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Relationship of the Ck in ic Amines to
Nitric Oxide and Oxygen Free Radicals During
Cerebral Ischemia/Reperfusion

Joon-Shik Moon, M.D., Hee-Sun Jung, M.S.*,
Dong-Goo Kim, M.D,, Ph,D,* Kyung-Hwan Kim, M,D,, Ph,D,*
and Byung-Chul Lee, M,D,**

Department of Neurology, Pharmacology*, Yonsei University College of Medicine,
Department of Neurology, Hallym University College of Medicine**

Recently oxygen free radicals and nitric oxide(NO) are known to play an
important role in neuronal reperfusion injury. This study was aimed to
investigate the role of oxygen free radicals and NO during cerebral
ischemial/ ion, using di jourea (DMTU) and NG-monomethyl-L-
arginine(NMMA), an oxygen free radical scavenger and a competitive NOS
inhibitor respectively.

In the in vivo experiment, the ischemia/reperfusion-induced changes of

cerebral biogenic amines were examined in Mongolian gerbil (Meriones
unguiculatus) pre-treated with NMMA and/or DMTU. To induce cerebral
ischemia/reperfusion, bilateral common carotid arteries were clamped for 10
minutes and then released for 15 minutes. The biogenic amines were measured
by using HPLC-ECD (High Perf Liquid C}

detection). To confirm the results from the in vivo experiments, the effect of
NMMA and/or DMTU on [H]dopamine release from striatal slices exposed to
hypoxia was investigated.

The results are as follows;
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1) Ischemia/reperfusion increased the ratio of DOPAC/dopamine and
HVA/dopamine as well as the concentrations of DOPAC and HVA, which were
evident only in corpus striatum.

2) NMMA attenuated the ischemia/reperfusion-induced increase in the ratio
of DOPAC/dopamine in corpus striatum. However, the change of DOPAC or
HVA was minimal.

3 DMTU attenuated the ischemia/reperfusion-induced increase of DOPAC
and HVA, and the ratio of DOPAC/dopamine and HVA/dopamine in corpus
striatum.

4) Simultaneous pre-treatment with NMMA and DMTU attenuated the
ischemia/reperfusion-induced increase of DOPAC and HVA, and the ratio of
DOPAC/dopamine and HVA/dopamine in corpus striatum. The extent of
attenuation was greater than the single treatment group with NMMA or
DMTU.

5) Exposure to hypoxia markedly increased the release of [H]dopamine in the
striatal slices.

6) The administration of cither NMMA or DMTU attenuated the increase of
[H]dopamine release induced by hypoxia in the striatal slices.

7) The administration of both NMMA or DMTU markedly attenuated the
increase of [H]dopamine release induced by hypoxia to the extent of the control
in the striatal slices.

These results suggest that oxygen free radicals play an important role in
cerebral ischemia/reperfusion injury, for which NO seems to be responsible.
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HHYA AFA TG BRI ¥ A3A
@849 glutamatert f2ASEd, ol 2se
N-methyl-D-aspartic acid(NMDA)e] 4=l22l
A%} &4 (voltage-dependent) ©| 527} ein
Bgo) ABATNZ 2}, WAL 228
AL ABF 2jsie} M} oA K2 3T R
< ABAZ] 24924 nitric oxide synthase
(NOS)& #43HA7 arginineS2¥l nitric
oxide (NO)& 4311 #o, o|sf 444 NO® 4
ol isto] WA 442719 superoxide ©f
2(0") ¥ peroxynitrite (ONOO)7} Sl
A9 A7 59E vekichBeckman, 1991).

AgRez 42740 F¢d FFIA supe-
roxide dismutases} nitric acid(NaNo) <l 4]
Foi7t ADFA BYHE dafsIR A8 A2
&8¢ Z2A30E 47 (Johnsons, 1990) R
279 Az4=23FRIM nitroprusside (nitric
oxide)7t dopamined] #218& FAsIAcke Hu
(Zhust Luo, 1992 ©l@ NO9| 4724=548&
Az} Fx ek 2, AS NOZH NMDA
484]& nitrosyl#ste] glutamates]] 9@ 4173
RS Adsiel AR S BIdthe ARANWE 2
H5E § AY/ABVFA NO 98] 01344 qd
=d] A%s YHlei 5, 1992).

