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Abstract—Even though both N-methyl-4-phenyl-1.2,5 6-tetrahydropyridine (MPTP) and 6-hy-
droxydopamine have been widely used to establish the experimental model for dopaminergic neuronal
cell death, mechanisms underlying this phenomenon have not been firmly explored. To investigate
how these dopaminergic neurotoxins induce neuronal cell death, murine dopaminergic neuronal cell
line, MN9D cells were treated with various concentration of either 6-hydroxydopamine or active form of
MPTP. N-methyl-4-phenylpyridinium (MPP"). Treatment of cells with 5100uM 6-hydroxydopamine
resulted in apoptotic cell death whereas cell death induced by 5~50 uM MPP* was not demonstrated
typical apoptotic characteristics such as cell shrinkage, apoptotic body and nuclear condensation. Cell
death induced by 6-hydroxydopamine was partially blocked in the presence of antioxidants including
soluble form of vitamin E or desferrioxamine suggesting that generation of oxidative stress may be as-
sociated with 6-hydroxydopamine-induced cell death in MN9D cells. In contrast, MPP™-induced cell
death was not blocked by treatment with any of antioxidants tested. As previously demonstrated that
MPP* caused metabolic alterations such as glucose metabolism, removal of glucose from the medium
partially inhibited MPP"-induced cell death suggesting excessive cycles of glycolysis may be associated
with MPP'-induced cell death. Taken together, these studies demonstrate that two types of do-
paminergic neurotoxins recruit distinct neuronal cell death pathways.
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rhythmical tremor, rigidity, akinesia, bradykine- FrE 58 2de = B3l olg FHEY 7]

sia%ol YERtA gt ool tig A4 dr]AQ A 58 B3 WS E AR i) o9} e AR

28 522 [~dopas S Fostel ndd =oRlE 7F Vs Y AL uE Bl ST AYEE B
g

A 59 k2t dhgo 2 KB Ejo} G A 48 AT = v ZHYA Bl AHEFLES 6
F o] oAl Fe o]27] 7x] thhAQ] uho] AFHHo hydroxydopamine®]“} N-methyl-4-phenyl-1.2.5,
6-tetra-hydropyridine (MPTP)°] &A5}47] W&

TR =Fo @B FoE o] AzAR o]t} (Heikkila an Cohen. 1971: Gerlach et al .
(H3}) 02-361-2662 (H=) 02-312-5657 1991). ©}1=< dopamine transporters %3l T3}

86



ETA AAMNE AFEe 7|2} 87

9 AFAE WE Eo7F AE e EA17] s S0}
NG mhelEZEE ol electron  transport
chain® 71%5-& 717} oA AJgl o2 A ojg A A E
A xR BuE F1 9oy (Nicklas
et al., 1985) o} & A3k ALr)dol} o] 29
A2 Fx" AAENE APE Y Her) B985 QA F
=

AAM AFE vhe} 2 Ao F ke wRlE &
Frog % SAAE dAHoz s v
23 E Fof Ags|of gt ojoke @u A& FHF
of AHHQ A =ulA MAMEL] AbE A 7}
Abdel e} 2 713 2AAE WEle B9 e AT

84 Ho AxEAPES & el apoptosisol
g A7t FEHAEA g 22457 A7 et
(Thompson, 1995). Apoptosisi= necrosis®} thd =
of WAl Fof FHEA Vel AX AbEe) 31
Hej2A e B9l AE =7)e) £4 (shrin-
kage of cell size), M X9 % (membrane bleb-
bing), ¥ AEToZ Hojygr Hojzx 2 apop-
totic bodyd] A3} 2& M zubel Wy SuiEs
EAL 73 ek =3, chromatin condensation
ot} DNA fragmentation$ 3 22 shjol ¥zl 5
gkt (Wyllie, 1993).

Apoptosist LA Aol A Bl ofig) ejRo] 2=
of &3t ojz] Fejo] WA ME ] Ao HHs
of gl&o] WEA T 9rt (Reed, 1994). 1 thEA
JZE+= gamma- E UV-radiation, heat shock,
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lipid peroxidation-inducing reagents, tumor
necrosis factor, virus infection % chemoth-
erapeutic drug%¢] M2 of7|€ MEe| Apd HA
& & 97 Jd. dAZ %2 d57F hemopoietic
cellso|u} S E E& o] 431 apoptosise) EA4 43
7b olut 27t W AE Fof ddu UM Bdol
Ath= A& W gton, olep Z& A ke o
g 45e] ARE 93 d7 Yoz AR
3=led 213 9t} (Thompson, 1995). o|eh= &)
g AAME] APERZ BASHE FRAAA HYA
23 22 He] Ao ojuld Fele] AZTArE d
(apoptosis £+ necrosis)©] EAdh= x|} o]ol| #A
717 Foll digk A7) ol v kgt Adejo]n, o]}
22 2sto] A3 A FAR o2 v)A|= ggte] A
o HjFo] Ao Wao] 1 o BbE tiFE
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A Ml SRt vstd MPTPY 439 N-
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Abo 9% apoptosis7t ZWEPLW . antioxi-
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Immunocytochemistry — MN9D cell€ round
glass cover slipell 4] Wl%¥AIZI ¥, cover slip& PBS
2 34 M US 4% paraformaldehyded] Ea)3)
oAl M 5E7F 143& 5t PBSE tha] 3 A% ¥
1% bovine serum albumin® 0.1% Triton X-100&
X35 PBSZ primary antibody (1:50 mouse
monoclonal anti-tyrosine hydroxylase: Boehr-
inger Mannheim)& 3]48to] A4&dA 117} ¥t
W8-S AFHok 2 & PRSE 3 MAL 3§
FITC-conjugated goat anti-mouse antibody (1:
100: Cappell) ESAlatol] Ad-2ollr 40 £7+ wioks}x,
PBSZ v X 33, 33 dnj4d e Baks)r)
Asted 1:19 glycerol:PBS €422 cover slipg
mounting 3¥em, AzE= Kodak Ektachrome
4008 AHg-3te] 43yt

