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reactivity of the sulfhydryl (thiol) group of homocysteine has been associated with

an increased risk of atherosclerosis, thrombosis and stroke. Thiols also react with nitric

oxide

(NO, an endothelium-derived relaxing factor (EDRF)), forming S-nitrosothiols that

have been reported to have potent vasodilatory and antiplatelet effects and been expected to
decrease adverse vascular effects of homocysteine. The present study was aimed to investi-

gate whether the S-nitrosation of homocysteine modulates the neurotoxic effects of homocys-

telne.

An 18 hour-exposure of cultured rat cortical neurons to homocysteine- (>1 mM)

resulted in a significant neuronal cell death. At comparable concentrations (<10 mM), how-

ever,

S-nitroschomocysteine did not induce neuronal cell death. Furthermore, S-

nitrosochomocysteine partially blocked NMDA-mediated neurotoxicity. S-nitrosohomocysteine

also decreased NMDA-mediated increases In intracellular calcium concentration.

The

present data indicate that in brain nitric oxide produced from neuronal and

nonneuronal cells can modulate the potential, adverse properties of homocystene.
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(JoostenG, 1993; Selhub%, 1993; Stabler%s,
1988).

dF 3EAAE w27t FUbeHA HW g2
wdEde] AFeE LA @vH(Gibsong,
1964; McCully, 1969, Selhub%, 1995). s %
AN2EEF AS HEF dWyEo] ZI5H
Hu zole ¢ AFLLE ANT + Yo
(Malinow, 1990). 32 A A€E FHe BERSo=
AR FAA 1t FHAE Roles Aol oy A+
A5 93 wy"E © Jri(Allens, 1986;
Blennow, 1979; Kubova%, 1995). ol2|st dAr
9 43947 Ris SRALEH0 ABAEA 5
e F2E £ Aon 53] FEA AFAF
Afdtd 54& fFddtde A& gugd.

IRA2ES @ AR dito 38 =
AZLS Jellls ez deA 9t TRAlA
do] AEx4de F2 #A  thiols](sulfhydryl
group)oll 93ty AAdse Aoz EHA Ues
B8 A (HO,) A& Ao g HQlth(Starke-
baum ¥ Harlan, 1986). 28ju} A& WIA £}
endothellum-derived relaxing factor (EDRF)=Z
a48x e 1987,
Ignarros, 1987)& QAR o TN T RAAE
ol A¥EEAE A=AE JdATY= Bavt AN
t}. o]= 38 A|AE3} nitric oxideo] WHEAAE
il S-nitrosohomocysieineol H,0,& A4 &
o WA R ZAEHE HAE AoE 4
Z 90+ homocysteine thiolactoneg M AIE}LR] &
7] W&l Aoz AL (StamlerE, 1993).

T £ 5 TXAA"o] NMDA #&48
Sote] AAAR 54& FEddes Ag 2o
Sk vk ATH(Kim%, 1995). 28y 38 9 A
< tFo g HAE Aoz dAEE nitric oxide
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Homocysteine, N-methyl-D-aspartate(NMDA),
tetrodotoxin (TTX), glycine, poly-D-lysine, Eagle’
s minimum essential medium (EMEM)-2 Sigma
Chemical Company (St. Louis, MO)dl A +43t
9t}. D-2-amino-5-phosphovalerate (APV) 9 7-
chlorokynurenate (7-CIKYN)+= Research Bio-
chemicals International (RBI; Natick, MA) <] A]
FelE gk Trypsin fetal bovine serum, #u]&
A, ~EdE0lo]dl 5& Gibco (BRL Life Tech-
nologies, Inc., NY)oj A F+¢8lHtt. Fura2/AM
2 Fura-2 pentaphosphates= Molecular Probes

