H2O2 and 0.25% T'iton X-100 fbI 30Inins at Ioo∏ 1

telnperature, and reacted for l h with 5% bovine serum

albunⅱn fc)1lowed by ∏10use anti— NeuN II10noclonal anU—
body (CheIy1icon, CA, USA) overnight at 4oC. Sections

weTe washed wiith phosphate— buffbred sahne, incubated
v̌ith fluorescein isothiocyallate-labeled anti Inouse llr1—

munoglobulin (νbctor Laborator도 es, CA, USA) foI 3 h,
ⅳvashed with phosphate— buffored saline, and visualize d

under the 요uolescence Inicroscope.

Analysis of White '‘ atter Dalnage and N-'/fethy1—

D—Asp artate Antagonist— Induced Neuronal DaIIlage

For v̌hite nlattel staining, braill was secUoned at a

thickness of 20 μIn on a clyostat. Sections wele ㅍ10unted
on gelatin— coated s1ides, dehydTated with graded alcohol,

a끄d stalned with 0. 1 % Luxo1 ㎩st blue solution and
he∏latoxy1土 n—eosin sㅇ 111tion. νVhite matter damage νvas
analyzed by IIleasuying decrease 土I1 optical dellsities {ODs)
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of nlye1土 n stailled with Luxo1 fdst bllle as desclibed
(Schdbitz θ

' 

αI, 2000). roI the striatuln, at a IIlagnification
of × 400, the ODs of 30 to 40 ㄳThite IIlattel fiber tracks

were IIleasured. The ODs of the external capsule wele
measured 丘oln 10 randoIIlly chosen aleas at a Inagnifica—

tion of × 40. The OD Tatio was calculated by dividing the土p땄玉玉ξ♀모耗요몹¼:표器요器u㏄d neㅃnal da—

IIIage ⅵ/as exaIIIined in ,Ioung adult Iat (65 to 75 days of

age) as reported previo11sly (Fix θι αI, 1993). Aninlals
received a single subcutaneous injecUon of 5 Ing/㎏
N4K-801 0r a single intravenous (i.v.) illjection of 5 0r

30 Ing/kg Neu2000. Anilnals ⅳvele euthallized 3 days aftel

drug adII1inisUation, pelfused with phosphate— buffoled

saline followed by 3 % palafoIInaldehyde, and stoled in

cold ⅱxative. Sections (5 μm thick) 'ν eTe obtalned fI˙ oln the

parafⅲn blocks, stained νvith hematoxylin and eosin, and

exa∏11ned undel 1ight Inlcroscopy·

B ehavioral Tests

The 고̆

‘

odiⅱ ed Neulological Sevelity Scole 〔InNSS) was

calculated as a IIleasure of II10toT, sensory, alld reflex

function, and balance 11sing a IIlodified version of the

무튱끙::::i꿈持ξ⅜
무√⅞ 묘밝∶긍∶

r⅝

먕 裙 ⅜
j瑕

:iI⅛ ξ I∶띰 i

deficiit 〓 28). The mNSS vlas detelilnined by Illeasuling

Ieflex alld ibnoIInal n10venlellts (subtotal score = 0 to 4 :

pilllla reflex = 0 t0 1, colneal Ieflex = 0 to 1, startle

Teflex = 0 to 1, and seizuTe, rnyoclonus, oI Inyodystony = 0

to 1), Tesponses to being raised by the tai1 (subtota1

scoIe = 0 to 3: forellIIlb flexion = 0 to 1, hindhⅡ ib flex—

ioI1 〓 0 to 1, and head moveIIlent ovel 10ㅇ
 to vertical axis

νvithin 30s = 0 to 1), and Tesults of sensory tests (subtota1

score = 0 to 12: visual placeIIlent of fblelimbs = 0 to 3,

tactile placeIIlent of foreliⅲ 1⊃s = 0 t0 3, proprioceptive

adductiol1 of hindlirrlbs = 0 to 3, tactile placelnent of

hiIldli∏ibs = 0 to 3), and bea∏1 balance tests (subtota1

scoIe = 0 tㅇ  6: balances with steady post11Ie = 0, grasps

side of beaII1 = 1, hugs beaIII and one li∏ ib faⅡ s dowl1 = 2,

hugs bealn and tⅳvo lilnbs fall doⅳ vI1 oI spills oveT 60s = 3,

atteㅍ1pts to balance on beam but fa11s off ovel 40s = 4,

attempts to balance on beanl but falls off ovel 20s = 5, fa11s

off alld no attelrlpt to balance or haIIg onto beam within

20s = 6).