N EA K2 olUFFe WFe] dstde
Zervas$ (19749 B3 olg) AA7AA we A77H
olFolA gich ¥g7] F(1992) 3N A @
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H5AelN 5-HTS o] Adeldz Fastn
norepinephrine®] ¥F& tx=d, sivk 2 A
o4, dopamines] §3& HEANA asisicka
Bastgch £ o|Fes 17381993 & 43P
F ABFA A2A9) DOPAC 2 HVAS g3
DOPAC/dopamine % HVA/dopamine ¥l&-& &
7513 HVA/DOPAC ¥l&& Zashfiont Aas
A7) AARAE olelR WEE ARF oAl B
2 adgickn RSl o2 olRel ¥ 18
W/ARRT BAD H2Y opile AFL B2AT
717k opely ABAES] Zede) e d4US
AR ¥ & geh 2t olele ¥2F ofRl
e gl nXE NO9 g #dtde o
FalshA geldl v glok Aafelzls deAdst
o AugE ok ATANE Bapa7)e AA
%7 (scavenger) & ekl 7 EaHE BusHE
o] YuHARAE, dimethylthiourea (DMTU) & 4
2f2719 ZEE AARARN V7% Ao 4
] % (blood-brain barrier) & 371 B3drke
olgle] sich(Fox, 1984 Bolli§, 1987T: Carrea,
1991). =3 AapgeelE 249 NOGFe] 4
$E2 NOsH i dste] dede Lot a7
S NOS ollg Fojeld NOAHEIE B
Ashe gol ALY (Reess, 1990), & AT
dME A7 geiR |42 FHe] NOS oAl
ZheE Hel vy FelHes Agshe oz &
230 N°mono-methyl-L-arginine (NMMA) & A
351t (Rees, 1990; Moncada®, 1991;
Archersh Hampl, 1992; Bogle%, 1992).

@ & dFAE DMTUSH NMMAE ©l &
ste] A AHYF ABFA PARGn vivo) A
NOS| Gee A7) AeAA ¥2Z 9 opel
4 AZAARED WEE AE2A g, w4
2 AN Agel uiste) Ko} #Xo] gold 4
A9 (in vitro) ABezHM PAN HEA}E AF
stk saick.

Tz W gy
1 =z ol 5%

7k HESE W AHT
AYFEIE 179 o1 4P B 48X

71 80g tislel 7 e (Mongolian gerbil
: Meriones unguiculatus) & AH8-3sith,

ARFe 2l U2, BE HAYT, G 98
YARRE, FRAAAE JY/ARHEoR U
woler, GRAAATE OA) NMMA @523
A, DMTU @523, NMMA 2 DMTU
BEANAT o2 thre] Atk

U duE ey e X MR

4¥FEE Shintoni 5(1986)8) Pel weh
secobarbital (30 mg/kg) = $ReHIR ¥ Sol 3
i Wit FEAE iFgeE 2x
A el 944 irterial clamp) & ©1%
sl 9% ASAL B AR HBE HP
Aov, SY/ARFEe 335 2R 108 $4
2R FoiFol YAL 152 ARRNN T 3
AP N2 AT dxve HY/MunEd
FUL 2A4E ABeS AR A

cf, efEsol

NMMAE 424954 5o} 8mg/kgs 33F
g A7) 1A Aol HANE FAAG. o
AWFAE ReAHE secobarbital vHIstel X159
B (stereotaxic apparatus) 2 “lel§ Fgoz
AR 3549370 (midsagittal incision) 3
o P47 (bregma) & =2AZ F, FFAR
A $3 Lomee Rl SUE ol HYg]
E4E Yo YES Folsay FUE Eol B0
37b sl oAl ERlEARE Fuddel A}IsH
Ak EANUABE ARFE FUSR BHe
3.5-4.0m, T BHE Wmpov], F& Ade
FABNZ B3 JHAA Yo ddel F9AA
ol2Eg @ ¥ 13 =38 Hue g A%
o Bagh ARG B BUHRHH DE 2me]
o8 g B A8 0.5mt Fe UARE
AR FATE AT AL AR1E v
WA AT AMER TYSHAG. HEL 0 FFA
7)(micro-syringe) & ol 88t) A1Y B& Bate)
o 104 5% ol A HANZ Fsigich

DMTUE 500 mg/kg& Aziaedsol o) 33
Fulg AW A3 Y A%, F AvH IW
ol 22 $7h02 FART

d2TE BE PPoR FUSF) HeldsE
22} Fojsiet.
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), =zA=H W olRIEH

AYFEE IFI A% M€ AFE F
Glowinski®} Iversion(1966)¢) W& ot 43
o] 4% #ol A5 (frontal cortex), A=
A (corpus striatum), 3ieH(hippocampus), A%

El sy g A

2 pAES

AHTE HzHe oliZPL A8l Wagners
(1982) 9] "<& HPAA At F 2A%
Al(mg)% 204 °1d2 0.1M perchloric acid
(0.25% disodium EDTA &%) 7lsid] 228
(homogenization) 813 1583 €& &l FA2
F 12,500g914 583t 94% 7 (Eppendorf
centrifuge 5414, Brinkmann Instruments,
Inc., NY, USA)sle] 454& Astadet. 439
& nitrocellulose membrane filter(pore size;
0.24m; Gelman sciences, Inc., Ann Arbor,
ML, USA)E <% # 104E high perfor-
mance liquid chromatography (HPLC)
system (ICI Instruments, KORTECK 35D,
Victoria, Australia)e] #1389 dopamine,
3,4-dihydroxyphenylacetic acid (DOPAC),
5-hydroxytr ine (5-HT), i
doleacetic acid (5-HIAA) 3 homovanillic
acid (HVA) & #elstgich HPLCAA 22d &
Age A7FERe7) 1 detec-