(Eugene, OR) oA FJ& it
2) gy

(1) cix) =3 MlZufe: AL A=)
e 16~17d @ #F =l o}(Sprague-Dawley) 2]
e de A&ste widstAdth. Hzt, &+, 3
ul 5 AASY 2 duuddgA A4E AA
33 0.03% trypsing& #7}§ Eagle’s minimum
essential medium(EMEM; 11mM ¥5%, 1 mM
FFg7 2 60U/ml HUdd ¥ A2EHEn}o]
A xd, oy g3 A &8)d ¥1
AA AF 35°ColA FATL 7 wjgeio. Al
& AR (5% fetal bovine serumg H713§t
EMEM)Z Al ¥ Ho] F3 2 uixdA 208
7t s dch AEE 135 2 35um UolE A
o= ousie] Z77F & HAAMEE dF AA
i ff MEE poly-Dlysinec.2 Wz Az
g wjFH Aol Yol 5% olibstea AlZuj g7
A wjgatdct BARMESY 43 Fol7] A
o] wje¥F 1493F 5 ug/ml cytosine arabinoside
Z 4847 Ag3tgeh AEY ZEeFEESAEE 9
3te] 12 mm coverslipe] 9] A= v G A oA,
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lactate dehydrogenase &3& $3 A= 24-well
kA oA A EE et

(2) HEZEM: FEd 93l fFEse AES
AL NEaHA AEROZ FE5+ lactate de-
hydrogenase (LDH)¢ %¥& =733ld AT
t}. 24-well plated] 7+ wello| Al wjFd& AAHF
A Hsla]l A@@o] P31 pyruvatest NADHE
He EFNL /18 ¥ 37°CAA 3087 WA st
Atk o] T WAAE Hrretn Ao 2087t
ul =) gt 3{— 0.4 N NaOHE 93 450 nmoljA &3

(3) MIZLH Qﬁ'cil AEY AHse((Ca )
e ARse FFadEge) wass 4
2 7tA fura28 AHgsle FA3AHKimT,
1994). 7¢eks] AHEE, 12 mm $8 coverslipol]
ks ATES A&
EMEMez ¥ W o] F1 10uM fura-2/AM
A 37°CAllAM 3087 wjgedch AlEE
Mg?*-free Krebs-Ringer-Hanselite buffer (KRH
buffer; 125mM NaCl, 1.2mM KH,PO, 6 mM
glucose, and 1 mM CaCl,, 25 mM HEPES, pH
7.4)2 A Mol Wi AL 2087 WA EA
‘4- AW 249 sEe 102t 35901
#5355 23 NMDA $&79 &4& Fol7]
Hfs]-or] 22 A (1 M)} tetrodotoxin(1l uM) & &
4 RN £EAZ. Fura-29] ¥373=e] ¥
32 DU xY443 7] 7](Quantex QX 7-210, Sunr
nyvale, CA)E Al&3lo] 340 2 380 nmollA &
gahel ALU Bael ¥ YA AEU
DT Grynkiewicz 59 2 (Grykiewicz
%, 1985)0l wa}t Atattt.
(4) 59 A|AEl2] S-nitrosation: ZEAAE
o] thiol7]o| nitrosation® /43¢l HWho) whe}

Norr

et QA @

A& Elg et (Stamlers, 1992; Bylers, 1983).
Zreks] Agaid, srAlA"S NaNO, 3 HC
EFM(1: D)ol Holar LAT wrgAZre] A
% Snitrosothiol?] EFo] "= T35 E =4 H|
mE o 24 Snitrosohomocysteine] A& ##

STk 549 nmeol 4 F#e FEE 16.9M 'em

o @ o|Ad Stamler Fo] WRFT FAe FA
&5 o (Stamler s, 1993).

a o

1) S-nitrosohomocysteine2| A1Z@=4
k=]

g A Fmel BRALVL 2047 Ae)E
% lactate dehydrogenase fr8l%F& Z3ste] Al
TEA ALE Bt TRAAE AT Al
240 & 1mM oj4e ZRAAHIA Fo]
#2H9er 10mM IEAAELS 300 M
NMDA] o3 AEEAe fLA=e} Hlusf &
w oF 41%° &#E RAF(Fig. 1). & A7
A 10mM o] ZRAAE FEiE AMEEHA
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Fig. 1. Snitroschomocysteine(S-NOHC) mediates neu-
ronal cell death.
Cortical cultures were incubated in nominally
Mg**free EMEM containing N-methylD-
aspartate (NMDA), D,L-homocysteine (HC)
and S-nitrosohomocysteine (SNOHC) at var-
ious concentrations in a 95% air/5% CO.
humidified environment at 37°C for 20 h.
Neuronal injury in these cultures was as-
sessed by the leakage of lactate dehydrogen-
ase (LDH), as described in Methods. The
amount of LDH leaked out of NMDA-treat-
ed cells was assigned to 100%. Data were
mean + standard error from 4 separate ex-
periments.
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Fig. 2. NMDA receptor antagonists decrease S-

NOHC-mediated neuronal cell death.