The Rotarod test was pelfoIIned by ●Ineas11Iillg the tlnle

aninlals re∏ lained on a Rotalod (Ugo Basile, Italy) that was

퉁표箝끕'“꼽을랗::랗∶므1짧ξI∫⅜욺묘患J盂⅜:끝땀e誥
artely occlusion (MCAO). Data are presented as the yylean

pelcent duraUon of thTee Rotarod Ineasurements com
pared with presulgery·

The adhesive— Iemoval solnatosensory test νvas per—

fblmed by Ineasuring the tilne to Telnoval of a slnal1 piece

of adhesive Iectangular tape (1 cm2, Fischer, PA, USA〕

applied to the radial aspect of each folelilnb (Schabitz θf

αI, 2004). The tilne to Ielnove each tape ㄳTas recorded on 3

trials per day, each νvith a 3-Inins interval in dark and

faintly illunlinated by all infl˙ ared light. The aniynals weTe

tlained for 3 days befole surgery. Once the rats νvere able
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to remove the tape withln 10 secs, they were s11bjected t0

ischelnia.

Statistlcal Analysis

For colnpalisons of palalneUic data, allalysis of vaIiance,

f˚ 1lo∼νed by a two— tailed f— test, ㄳ7as used to deterlnine

statistical signi요 cance. CoIIlparisons of nonpalalne柾 ic

data weTe perforlned using KIuskalㅡ ㄳTa11土
s test, folloνved

by Manll— VVhitney υ:tests. A P < 0.05 'vas consldered

statistically sigllificant.

Resu 'ts

Blockade of NhIDA Neurotox요city by Neu2000 in

Cortical Ce11 Cultures
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Neu2000 1nhibited the electlophysiologic Iesponse
0f cultured coltical ne11Ions t0 300 μInol/L NMDA 土n

A cooH

()rO、
!/애

] ㎹一⊂ΓY F3c좃“
一ㅃ{∫표"骸

빼
흖一O

B

ㄻ
 
m
 

ㄻ
 
"

(
㎊

)
 °∽"
φ

'
–

 τ
O
」

굽탉*Ξ :n룽

li:i:::않

ㅎㅃ . +ㅆ

'옭

r:용¼않:양
¡

∶ㅐ ¡

'':'1七

s⅜밑

’

류⅜:

and Neu2000. (B) Mouse cort¡ cal ce' l cu'tures (1 1 t0 14 DIV)

were exposed t0 300 μmoI/L NMDA for 10 mins, alone or in the

pyesence of the ¡ndicated doses of aspirin, su'fasalaz¡ ne, 0r

Neu2000. Neuronal death was analyzed 24 h Iater by
measuring Iactate dehydrogenase efflux in the bathing med¡ a

(nㄱ ean ± s.d., /, 〓 4 c머 tures per condition).
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Figure 2 Neu2000 b10cks NMDA-¡ nduced currents. Whole— cel l

currents were 이icited from cultured cortic섧  neurons (1 1 to

14 DIV) at a hold¡ ng potent¡ aI of -60mV. (A) Currents after

exposure t0 300 μmoI/L NMDA aIone or with success¡ ve

appl¡ cation 0f the ind¡ cated doses of Neu2000. (B) The
inhibitory effects of Neu2000 0n NMDA currents from (A)
eχ pressed as percentages of the control response obta¡  ned at

0 μmoI/L Neu2000 (% of Control). (C) Currents after exposure

to NMDA, 섧one or in the presence 0f 100 μmoI/L Neu2000.
Steady— state NMDA— evoked current (I) was norm㎭  ¡zed to the
max¡ mum NMDA response (Imax). (P < 0.05, compared w¡ th

NMDA alone). (D) Agon¡ st— dependent act¡on of Neu2000 on

'NMDA currents. The inh 
¡ b¡ tory effects 0f 100 μr˙no1/L Neu2000

0n NMDA currents from (C) were reconstructed, clearly showing

agon ¡st—dependent ¡ nhibit¡ on by Neu2000.

a concentration— dependent mannel (Figule 2I노 ),

1ndicating that the effect was Inediated by a specific

action at NMDA Ieceptols. The dose— Iesponse cuIve
0f Neu2000 'Nas constlucted and 且tted to the
folloˇνing equation (Γ 1g11Ie 2B) :

% of conUo1 = (∏ laximum — miniIIlum) / [1
+ (x/IC50)n] + ∏1土n土Ⅱ111Π1,

whele Π is Hi11’ s coefficient and IC5o 土s the
concenUation of Neu2000 resulting ln 50 % block—
ade. The Neu2000 dose Iesponse had an IC50 of
35.38 ± 5.94 μΠ101/L and H土 11’s coef요 cient of 0.91
(끄 = 8). This finding suggests that Neu2000 blocks
N'/IDA— evoked cuIIents ∏1ole potently than does
sulfasalazine (IC5° = 294 μ∏10l/L) (Gionchetti ε

' 
αI,

1990) and ∏lay bind stoichlolnetlically to the NMDA
Ieceptor.