2. MEAEOIMS [H) dopamine Ralalg

7h S=AEY HE

1379 ol4 494 8734 J8A 8% 80g
Wele $3 2 E DEie HE& AR 4
Sld ¥% A=AES SR Ak 94T
A oA sje] AxAE 7tE PFo= FLT
% Mcllwain mechanical tissue chopper(The
Mickle Laboratory Engineering Co.,

* Gomshall, Surey, UK)& °] ¢34 400sme] &

439U dLF 95% 0./5% CO. gas® TN
Krebs-Henseleit 9%ejel AzA22E /A3
o 9%ds] =4& 113mM NaCl, 4.7mM
KCl, 1.2mM MgSO., 1.2mM KH.PO.,
25mM NaHCO,, 2.5mM CaCl., 11mM
glucose 3g2n] FYelE dopamine®] HAH
S WA 9A3te] monoamine oxidase(MAO)
9 A A A nialamide(Sigma Chemical
Company, St. Louis, MO, USA)E 12.5:M 3
7ketan.

o Maade] FY W ASAE

e HzARRE 92 BEE 95% 0./5%
CO.2 320 999 12me] H2 7 37CE &
AsEA 3087 WF4Z(shaking water bath)
elx AxAdYe] 7P ESSE BH2 3
add 22§ HEAAT 308F 0.1aM9 [H]

tor) 2 &S 2 W AnY AR (peak
area) & ANSATh

olei2lg 917 column Biophase ODS 5um
(250 X 4.6 m; Bioanalytical Systems, Inc.,

_ West Lafayette, IN, USA)& AHg3t2m ©|

%% (mobile phase) pH 3.02% #& 10%

ile, 90% 0.15M ic acid
buffer (0. 32mM sodium octyl sulfonates 2msu
disodium EDTA &%) & AHEdign fi&E=s
1.0m/mine % SAck. A#71E TL-5 glassy
carbon working electrode® 2% LC 4B/17
A7) 8873 27] (Bioanalytical Systems, Inc.,
West Lafayette, IN, USA)S AHg3tslen] &
1 800mV vs Ag/AgClZ, HFEE InA/VE
sk

10 #Ci, A h:
ple., Buckinghamshire, England)°l #718 2
Fdow ZolFm 208 BASE 2Aq= [H
dopamine°] EAES Ak 208F FALS
7t g 349Ygez JoiE F AAWNEL
3mis) Gl € 49 npoldd] FANZ ol
gtk #2999 4& [Hldopamineo] 4xAd
AR AFRHE AL A A% omPE
AHg8E 994elEe dopamine FHAAAA
GBR 12909 (Research Biochemical Incor-
porated, Natick, MA, USA)€ 10aM 73k
S oolF v} 10¥rh 14083 HEHA IF5E
ZolFe] A¥E NGt 60¥A0] AdagH
& fEAREd ole 95% N./5% CO.(8&%
Z:3ppm ©|3h 2 E3E FFAL Mgt FE
9k NMMA 2 DMTUE Ad: 93] =&
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7] 108278 Aol B¢ WA A&ste] 22
100eM % 10mMe] A FLAiE Fofsigih.

o WAs &£

AEFEAA dzAQWe FEse [Hido
pamines] dzARHe2XE fe8 [Hldopa-
mines] WASE BF YA F dxAHA
& Aol B9 ¥ 1wl 25434 (SOLUENE
100, Packard Instrument Company Inc.,

Downers Grove, IL, USA)E 7j3le] 2412 w4

AA 2H& 83 wA F 7049 glacial acetic
acid(Merck & Co., Inc., Rahway, New
Jersey, USAE #713te] 2483A& 313
o ©13 1004 A3el 92l liquid scintilla-
tion cocktail (READY SAFE, Beckman Instru-
ments Inc., Fullerton, CA, USA)e] & ule]d
o $7 2 £8 & F JA4IAFR(liquid
scintillation counter; Beckman Instruments
Inc , Fullerton, CA, USA)22 APsg 245

o 7 o) dR e Y InE Al 2P

U e o YAEE S

2] "Hdopamine $E& 95322 14709
ulelde] FPeleln de gt 224 dol g
& BF @ole) 2oz £AE PP EFE Tob
37} violge] el felEl WAVE RS AL
S B NEgE e