Cortical cultures were treated with S-NOHC
in the presence and absence of the NMDA
receptor antagonists APV (300 uM) and 7-Cl-
KNY (20 uM). The amount of LDH leaked
out of S-NOHC-treated cells was assigned to
100%. Data were mean+tstandard error
from 6 separate experiments.
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Fig. 3. Snitrosohomocysteine blocks NMDA -mediated
neuronal cell death.

Cortical cultures were treated with NMDA
and S-NOHC, respectively or together. The
amount of LDH leaked out of NMDA-treat-
ed cells was assigned to 100%. Data were
mean t+standard error from 6 separate ex-
periments.
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Fig. 4. NMDA receptor antagonists decreases S
NOHC-mediated increases in [Ca?*]i.
Cortical cultures were treated with NMDA
and SNOHC in the presence and absence of
the NMDA receptor antagonists APV(300
M) or 7-CLKNY (20 uM). Intracellular cal-
cium concentrations were measured using
the calcium-sensitive dye fura-2, as described
in the Methods. The net increase in [Ca**]i
in NMDA-treated cells was assigned to 100
%. Data were mean+standard error from 4
separate experiments.

gttt ERAAEHI B B W IRAI2HY
thiol7]9 nitrosationA]# A ¥ S-nitrosohomo-
cysteineS 3.3mM ©)3}e] FEAME #9448 3
= NASALS §945tx @&9gt). S-nitrosohomo-
cysteine2 =% 10mMdlA] NMDA (300 «M)
vl vud o 15.3%9 AAELES FEE
o FRAAE(1I0mM)d vlms] & of 37%
F3o AAEAE F2sAc(Fig. 1). &4, S
nitrosohomocysteineo]] ¢j3te] FEEE NFAEA
& NMDA & Z&A 2 APV (300 pM) R 7-
CLKYN (20 M)l 93t 4A3] <A =t
(Fig. 2). AL, S-nitrosohomocysteine%
NMDA®| o3 f2ss AFEAE dAsts &
Ae RYri: 10mM  S-nitrosochomocysteine-2
NMDA (300 M)l 9j3te] frdtd AASEE
82% AAsATH(Fig. 3, P<0.05, N=5).
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Fig. 5. Snitroschomocysteine blocks NMDA-mediated
increases in [Ca’* i
Cortical cultures were treated with NMDA
and S-NOHC, respectively or together. The
net increase in [Ca’" i out of NMDA treated
cells was assigned to 100%. Data were
mean+standard error from 5 separate ex-
periments.

2) S-nitrosohomocysteine2| MZEL &
HsTo vixle &5

DU EFABI)EE o] 8T AFAME S
nitroschomocysteine2 3.3 mMollA  #2AA
AEY Zaerte /e AUsA gged
10mM9] =4+ NMDA (300 M)l ©]s}o]
s E AEY Zaxs 71 23% A=W
AEXY THEFEE Z7stAucH(Fig. 4). Sqitro-
schomocysteined]] o1& Az Zge=ed St
= NMDA &4 ZA%A ¢ APV(300M) % 7-
CLKYN(20 M)l 2j3led &3] <Al HAo
(Fig. 4). S-nitrosochomocysteine NMDAS®} ¥
NS A NMDAY) 2% AEW Zas=d F7}
2 At e g 10mM  Snitro-
sohomocysteine& NMDA (300 pM)el ]38t &
WEE XY Zgoled 4ed 80% AAS
}(Fig. 5, P<0.05, N=6).

o &

HEZY FR&EY ToE Qe XY
(blood-brain-barrier)¢] &40l dojUA HWA F
¥ ZaR9e sRAAY FErF SV ddh
LERAN2EEF B AP FREFTE L
HESo A ErAxEY $EE FH WA Y
M7 28l 8 AR 3En(Selhubs,
1995; StablerS, 1988). L3 RAAHEEZE A
oA ¥&Z(Malinow, 1990), 714 %< L4E&
o] Z7lehe AL TS ZRAXHS FET
7tel AL Aoz AztA(Allens, 1936;
Blennow, 1979; Kubova%:, 1995).