Tㅇ elucidate the Inode of action ㄳYheleby Neu2000

blocks N1˘

‘

DA Ieceptors, we tested for changes in the
NMDA concentlation— Iesponse '’L,ith adΠ linistlatl on

of Neu2000 (rigule 2C). Neu2000 (100 μ∏1o1/L)
signi且cantly Ieduced the IIlaxilnal NMDA Iesponse
by 58.31 ± 2.72% (Π  〓 5) and the EC5o values of
NMDA ⅲo∏1 18.88 ± 1.85 t0 9.92 ± 0.17 μmoI/L (n 〓 5,

P < 0.05), indicative that lt ls a noncolnpetitive
antagonist. Moleover, the antagonistic effoct of
Neu2000 increased vvith incleasing concentlations
0f NMDA, a coⅡ1IIlon chalactelist土 c of noncolnpeti—
tive lnhib土 tion (Γigule 2D).

Blockade of rree Radical Injury by Neu2000 in
Cortical CeⅡ  Cu】tures

In addition to the neulopIotective effects of
Neu2000 against NMDA neurotoxicity, νve shoⅣ ved
blockade of 윰ee Iadical injuly by Neu2000. Mlxed
coItical ce11 c111tules of neuIons and glia exposed t0

50 μmo1/L Fe2 + undelν vent 、νidesplead neuIona1
death 24 h latel. Aspilin did not affect Γe2 + -ind11ced

neulotoxicity, but sulfasalazine (30 t0 100 μmo1/L)
ploduced a partial attenuation. Treatlnent ⅳvith 10
t0 100 μilil101/L vitaΠ lin E oI 3 to 10 μⅡ1o1/L tlolox, a
membrane— peIⅡleable delivative of vitaII1土 n E, dose
dependently Ieduced Γe2 + -induced neuronal death.
Edalavone, a free Iadical scavengel, paltially Ie—

duced the 윰ee Iadical inj11Iy at a dose of 3 μmol/L,
b11t its protective effect disappealed at hlghel doses.

Ad∏linistration of Neu2000 produced a IIIalked
Ieduction of Fe2 + -induced neuIotoxicity, even at
doses of 0.1 to 0.3 μIno1/L (rig11Ie 3A). Neu2000
blocked the degenelation of neuIons and g1土 a in
coItical ce11 c111tules exposed to DL— butllionine—

[S,P] -sulfoxi∏ line, a glutathione—  depleting agent,
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F¡gure 3 미ockade 0f free radic쇄  tox¡ c¡ty by Neu2000. (A)
Cort¡ ca l ceI I cⅲ tu res (1 1 to 14 DIV) were continuou어 y exposed

to 50 μmd/L Fe2 + , ㎭one or ¡n the presence of asp¡ r¡ n,

sulfasalaz¡  ne, v¡ tam ¡ n E, trolox, edaravone, or Neu2000. (B)

Cort¡ ca l cel l c머 tu res (1 1 to 14 DIν‘) were continuously exposed
to 10 mmoi/L DL— buthionine-[S,P]-sulfox¡  mine or 5 μmoI/L
sod¡ um n¡ troprusside, alone or ¡n the presence of Neu2000 0r
troㅣ ox. Neuronal death was analyzed 24 h Iater by r、 neasuring
1actate dehyd rogenase eff ux ¡ n the bath ¡ ng media (mean ± s.d.’

Π = 8). Lactate dehyd rogenase va lues exceed ¡ ng 100 ind ¡cate
death of glial ceII and neurons. *P < 0.05 compared w¡ th DL—

buth¡ 0n ¡ne-〔S,P]-sulfox¡  r˙nine or sod ¡ um nitroprusside alone.
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Ieactlon '˛Tith a stable fI˙ ee Iadica1, 1,1-diphenyl-2—

picrylhydlazy1 (data not shoㄲ Tn).

Enhanced alld Extended Neurop rotect묘  on Against

Transiellt Focal Cerebral Ische∏ 1土a by Neu2000: Clip

occlusion Mode1

νVe next investigated the neulopIotective effects of
Neu2000 1n an aninla1 ∏1odel of hypoxicㅡ 1schelil1土 a.