3. BAIEtE 2y

RE JUARE BT+ EFEAE FHgon,
A% $4€ analysis of variance(ANOVA)
& °18319x 4T%e) Mme Scheffe’s F-test
= Z@siglen], patel 0.05 Mg A g
Aoz dge Aor BFAH

z o
1. B4 =z $208 dopaminedt 5-HT X
1 chakhe st

23 dopamine $FE H2A 4 10641+

Table 1. Effects of NMMA and/or DMTU on ischemia/reperfusion-induced changes of biogenic amine

concentrations in gerbil brains

Tschemia/reperfusion
Amines Site Sham contzol  schemia
no pretreatment  NMMa DMTU  NMMADMTU
DA Frontal corlex 45 4@ w2 s 5@ - 54k 8 fx 6@ 9% 209
Corpus striatum  10G4LE4T8)  9TE3+841)  117332799()  1266LE8R0E)  I51+303(3) 14BI6=68T(H)
Thalemus 8+ 1) s 100 107+ 180) 108 160) 12+ BE 9= 66)
Hypothalamus 28+ PG 47+ 1BE) 218+ 29(8) 289+ 25(8 324+ 1009 297+ 196)
DOPAC  Corpus striatum  1389:+231(9)  1479+163(9)  36202257(10)" 3039+124(9)  2673+117(5)" 2603+ 84(6)"
HVA  Corpusstriatum  1398+140(8  15234147(8)* 1878+ 63(9)  1782+182(5) 1407+ 8147 1120+ 55(0)%
Hippocampus 9013 89 10O U2 10 79 It A0
SHT  Frontalcortex 159+ 216 602+ 190 6651+ 3009 5695 48() 684t 8104 600+ 26()
Compusstriatum 492+ 218) 462+ 300) A2+ 30(6) 480+ 19 59T+ 48  5BAx 50
‘Hippocampus 360+ 3208 428+ 400 368+ 44(9) 08 3107 386+ 2703 33U 26()7
Thalamus S0l 580 4T %) 43T RO SMEBE 56160
SHIAA Frontelooex 185+ 706 166+ 50  20x10() 20 1900 7= BE 20+ 4l
Corpus striatum 20+ M(9) 21+ 1) 28: 220 = BE 29t AW W0k 90
Hippocampus 156 00 171209 208x 4O° 185 1602 198+ 1) 215x 140
Thalamus 2BEBO) 2k A : 260 N0 ME B A5E 2E 420)
Hypotbalamus 206+ %) 221+ 166) 23+ 166 281 24 224 BE 241+ 20
DA; dopamine, DOPAC, 3 acid, HVA; acid, 5-HT:5-
aci
Numbers in p«ren',heses donote the numbor of animels.
Values are means+S.E. expressed as ng/g of tissue.
“p0.05,**p(0.01 compared to the sham control group
*p(0.05 compared to the no pre-treatment group
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479 ng/ge 8 MY Egkerl, AT, ook, A
4% NSRS $E 42 4744 nglg, 20+2
ng/g, 83+13 ng/g, 27830 ng/gelfch At
B AzAM DOPACE 1389+231 ng/g,
HVAE 1398+140 ng/gel H&AcH(Table 1).
H2AW 5-HT gFe AT 750427
ng/ge2 A Esken, A=A, soh Algel ¢
Fe 22 492+27 nglg, 360+32 nglg, 501+
58 ng/golsl, ASRINE AEEA aste
BAREES 5-HIAAE AF9E, A2A, e, A
4, A4St 242 18547 ngle, 220+14

ng/g. 156+11 ng/g, 228+23 ng/g, 206+26
ng/gelAeH(Table 1).

2. =S{E/MRl| 23t =7 22Y dopaming
5HT 3 11 CHARME gfate) Wi

FE FATUL 108 ALY F 8xA9
DOPAC ##& t=2% 1389+231 ng/gell ¥l
< 1479+163 ng/ge.2 F7isglont BAHA ¢
e gad. 2 22 108F 1583 AR
AZE w dzA¢ DOPAC §3e 3521+257
ng/ge2 S FrketEen) HVA % 94

4000 B sham
ischomia
as00 B IschomiaiReperfusion (VR)
o NMMA. IR tum of gerbil brains. Is-
3000 ° .
° © oMU+ IR chemia/reperfusion was
3 250 M NMMADNTU + 1R induced by bilateral liga-
& tion of common carotid
o 200 arteries for 10 minutes
? and reperfused for 15

Corpus Striatum

minutes. NMMA (8mg/
kg, iev) was administe-
red 1 hour before ligation
and DMTU(500mg/kg,
ip) was given just before
and immediately after
ligation. DA; dopamine,
DOPAC; 3,4-dihydroxy-
phenylacetic acid, HVA;

‘homovanillic acid. “p0.05, **p<0.01 compared to the sham group, +p(0.05 compared to the ischemia/

reperfusion group

B Shem
Ischemia

a

AN\

7

Corpus Striatum

— 78

HVADOPAC

B Ischemia/Reperfusion (LR)
NMMA + VR

o DMTU+IR

I NMMAIDMTU + IR

Fig. 2. Effects of NMMA and/or
DMTU on dopamine tur-
nover rate in corpus stri-
atum of gerbil brains,
Logends are the same as
Fig. 1.