Ao B A7 5 srAxdel dxmidw
a79¢) 54 AAAES] NMDA 584 & 4
A Aok ALEHE dehdtn R vt 9l
tHKim%, 1995). =3 srAlxEe MEFA]
superoxide dismutase$} catalase EFFoiel 2
st AdAHE A BAPoEN SHAXE
o3 AANTEAC] Aizirze] AT I
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FE (210mM)dA3t #EEHM, TrAAEI
HA] oF 208] o]} oFdt Ao m HQlrh wEhA
S RA|AEe Snitrosatione FZAHoZ FTA
299 FRAAANAY NAEZE AAs}= 7
£ & oz A4, zEAxEE €3
A X4 & Z¥ 54 Jepde 2983
Zgol 9 Aoz Huge k. g} S-
nitrosohomocysteine2 AR HAZ40] gl &
BAA" 9% AEZAe Yloz AZHE
H0.& AAsA &e ez 484 g
(Stamler%-, 1993).

S-nitrosohomocysteine2 %3 NMDAdJ| <3t
E54& AR gt HE T 2N U
FEEE Aoz A de SFEREY A%
=4E& AAT = s ez HAL S
nitrosohomocysteineol] 2]3 NMDA #& A7
Ae B dFdie HEAA ggod, IRAA
do 9J3 NMDA #8 JA7[Ax FAE He
2 BAEY 3RA2EE NMDA 849 &
YAZITANA Sl AFE BAFHoR
Agess NMDA +gAd FHE JA8Y
(Kirﬁ%, 1995).

g >iE Al2¥l&  S.nitrosohomocysteineg A &3}

= Ao AAZANA dF homocysteine thio-
lactonee.2 & 4 Jt}(Riegel, DuVigneaud,
1935). Homocysteine thiolactone& ¥ U u]A]
o AFHA SALEE MAe AR HaE
o] 9t (McCully, Ragsdal, 1970; McCully, Wil-
son, 1975). Z&v A% E(>10mM)2] homo-
cysteine thiolactoned A3 87 YA
A EAA NEY ZHEEEE F7HATIA &hoeH
ANAEA 2 A¥7t He lactate dehydrogenased]
FelE fdeA e Aoz Hol(ulolg A=)
2 AYA RAE ERA|AY nitric oxide
o] 2%k ¥rg-E9 ZAL homocysteine thiolac-
toneo] Ao oJ§ Ao] ojd Aoz Azt

S-nitrosationdl] 2}§ MEHBTIALL FHA|A
gl opzl o2 ghf-obu]x=4k(Sulfur-con-
taining amino acid)d|AE #FHT) & =9

Ax"el A$ ulg Fe AEEAHELE Holu
(Nishiuch%, 1976) nitric oxideZ} A| &€l S-
nitrosation o] A|x®le] AEEAHE AAs}=
Aoz RuEo] ¢t} wlata] nitric oxidex 3
A ARG E T ojgET olyl AEFAo] FH
£ IRA2Y, 2" T #fopr =it 5
gH o7 ¥hg3le AE EAS AANe FEE
AL Y&s B F2 U
AERAN2EEF Fxoll A o dEHeE TRAX
ol o3 dAAFolt} AREAE A&sdr] 9
3o dF ZRAAEFEE AMAIIAY, 8
oHxe] B Lwsted nitric oxide 59
EDRF9] A& 9835 o284 Snitrosations
58 948 FHEL(, FEfoln=ih) 9
AE=ERE AAS= Rl 8% gu|E 7HE A
o2 AZtEd. B3 DI RA2EHRN A ot
He zrA2EY 9% 273542 NMDAS&-
A E £l dojutzg NMDA &4 Z3A 9
AMEE FRE D3
&
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