Intlavenous ad∏ linistlatlon of Neu2000 5 Inins after

Iepelfusion s11bstantially and dose dependently
Ieduced celeblal infalct e、 γoIving 24 h aftel 60-Inlns

0ccluslon of tlle MCA (Figule 4A). At doses of 2. 5 to

溫 닥뇽
ge檄

:: 쁑f㏛꾸읖1표:;:::;i몇 晶坼濫  ℉
1:器

옳:응 i

volu∏le of 66%. In coIIlpalison, MK-801 (3 IIlg/kg),

an N'ΛDA antagonist, and tlolox (50Ing/kg) pro—

Thrgeted p'evention of ¡schem¡ c brain injuη

BJ Gwag e[ ∂I

1147

duced IIlaxilnal neuloplotection of appIoxilnately
46% and 34%, Iespect⊥ vely (Figure 4B). Deepl}—

eosinophlllc neuIons "Tith pyknotic nuclei 'vere
obselved in the IetIosplenial cortex at 3 days afteT
adln효 nlstlatlon of MK-80l in adult Iat as Iepolted

⅝薛∶堪놓
slajF표

t 밍ι모v:⅝

9묘·
ti쏭

'笠렸:I’v⅞iξξ::을뭉쇨
cortical alea a요eI adlninistlation of 5 Ing/kg
Neu2000 (i.v.), a dose sho"γing IIlaxilnal neulopro—

tection in the cuIIent MCAO ∏1odel. Moreovel,
eosinophi1土a of neuIons ㄳ’as not obselved 土n the
Ietlosplenial coltex at 3 days aftel adlninistTation of

30IIlg/kg Neu2000 (Figule 4C). These findings
suggest that Neu2000 safely and plofoundly pIotects
against ischelnlc blain lnjuly, plesulnibly by block—

ade of both N'Λ DA and fI˙ ee Iadical neurotoxicity·

工n the adult rat, NMDA antagonists have been
shoνvn to declease infarct vohlme aftel tlansient
MCAO ⅥThen adIIi1inisteled just before lschelnic

挺꿍:흖앞:1표 ,옆1¼盟la(::;:::떫음빪⅜㎋⅛놓Ξ널n방
):됴

A
;」0㎱ ￢
「Ti

C 

≒畢
::::::: -:::: :=-::i:

∞
 
O
O
 

∞
 
O
O
 

∞
 
o

D
 

曾
트

읕

⊇
♀

0
쁜

,

ε
E
ㅌ

)
 Φㅌ
⊇
ㅇ>
 
b
,
굔

드

∞
 
O
O
 

∞
 
O
O
 

∞
 
o

(
ㅂ

 

ε
ㅌ
ㅌ
)
Φ
ㅌ
'
–

°
,
ι

으
●
트

±辛
1::1

o ⊥一

o 5 1 2 5 5 10 20
Neu2000 (mg/kg, iv)

P<ㅇ ㅇ5

ㅌ 
罷 罷 훔ξ⅝⅝i⅜⅜⅝⅛—-L—

彗
—

::f

Voh Neu2000 Mk-8o1 Trdo× Veh Mk· 801 Neu2000

∏합捉:¡魚 ㄾτ#¼½새을r⅜
+쌤
器n:e品

f芸

♂湧器℉v몄유:ξ、Σ
'u2000 

¡n cⅱ p o㏄ l㎱ion mod이  0f focal ㎝eb㏊ⅱ㏄hemia. ㎀)

or Neu2000 adm¡  nistration 5 m ¡ ns after reperfusion (mean ± s.d.’

Π〓8rats for each cond¡ t¡ 0n).(B)lnfarction volume24h after60-m¡ ns MCAO with¡ ntraperitoneal veh¡ cle,Neu2000(50mg/kg),

h/K-801(3mg/kg),or troIox(50mJkg)adm¡ n¡ strat¡ on5mins after reperfusion(the time of maximum neuroprotect¡ on at the

selected doses of each drug,m ean± s.d.,Π 〓6to9rats for each condition).*S¡ gnif¡ cant difference versus Neu2000 (C)Bright— f¡이d

photomicrographs show¡ ng retrosplen¡ al cort¡ cal neurons from a control rat and3days after M K-801(5'ㄲ g/kg,subcutaneous),0r

Neu2000(30r、 ng/kg,i.v.)adm¡ nistration¡ n adult rat.Arrows¡ ndicate deeply eos¡ nophⅱ ¡c neurons w¡ th pyknot¡ c nuclei.Bar,50Iι m.

(D)lnfarction volume24h after60-m¡ ns MCAO w¡ th i.v.vehicle or Neu2000(5mg/kg)at¡ nd¡ cated t¡ me after reperfus¡ on(mean±

s.d.,Π 〓6to 11 rats for each condit¡ 0n). (E)FIuorescent photom¡ crographs of cort¡ c섧 sections show¡ ng r˙nitochondr¡ 해free rad¡ c쇄

(red)in neurons immunolabeled with ant¡ -NeuN antibody(green)(top pane1).Sections were taken from rats that underwent sham

operation and rats that underwent60-m¡ ns MCAO8h pr¡ 0r and received veh¡ cle(Veh),ⅳ‖〈-801(3mg/kg,intraper¡ toneaIIy),or