WEPA 1398+140 ng/gel st 1878463
ng/ge® d9siA F7tegn 28y ge 2q

I dopamine ¥ 2 HAMHES] FPHEL #  BAENHTable 1, Fig. 1).

2% YUtk 5-HTS 7 dapige) Wge o)
Ftglon] gt sjelelA e 5-HIAAS 8237171

Table 2, Effects of NMMA and/or DMTU on dopamine release from striatal slices exposed to hypoxic
environment for 10 minutes

Hypoxia'
Tube No. (min.)?  Control(* e
no pre-treatment (8)° NMMA4(10)° DMTU®(8) NMMA4DMTU*(8)*
1(50) 100.0+0.0 100.0+ 0.0 100.00.0 100.0£0.0
2(60) 81.9+4.8 126.8£10.4° 102.64.5" 84,4£7.0
3(70) 71.0£5.7 884+ 9.1 841228 70.3+4.3
4(80) 71.3%4.2 80.9% 6.7 71124 56.5+4.7
590 60.4+5.6 67.1= 1.7 66.0+5.7 55.424.5
6(100) 51.3£8.0 624+ 8.4 56.5%4.6 448+6.2
7(110) 57.348.0 62.4+ 8.4 55.5+4.6 44.836.2
8(120) 54.8+7.5 57.6% 9.5 51.4%5.8 485577
9(130) 53.9+7.5 59.4% 6.0 51.043.8 449473
10(140) 47.4+78 54.4% 6.1 45.623.4 423341 38.546.1

‘Hypoxia was induced by changing the incubation media aerated with 95% N/5% CO, gas for 10
minutes(tube No. 1 and 2).
“Numbers in parentheses denote the elapsed time from the starting point(0 minute) of hypoxia, unit as

a minute.

*Numbers in parentheses denote the number of animals.
“NMMA 1004M was added into the incubation media from tube No. 1 during the experiment.
“DMTU 10mM was added into the incubation media from tube no. 1 during the experiment.
Values are means=S. E. expressed as percentage of total release.
*p(0.05 compared to the control group
"pX0.05 compared to the no pre-treatment group

Fractional release of dopamine (%)
N Y
o 3 @ B B 8

o

20

T
40

T
60

T
80 100

Incubation time (min)
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3. NMMA & DMTU HX=|7} & 8/xzRoll
i3t &fzxA 2248 dopamine, 5-HT % 1
CHARME BrRkSoll olxlE 98

NMMA HAXF /A aFMe0e ol & 2
AR AL B HY/ARFTA ¥ F
g Aolzt Gleh. Ttk DMTU AXAF
/ARFAE G AY/ARHTAN 2D =
Al DOPAC % HVA #337bF #elshl <l
H%ich F DOPAC #¥& @ ¥/Ad/zA
35214257 ng/gell ®Isted 2673+117 ng/ge2

A AAGNR, HVA §F2 9 S¥/A8%
#2) 187863 ng/gel ¥3td 140781 ng/ge =
JgiAl <A stk NMMASH DMTUE €Al
AANE T RY/ABFAAE 9 9N D& FY/
ARFZoIN BHE HzA DOPAC R HVA
FFE7VE ReldA A=k DOPAC &3
@& AY/ABKTA 35214257 ng/gel viskel
2603+84 ng/ge2 WA AAHAT, HVA &
Fe 9 HNY/ABFTA 1878+63 ng/gell ¥
< 1120+55 ng/go2 <J<iglA AA=|AcHTable
1, Fig. 1.

140 *
o control
g 120 u hypoxia
2
o o
2 100
23
52w
£ Fig. 4. Hypoxia-induced changes
ES 4 of CH)dopamine release
2% from striatal slices. Hy-
8& poxia was induced by
=40 changing 95% Nu/5%
CO;saturated buffer for
204 T 1T T 10 minutes indicated by
50 60 70 80 90 100 110 120 130 140 horizontal bar.
*p(0.05 compared to the
Incubation time(min) control group
140 © control
120 ™ NMMA+hypoxia
o2 A hypoxia
@ 2100
s 8
2
sE®
£e
E 2 s
£%5 Effect of NMMA on hy
g poxia-induced changes of
< 4 ‘Hdopamine release from
striatal slices.
20— “p0.05 compared to the
control group
50 60 70 80 90 100 110 120 130 140 o e ored to the
Incubation time (min) hypoxia group
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4. NMMA = DMTU BXM|7}h 318/Aakqoll
of8t | z=2| 29/ dopamine X 5-HT TeHE
WSl 0jxlE ¥