Neu2000(5mJkg,¡ .v.)4h after reperfusion.Scale bar denotes10μ m.Note the punctate patte''n of neuronal'ㄲ itochondr'ia1free

rad¡ cㅚ (ye‖ ow),which¡ s increased in the¡ scher˙nic penumbr좨 areas.Mitochondri섧 free rad¡ caI Iev어 s were evaluated by measuring

the귀 uorescence¡ ntens¡ ty of0x¡ dized Mitotrad〈 e''Red CMㅘㅓ2XRos(bottom pan이 ,mean± s.d.,ρ 〓450to500cort¡ c섧 neu''ons

randoⅲ y chosen ¡n the ische'ㄲ ¡c core region from 3 rats for each condition).
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T¸ b'e l Arter¡ aI blood gases and her˙ natocr¡ t in rats treated w¡ th Neu2000 after 90-mins tMCAO

Tㅏeα 'I끄  θn ι ρH pCO2 

‘

mⅢ Hg’ ρO2 fmⅢ  I⅞

’

Hσ f f%’

Onset of occlusion

30 ∏lin after reperfusion

2 h afteT reperfusion

、ιτohicl e

Neu2000

Vbhicl e

Neu2000

Vbhicl e

Neu2000

7. 33 +- 0.06

7. 22 + 0.03

7.31 + 0.06

7.23 + 0.03

7.33 + 0.04

7. 28 + 0.01

27.88 + 0. 77

23. 72 + 1. 25

31.28 ㅓ- 1.21

29.90 十 1.25

29.55 + 1. 14

25.56 + 1. 18

100.05 + 2.45

100.30 + 6. 56

110.83 + 9.07

95.28 + 2.11

98. 30 + 3.65

106. 36 + 6.50

28. 50 + 0. 87

27.60 + 1. 21

33. 50 + 1. 19

31.60 + 1. 50

31. 50 +- 0. 29

27. 20 + 1.02

Neu2000 (5mυ kg. iv.) ㅇr vehicle was adm¡ nistered 30nㄱ in after reperfusion. Phy'siolog¡ cal paranㄱ eters were measured before (onset of ocdusion),

inㄱ nㄱ ediately after (30'ㄲ i∩ after reperlusion), and 90m¡ n after (2h after reperfusion) vehicle or Neu2000 administration (/,=4 for veh¡ cle; ρ=5 f˚
'Neu2000)

thelapeutic ''ˇ indow as shoⅳvn by the attenuation of
ischeII11c blain injuly ⅳνhen adIIlinisteled ㄳTithin 3 h
aner repel㎙ sion (ⅳVatanabe θ

' oI, 1994; Kuloda o' 
αI,

1999: IInai θf oI, 2001). In addition to the plofbund
neulopTotective effect of Neu2000, "γ e found that its

thelapeutic 'v土 ndo"γ  was IIlalkedly extended coln—

paled ''-ith those of NMDA receptol antagonists and
alltioxidants. Neu2000 (5 mg/kg, i.v.) maxilnally
Ieduced infalct volulne 24 h aftel 60-IIIins MCAO
、νhen adlninisteled 5 ∏1ins after Iepelfusion. The
neuropIotective effects ㄳTele gladually Ieduced "γ ith

incTeased delay in adlninistlation, but Neu2000’ s

effects "7ele sti11 signiflcant ννhen de1iveled 8 h aftel
Iepelfusion (Figule 4D).

It is concei、Yible that Neu2000 exerts its plofound

alld extended thelapeutic effects by pleventing free
radica1 injuly as ⅳvell as N'4D1' Ieceptol— Inediated
excitotoxicity. To exaΠ1土 ne this possibi1ity, νve
studied the teIIlpolal pattern of Ieactive oxygen
species ploduction 60 II1ins aftel λ/jiCAO. In coltica1

neurons, ROS were ploduced ln the ische∏ lic cole

Iegion τ̃Tithin 30IIlins aftel Ieperfusion and in the

penumblal neuIons ⅳvithin 6 h aftel IepelfLlsion
(data not shoνvn). Reactive oxygen species ploduc—
tion in the penuiIIlblal alea 8 h aftel Iepelfusion νvas

neally coIIlpletely blocked by Ne112000, but not by
MK-801, ad∏ 11nistered 4 h aftel Iepelfusion (Figules

4E and 4F). Thus, the extended thelapeutic ννindoⅳv
0f Neu2000 see∏ 1s to be attlibutable to its free
Iadical scavenging action 土n palt that blocks the
slo、ν ploduction of Ieactive oxygen species 土n the
penuⅲblal aleas.

Long-lasting NeuropTotection alld Behavioral Sparing
Against Transient rocal Cerebral IscheⅡ ⅱa with
Neu2000: IntraluⅡⅲnal Thread Ocε lusion ⅳIode1

In conslderation of the f쇼 ilule of numeIous neuIo—
plotective agents 土n h11man clinical tI’ ials of stloke

velsus theil success ln Ieducing infalct voluⅡ le in

aniIIlal Inodels of stroke, the stloke thelapy aca—
deIIlic industry roundtable has Ieco∏ 1Inended that at

least tⅳvo outcolne illleasules, including functiona1
Iesponse and infarct voluIIle, be investigated 土n a
IandoΠⅱzed and ∏lasked fashion to evaluate neuIo—

plotectant efficacy in anilnal IIlodels of stloke
(STAIR, 1999). VVe pelfolmed additlonal Iando—
IIlized, b11nd exp elilllents 11sing the Iat llltla111Inlna1

thlead occlusion ∏1odel to test lf Ne112000 νvould
prevent νvhite IIIattel injuly and behaviolal de且 cⅱ s

as "γ ell as reduce infalct volume. Adlr1土 nistlaUon of

Ne112000 (5 ∏1g/kg, i.v.) 30 mins a묘 er repelfLlsion did

not change physiologic valiibles such as altelial pH,

PCO2, PO2, and he∏ latoclit aftel 90-Inins MCAO
(τhble 1). T'reatlnent "Yith Neu2000 substantiaⅡ y
Ieduced 土n㎩Ict 、Tolulne evolving in the coltex alld

the stliatu∏l at 3 days of Iecirculation afLeI 90-Inins

MCAO (Figule 5A). ⅳVhite mattel damage in the
sU土atuln and extelnal capsule 、

'γ

as evident 3 days
aftel 、4CAO and was Inalkedly Ieduced by Neu2000
(Figure 5B), suggesting that Neu2000 pIotects ㄲThite

∏lattel such as axons and Inyelin as 'Nell as glay
nlatteT fI’oΠl ischeIIlic blain inj uly·

Neurologlc deficits ⅳνele evaluated 11sing the
IIINSS iiII1Ⅱlediately aftel 90-Π lins MCAO (riguTe
5C). The vehlcle— tleated contlo1 gIoup sho'Ned
silr1土 laI levels of neurologic deficit l II10nth aftel
ischeΠlic injuly. Adllilinistlation of Neu2000 ap—
pealed to Ieduce nINSS ∏leasuled l day aftel
90-IIlins MCAO. Neu2000 fulthel Ieduced the InNSS
by up to 70% Ielative to the contlo1 gIoup 3 days
aftel 'ΔCAO. The behaviola1 ilnpIovelnent by
Neu2000 lasted foI l II10nth aftel MCAO. IscheIIliC
lesion 土n the striatuIIl resulted in iIIlpailed coordi—
nation of Inotol skill as shoㄳ γn by decreased mean
tiIIle spellt on the Rotalod (Fig11Ie 5C). λ/Iotol

function "Yas slgnlficantly ilrlpIoved ⅳvithin l day
in aniIIlals tleated 'ν ith Neu2000, alld the iIIlpIOVe—

nlent lasted for l Inonth aftel ischeII1土 c injuly·

Adn11nistlation of Neu2000 appealed to ameliolate
henlineglect behaviol ⅳvithin l day aftel ischeⅡ lic

injuly, as shoㄳ Yn by sholtened latency to adhesive

tape IeII10val.

D ¡ scuss ¡ on

Wo hypothesized that sa1icylic acid coΠ 1pounds,
which have ∏lultiple neuroprotective actions, ∏light
be successfully used foI plevention of ischeⅡ lic

bra土 n injuly if stluctural derivatives ㄲTith impIoved
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potency and safety could be developed. νVe have
plovided evidence that Neu2000, a deIiτ Yative of

aspilin and s111fasalazlne, exelts dual ne11IopIotec—

tive effects: blocking Nλ/IDA neurotoxicity as un—

colnpetitive N'4DA antagonist and blocking free
radlcal neuIotoxicity as a *ee Iadical sca、Yengel.

The dual neulopIotective actions of Neu2000 τνele

associated with lncreased ef且 cacy 土n a clip occlu—
sion ∏1odel of tlansient MCA occlusion coΠ 1paled
ν̨ith NMDA antagonists oI antioxidants. Neu2000
also plolonged the therapeutic tiIIIe Ⅳvindoㄳ T by 11p

t0 8h in both the clip and thlead Inodels of transient

MCA occlusion. Furtherlnole, single bolus injection
0f Neu2000 pIotected sensory and Inotor fLlnction
for at least 28 days after ischenlic insult.