& 5 P/ABFA dzA 49 HVA/DOPAC
Mg FE2EA L0074 0.5330% Zrdfe
), DOPAC/dopamine ¥&& 222 0.1319]
A 0.3002%, % HVA/dopamine ¥l&& H=Z
2] 0.131994 0.30022, % HVA/dopamine ¥
%€ BETA 0.131904 0.16022 dopamine A
#& (turnover rate)°l 37+t NMMAZ A
AAFE HB/ARFA A=A M DOPAC/do-

pamine ¥&& B HY/AAFZA 030090 ¥
st} 0.2402.2 22H%m, DMTUZ AR 50]
£0.1882 QA a8

HVA/dopamine ¥|& 94 DMTU 2334 |
sd @ HYARFZA 0.16090 PIsted 0.099
2 Zade] £o3 A& 2dc. NMMAsH
DMTUZ $4¢] 2448 ¥ H¥/A8F42L
@ 22448 DOPAC/dopamine ¥& 2
HVA/dopamine ¥ &€ @¢ H3/ABFEA
ujgte] Zzh 0,182 0.078% P Ao}
DMTU @SaAAAske Qoke ezt gdalck
(Table 1, Fig. 2.

1407 * o control
120 ™ DMTU+hypoxia
H A hypoxia
9 o100
8%
3
® 3 80
= >
£5
£ & o0
] Fig. 6. Effect of DMTU on hy-
g8 poxia-induced changes of
CH)dopamine _release
20 —— - N from striatal slices. Le-
50 60 70 80 90 100 110 120 130 140 %:;“; are the same as
140 *
© control
—5120 ¥ NMMA/DMTUs+hypoxia .
o2
8o
%
3
v 8 80
o2
gs
£5 w0
8%
g ig, Fig. 7. Effects of both NMMA
and DMTU on hypoxia-
204

Incubation time (min)

50 60 70 80 90 160 110 120 130 140

induced changes of CH)
dopamine release from
striatal slices. Legends
are the same as Fig. 5.
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6. F4 MEMFHS [Hldopamine #2|

24 d¥rieln AzARRe Adez ['H)
dopamine® #sgEE R 10849 felFe 2
A [*H)dopamine #2132 25.2+4.0%%25 °f
F fElEe AR Ziee oY 14084E 6.8+
0.2%7F fARGTE ARl oI 40-5082F
B fdol WHReEL 50-602] ArAF
o =& EE FEFCE AAsgen olFde
incubation® 50¥3k& 71 (100%) 2.2 3tej W
22 FAISKIEHTable 2, Fig. 3).

6. Maatef =@ ot [H]dopamine F2l
wigol| cigh NMMA % DMTUS| &2}

4zAAH incubation 60¥H 0] ALtad g
1087 =222 ¥ [Hldopamine fele
126.8+10.4%2M WZFe] 81.9+10.4%24 o
229 81.9+4.8%¢] ¥sie] YA F7HA
Az 24 incubation 5084 1004M NMMA =
£ 10mM DMTUS #7Hb 5 60841 1082 A
29990 =Fe9& v ["Hldopamine 2%
242 102.6:£4.5%, 101.3+7.4%24 @& Ads
e =EFA 126.8+10.4%R04 2gtort dE
#2] 81.9+4.8%87Re ¥ 42AZA incu-
bation 50%41 100eM DMTU® 7 #7kd ¥
608A Aol 1087 =EsEW [CH]
dopamine #2FL 844+7.0%2A B AL
AE =gl W @A g0l st
o]g RolA| gigich(Table 2, Fig. 4 5, 6, 7.

2 %

84 Hedd ARe 99Rd F= % RE
3} Ae @At glens R B kbl AFFel
71 #asn 294 Anpies oA g
(Murdochsh Hall, 1990). ¥ clsld@else 58
2 HRE HUY ARt 1082 FBE HLY
A%elx AzANS DOPAC #iel A &
skl HYA Hede) A ARITe WA
& AA2 Q¢ & 9o dW A2 T8
o3k &Y BAEc 082 Wdel AUFHAA &
27t H8d 202 ATFY W H2Hel o 4

a7 &g9oka sed (McCord, 1985), & 4%
A MY AARche HBF AVHA &8 =
7hH Ag A& #AE 5 Yen, Bt 3
74819932 ANt IR AR/ AR
Al 5-HT @ 2 HiAMMEECR: dopamine ¥ 2
TAREES BT AASR ol P &4
g A4ede Fedel 5-HTH AZRoe

4 A7) B 29 g
1983; Sarna¥, 1990), 5-HT WAk 4A13te] ¥
ol 9% gL W) WEY RoE YREn

$71 %, 1992).

zdAel HEdAe 250 ¥t B394
S8 @Ak dheo] IR, Wi¢ 55F F=
g ol%x Yok RAAE HATAR LA 7]
Agke FdEae) R $8e gAY wEHA @
of zlelt R § TIE ERFsE 29 Fud
U AR NES AF-HASY @A o
Uzt 259 ¢34 255 $38 99 (Levined
Payan, 1966 Kahn, 1972; Harrison%,
1973). wep A5ue] dFRovE sok, A
FA&Y, 3 F3¥ 5 FAEEYl FEEE
FHE TFE O AN 1YY &3E BV
gglo] 83 FEAL 5 7lel & Al A
AEER AT

A7) BaslE HE EFE Y BT
84 43t @do] vk gEA e (Halli-
well, 1985; Siesio%, 1989), °ldl U& FAE
superoxide dismutase(SOD), catalase, allopu-
rinol, deferoxamine % A##7] AANEE B
AN A3t 3194 £4& 22T & YR Bx
@ a2 GTECN Fok & YrHPatt 5, 1988;
Martz §, 1989 & 1990; Beckman 5, 1990;
Tmaizumi 5, 1990). @A7A L o2 i
7] AAER 71 & AFANE dimethylthio-
urea(DMTU)& AHgstgeh. 2 olf2e AA2
Aol wol Wl AHE T M) Fie|
golsii, FARE Wil7I7k AW, AAZ hydroxyl
7] 44 e @7 T 715 PHSA 2o
®, WA=Z hydroxyl’l, #4tshea(hydrogen
peroxide), #old24(hypochlorous acid) 4l
g Zd AARDe7] fEolt(Fox, 1984;
Carrea, 19913 Lundgren %, 1992). 429l 31%
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F ARF Sl ANE BafAL 8T 2
& shedl, DMTUS $48 5 429 30|
AASA AEHATn I (Bolli . 1987).
DMTUE =@ 22717t ishe <& 943
%, & o #4939 FHF EE purine-
xanthine oxidasec] 9§ #¥Folu} Ag| A%
A EL A A HET 52 T F o
3 ¥ch(Fox 5, 1984). & 4¥& F3le) DMTU
= OE 2 f2l7] AARAS R H5Y
R ARFE AT 4L PFEke o Yol 2
A8 Frke 2 oA I AT £ YAk of
&3 Wafelr] 7k Ag71de) g elstan
% 288 44-g Ad 222 22} allopurinol°l
1 SODE DMTUSH @7 Fej@vhd 1 &3zt o
& A%A0) € o 4Rt

2 AYelAE ¥ A dzqdas
A@#Q [Hldopamine f2%& 20847k At
WA FZ3) FolE7) AFEtel 40-5087 7 43
HA7100 50-60%A o] Aade =& FE FET
i AN AadEel =d8 F dzAE
Wl Feigel F7ieiel Aol dzAddE
o] 43 A% Milusheva (1992) 2 4t 2
Y AR HAFAC & dGelHe A
o x=&FoEN FATAD Mz:AAMS [H]
dopamine #&l7F NMMA 3 DMTU& AAX ¢
oA dA=gE, o] At AzAdAe) [H
dopamine % L-arginined] ©)la] 87)e] 4z
Yo RYE dopamine 27t §Fol Hldte}
F7}etsl, NMMAE L-arginine] <j3te) 7t
SQ9 dopamine frEl# AAldhe HI7E AN
®, NOSS %2<17H(cofactor)d NADPHE ©|
st W2 L-ariginineel 28t F7hs|g€
dopamine fE& FHA7E AL QUNckL B
28 Zhush Luo(1992) 9] 2@zt FAra

NO¢| #2773 &7] Wil NO $4<) 3
F2he ohg ol e, wehA NO<) BEes 9%
o W@ 7L FR NOS A& AHgdte] ol F
°lA3 Ak, NOS 4AA 2 L-arginine A
(analogue) 7t EH o2 ¥ AP A€
N°-monomethyl-L-arginine (L NMMA) 2%
N°-nitro-L-arginine methyl ester (L-NAME),
N-iminoethyl-L-ornithine (L NIO) ] sl&d

A QoA T Aot Qe Aoz A
31t (Ressemd, 1990; Moncada 5, 1991
Archers} Hampl, 1992; Bogle 5, 1992). #l%
2 =M glutamates] & VP HYFEL
NOS <AAe] o3te] A B opt shga,
a3, el S4B HYY S4E pade
Aoz Hol NO7H 135448 vifshe Ros
#2931 9 (Nowicki ¥, 1991; Dawson %,
1992), £ AFIME NOS AAAE AH8g F 4
23 PP Ft JAHUE Aoz Rof
NOZH ARS8 %4-S vi7jdcke A€ 83
ek AT NOS A7 e PEg] Uk
& 9% oA 3G o3 HHEEye o
Atk dEe ARNYES Sok B W
(Yamamoto 5, 1992; Kuluz %, 1993), NO7H
HAMF 27) FRUE WB8EAEE, o F
e AA5REE dedte FAE AT
(Pelligrino 5, 1993. NMMAE @3 g
A Y B ot FATFAA] §Fo) vl
st FusHE 4441707 B8 Moncada 5,
1991) & A¥eIHE NMMAE HARFAsisich

2 4ReIE NMMAS) 3/A8F &4 o
@ A due sgskted, o 249
o ¥fH] 2l& L-arginine® €43 AAL &
719 2He] 2Eetel 99 L-arginineod 9
St NMMAS] @457t g2 e2 Wadcr NO
o 44E 913 A R Dgo] ol
&7 Az