The neulopIotectlve effects of N'4DA antagonists
have been 'ν e11 docu∏lented in anilnal ∏1odels of
ischeII1土a and extensively investigated ln clinlcal
trials of hu∏lan stloke patiellts. Selfbtel, celestat,

and e1iplod11, stIong NhliDA antagonists that act 土n
a c0∏1p etitive, nollco∏ 1p etitive, and NR2B —selective

흠  ㅇ6

茹 04

ㅇ 02

E×tern섧  capsLl e

∏lannel, Iespectively, sho˛ T̨ed no efficacy ln phase

III trials for acute stroke thelapy (Cheng θι αI, 2004).
PsychoIIlilnetic, caldiovasculal, and neuIotoxic e'
focts appear to liIIlit the thelapeutic potential of
potent NMDA antagonists (01ney θι αI, 1991; MuiI
and Lees, 1995; KIystal θι αI, 2003). Moderate
af됴nity, uncompetitive NMI,A antagonists such as
Inellilantlne, and NPS 1506 do not shoν v undes⊥ Iable

side effects 'ν ithin the thelapeutic Iange foI neuIo—

protection (Palsons θι αI, 1999; Muellel θ
' 

αI, 2000;
Labiche and GIotta, 2004). νVe have shoτ

^Γ

n that
Neu2000 1s an unco∏1p etitive N'4DA antagonist that

spales neulologic behaviors after ischelnic injuly
and does not cause neuIotoxicity, suggesting that 土t

土s a sec11Ie NMDA antagonist suitable fbI tleating
stloke. VVe shoⅳ ved the folloⅳνing phaIInacological
actions foI Neu2000: (1) Neu2000 is a noncolillpeti—

tive NMDA antagonist (IC50 〓 35 μ∏1o1/L, 8.4-fold
IrnoIe potent than sulfasalazine), (2) Ne112000 has
antioxidant effbcts (IC50 = 0. 11 μ∏10l/L fbI Γe2 + —土n—
duced neuronal death 土n coltical ce11 cult11Ies, 330—

B

Striaturn

× 200

c 25

C ont ra l ate r해

∽
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z
ㅌ

days

F¡gure5 Neu2000reduces neuronal death in gray and wh¡ te matter and spares behav¡ or¡ n the¡ ntralum¡ na'thread occlus¡ on mode'

of MCA.(A)lnfarction volume3days after90-m¡ ns MCAO w¡ th i.v.veh¡ cle(Veh)or Neu2000(5mg/kg)adm¡ nistration30mins after

reperfus¡ on(mean± s.d.,Π =8rats for each condit¡ on).*P<0.05using ι-test.(B)Bright— f¡ eld photom¡ crographs show¡ ng wh¡ te

matter(비 ue)in the striatum and external capsule after sta¡ ning w¡ th Lux어 fast비 ue3days after90ㅓ-n¡ ns MCAO.Vehicle or Neu2000
(5mg/kg)were adm¡ nistered¡ .v.30m¡ ns after reperfus¡ on.Myel¡ n damage was then analyzed by OD ratio between the ipsilateral and

contralateral white matter myel¡ n sta¡ ned w¡ th Luxolfast b'ue(mean± s.d.,Π 〓4for each group).*P<0.01,independent ι-test.(C)

Long— Iast¡ ng behav¡ ora1protect¡ on by Neu2000.Neurolog¡ c tests(mNSS,Rotarod test,and adhes¡ ve rer˙noval test)were performed1

day before and1,3,5,7,14,21,and28days after sham operation(Π 〓2)0r90-mins MCAO and i.v.administration of veh¡ de
(Π = 4) 0r Neu2000 (Π  = 6) 30 mins after reperfusion (mean ± s.d.). *P < 0.05 compared w¡ th the vehicle— treated control.

"
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fold Inole potent thall vita∏ 1土n E), and (3) Neu2000
has alltithIolnbotlc effocts (data not shoⅳνn). The
agonist— dependent antagonis∏ 1 by Ne112000, si∏ 11laI

tO IineIIlantlne, Ro 8 to 4303, and ifonpTodi1 (KeⅣv

ε
' 

αI, 1996; Chen and Llpton, 1997; Keⅳν θ
' 

αI, 1998)
∏lay have soIIle therapeutic advantages in that
Neu2000 should block glutamate actlvation Inore
efflciently in unhealthy neuIonal systems 'ν here
excessive glutamate release 土s expected. Based on
these collective findings, 'ν e plopose Neu2000 as a
novel candidate foI stroke tleatlnent.