NOE H#¥A HUHE FA5 Yadoht 9
W7 W EE e QAT BY ohie
(Moncada %, 1991; Nishimura %, 1991)
NMDA 84 Aeehs A28 344 Holut,
NOZH #9448 Atole 232 4359288
vehdtkn @eh(Manzoni 5, 1990; Choi, 1993;
Snyder, 1993). & NOS| Ats-2l ool weh
NO(nit-ric oxide) €14 O, (superoxide
anion) 3 283t} ONOO (peroxynitrite) & &
Aol AASHAEE R S, NO'
(nitrosonium jon)$) AHelME NMDA 4841
9 thiol7)sh g3t} AAALE Ads 248
5248 verdcka @ (Lipton F, 1993). 9%
#og &3 AHHE nitroso BEHER] nitrogly-
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cerin® thAkEle] NO $ S-nitrosoprotein (RS-
NONO' eguivalent) & 343+ed] (Ipnarro %,
19815 Noacker Feelisch, 1991), ©l Snitroso-
protein& NMDA #871% S-uitrosylstalal %
el AEY FF4 9 NMDA 849 9@ 4
#A%4¢ 22N (Llipton 5, 1993). ol
nitroglycenne] S-nitrosothiol interme-diates
¥¥ NOE 443k W& wWe A nitro-
glycerind] AFF4e] Al gl ol w17l
o] \cH(Noacks} Feelisch, 1991; Lei %5, 1992
Lipton 5, 1993). @¥ J47e2 &3 Agss
sodium nitroprusside nitroglycerin® 22
2% 7% NO'S 44% A\ nitroso BT
cysteineoltt ascorbatest 2 AT
(electron donon)7t v1% &A% A% 471 NO®
PAslel WAEYE FLT & okw weiA o
(Dawson 5, 1991; Lei ¥, 1992i Lipton,
1993; Zhang ladecola, 1993). WetA ol
nitroso B e Bl striTE AN
ojgg x4 obdf ¥ Yevtel o} A& BE
¥ FE Un ARE SN FE YE Az A
Zd,

@@ dzAAYIAe [Hldopamine #E1%&
Avaged =28 4% 1 wEd, oRe
Aagee] A 108 A FIFdee
A9zAE PSR AR AT ARFEL]
ojajo] WZARANA [Hldopamine FElFe] 7+
2 godd 443 Jelstgnt. ole ik A
Waes $UE 84 29¢ + dle Adagsl
54 MBI Row A4, £3) AzAd 74
4 2 944 47t Avd, =449 AueAe
wgolsld] AzAst 4FW e FREE d
d Ago] goz Pesten 2k

4 g

2207 (Mongolian gerbil; Meriones unguicu-
latug) ol HHY/AVFA H2H ol R 2 1
Aptge] gEhass AzAEAAEAN Ak
4 [Hldopamine #2l°l W& N°-monome-
thyl-L-arginine (L-NMMA) % dimethylthiou-
rea(DMTU) 9} E3H& H4slel et 2 28

£ ek

1) 9% 3FFAE 23S 108 HPL /T
@ F 158 ARRAALE W AzANAE
DOPAC R HVA #%e| 37}k DOPAC/do-
pamine ¥ HVA/dopamine ¥]&e] Z7tsslem
HVA/DOPAC ¥l&°] Zagsledt AF5d 2
sekel gAY olN e e Y& 2 PR

2) NMMAE ANX85& o) x4 DOPAC
2R HVA %& 9% q3/A8F2H A7t 4R
o HY/AFFE F7HERE DOPAC/dopamine
Hlge 2ol ZaHc

3 DMTU AAXE HY/ALRE 71999
AzAe] DOPAC % HVA & arzien,
#HY/AFFZ F7HEAD DOPAC/dopamine R
HVA/dopamine ¥l &% J9glA Z2A1H

4) NMMAS DMTU® $Al9] AAX89& 2
& SE8/ARFE S/HA0D AzA9] DOPAC 2
HVA ##3% DOPAC/dopamine % HVA/dopa-
mine H]&°] Z&ERen, NMMA Ex DMTU
4% AR} 2 g3t dASAT

5) dzA4¥e| [Hldopamine & A2
Gl eFFeaN F/HEAT

6) AzALAEL AL2PFde] =237 A
NMMA %&£ DMTUS FoJsisig o AdegF
9 &2 o718 PHldopamined] #137ke o
At

T ArGFdel =37 A NMMAS
DMTUE A9 $8iie o Ad2dde =F
2 opl¥ [Hldopamine #81371e 44 w5e
2 Resigle Auc A A0} fzeA]
S M&e FEE FaEh

olde) B3 o} HY/ARF SPo= AT o
Z2 ople] Wl xRN TG qRE
o, olef NO7} shalAtz AgAnkn Yzect.
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