The lack of beneficlal effocts of N'Λ DA alltagonlsts
in huIIilan c1inical tlials has been due pli∏ larily t0

theil sholt thelapeutic ti∏le windo、 N alld unⅳνanted
side effbcts (Labiche and Grotta, 2004). Activation of

NMDA Ieceptols Iesults ln the genelation of Ieactive
oxygen alld niUogen species that partially Inediate
subsequent ne11Ional death ('/Ionyel θι αI, 1990;
Dawson θ

' oI, 1991). Hoτ
ηIevel, free Iadicals ale

ploduced IliLainly 土n tlle peIiod of postlsche∏ lic

Iepelfusion. These are kno˛ νn to Inedlate ischeiIIIiC
ce11 necIos土 s 土n the intestine, kldney’  and healt
(McCord, 1985), and likely contlibute to delayed

neulonal death aftel hypoxi c— ischelnic blain injuly,

"γ

hlch ls lnsensltive to NMDA antagonists.
Antioxidants ha'Te a longel therapeutlc 'vindoν v

tha끄 NMDA antagonists in ani∏ lal Inodels of sUoke
and have been also been investigated 土n clinica1
tlials fδI acute stloke patlents. The clinical trial of

tiIllazad, a l土 pid peIoxidation inhlbitor, at high
doses tended to shoν v soIIle beneficial effects in
∏1oTtality and behaviol νvith 53 acute sUoke patients
ⅥTithin 4h of the onset of sylnpto∏ 1s (Haley, 1998).
S}''stelnic adΠ linistlatioliL of ebselen, a seleno -olganic

coIIlpound ⅳvith antioxidant activity, slgnificalltly

reduced infalct volu∏le and ilnpIoved functlona1
outcoΠle in acute sUoke patients "Yho stalted
Ueatlnent within 6h of onset (ogaⅳva θι αI, 1999).
Edalavone has been appIoved as a neulopIotective
dlug foI sUoke patients in Japan (EAISG, 2003).
NX'f-059, a 윰ee Iadical tlapping agent, is the filst
neulopIotectant sho、 T̃n to produce a statistically

significant reduction in the pli∏ laly outcollile of
disabi1ity in a τ⌒rolldwide Uia1 foI acute ischemic
sUoke (Lees θ

' 

αI, 2006). The neulopIotectlve effects
of Ne112000 against fI˙ ee radical injury are also
attlibutible to fI˙ ee Iadical scavenging, and Iesults
ⅳvith pri∏laly coltical ce11 c111tules illdicate gleatel

efficacy and potency coIIIpaled 'ν ith edalavone and
NXv二059. Thls suggests that the antioxidant prop—
erty of Neu2000 pIo、γides additional neulopIotec—
tion against ische∏ lic blain injuly·

Neu2000 土s a calldidate IIi10lecule foI ple、 Ienting

both NMDA and 丘ee radical neuIotoxicity νvithout
toxic slde effocts and sho˛νs ∏lalked neulopIotec—
tion and an extended thelapeutic 'ν indo˛∼γ 土n anilna1
Inodels of focal celeblal ischelrlia. The plesent
findillgs buttress a novel hypothesis that a Inulti—

target stlategy involving t土 ∏lely plevelltion of NMDA
Ieceptol-∏ lediated exc묘 totoxicity and free Iad土 cal

accuIIlulatlon IIlaY PIO˛ Tide effective 土nteIvention of

Πlultifaceted ne11Ional death and extend the ther—
apeutic t土 士Ⅱe ⅳvindow in stloke patients.

R efe rences

Belayev L, KhoutoIova L, Deisher TA, Belayev A, Busto R,
Zhang Y, Zhao νV, Ginsbelg MD (2003) Neuloprotective
effect of SolCD39, a novel platelet aggregation inhibitol,

on transient IIliddle celebral altely occluslon in rats.

Strokθ 34: 758-63
Botting RJ (1992) The anti— thIomboUc alld fibrinolytic

actions of aspirin. In: A’ ρ」
'rfn 

αnd o'Λ θr sα I」:φνIα τε,
(Vdne ∫R, Botting R'Δ , eds), Chaplrlan & Hi11: '‘ edicals,
London, 245-9 1

Buchall AM (1990) Do NMDA antagonists protect against
cerebral ischelnia--ale clinical Uials warTallted? BΓ αIΠ

凡Iθια Πθν 2 : 1-26

Chell HS, Lipton SA (1997〕  '4echal1土 s∏1 of IIlelnantille

block of NMDA— activated channels iI1 rat retinal gang—

lion ceⅡ s--uncompetiUve antagonlsIIl. ∫ Physlol 499 :
2 7-4 6

Chen ST, Hsu CY, Hogall EL, Malicq H, BalenUne JD
(1986) A nlodel of focal ischemic stToke in the Iatㅡ

reproducible extensive coTtica1 inf¸ Iction. S'rokθ  17 :

738-4 3
Cheng YD, AI Khoury L, Zivin 

’

A (2004) Ne11IopIotection
for ische∏ⅱc stIokeㅡ -two decades of success and
failure. Neυ n9∏x 1 : 36-4 5

Choi DⅳV, Rothman S'4 (1990) The role of glutaㅍ late

neuTotoxicity in hypoxic— ischeIIlic neuIonal death.
Ann υ Pθν Noυ ösεI 13 :171-82
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