Reverse transcription-polymerase chain reaction
(RT-PCR) — MN9D cell& 24-well plateolA] sjeka}
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o] o]ZRE] total RNAE acid-phenol&A&-sh=
Chomczynski®t Sacchi (1987)2] W& o]|&3t
2319t RT-PCR2 Gandelman$°] 7|3 %
9 (199DE o7 Wl AN olw tyro-

sayE #stih. 798 Ziestd 47l 7)€ vkt
Zo] ETlA AAFAZE dF B HEAeE A
o] wjgFdell HF 527 1 mg/ml7t HA MTTE 713t
T 2A17F 7HE o] WS A1A AE HMEES] dehy-

sine hydroxylase &37t¢] primer® AF&® oli-
gonucleotide®] F7|¥l¥L reverse primer?] %-$-
5-AGGCATGGCGGATATACT-3"°]"  forward
primer® 7%= 5-ATATGTCACGCTGAA-
GGG-3'0l9 ©15& Zt7} Exon 73 89 1A% H7]
vig® BE M43ttt Reverse transcription ¥H8-
< 93l 0.5ug total RNAZF AFEEI9D 10 UY
AMV reverse transcriptase (Promega)& 718l
42°ColA Hjoksto 24 cDNAS Az} ol &
o] AAE cDNAE 283+ tyrosine hydroxylase
mRNA9 #A4J%-Z polymerase chain reaction®
2 &3slgrl. ol AMEEl denaturation, an-
nealing ¥ extension temperaturet z+z} 94°C.
50°C, 72°Col™ & 25 cycled A3},

Cell culture — MNID cell P-100 dish (Corning)
A diF wdg slgen 2 AL H3leiAE
0.25% trypsin/0.05% DNase® *2]& 3}9 single
cell suspension® 7= ¥ trypan blue exclusion %
S Al-g8t] hematocytometer2 HETS Alich
o]Z X E] 4% 10* MNID cell 0.1 mg/mi®] poly-D-
lysine (Sigma)2.2 =X % 24-well plate (Corning)
o platinge ¥ thg, 39 7t 10% CO.¢t 57171 4A
Al A5l 37°C MEuG7IoNA Al 8-S 3
. A% medium® 242 high-glucose”7t 254
DMEM (Gibco)®# 10% heat-inactivated fetal bo-
vine serum (FBS: Gibco)& X335l c}, 2 A3 2
of DMEM2Z 3 A3 vk 5~100uM 6-hy-
droxydopamineoltt MPP'E& ©% = an-
tioxidantE¢ figureodll H718 ule}l Zo] WEAE
23ted N, serum-free medium (Bottenstein and
Sato, 1979)2.2 WA g ¥ 1~2%9 7 AL wMgsidct.
o] ujedr|zte] Bud olalel] Wr|E WHeR HY
AE A

MTT reduction assay — 4| ¥ AEE&S Z43}7)
A3l Fig. 20 8718 529 $E& O= £
Folgk & AAAZE Fofl Hansen$ol 713 WS
(1989) ©j&3l 3-(4.5-dimethylthiazol-2-y1]-2,5-
diphenyltetrazolium bromide (MTT: Sigma) as-

drogenase activityol Sish MTT7F Sas== 3t
1 ¥ 20% sodium dodecylsulfate?} ¥3¥ 50%
dimethylformamide+£-24-& 7}3led A Eel] A
¥ formazan graing £&3 i th&o] ELISA
plate reader& AH&-3}e] 540 nm7dell A optical den-
sityE ZA3NT. 74 AEF 02 RE Ao Ag4
e ofgo] My =HA 2 2T (100%) gk 4
gte 2 gdsnt.

TUNEL staining — o] %3¢ €2l DNA7H
apoptosisA] 22 A7 ¥ 3" endoll -OH7|7} A71 Al
=® o]Ee) terminal transferase® ©o]&3le] W
yHe- &) 80|3 nucleotideE €3 FEdl itk
s Pled s FEE Xul® HAEE phos-
phate-buffered saline (PBS)Z 3xH#| M| £+
4% paraformaldehyde® 420 587F AL A]
1 ¥ PBSE thA 3 2 M3& 814t Proteinase
K (20 g/ml: Boehringer Mannheim) &=)3}o] A
204 587 vidsled DNA &of = el dS A
AAZ & PBSZE 3abalel AX MAIA. ol
Terminal transferase ¥ Exi3lol| 37°Cell A 14
ZF EA vHS-E AZATE o) u) ARE-EH 400 ul WYY W)
9} A2 2.4ul biotinylated dUTP (Boehringer
Mannheim)., 4.8 ul terminal transferase
(Boehringer Mannheim)& ZE&3tgc}. ¥hg 3o
300 mM sodium chloride/30 mM sodium citrates
Asho Aol 1587 wiYEe  terminal
transferase?] 982 8 A|zlthS alkaline phos-
phatase-linked aviding 713t ¥ A-&ollA 3087+
vjkA|Z{t Substrated 73t whg-o} Axg A7
2 2@ A 7 AL light microscope® &3 F Ko~
dak Ektachrome 160TZ 2% < 3%},

Mg ¥ g

Characterization of MN9D cells - 2 2% AL8-9
MN9D cell2 embryonic day 149 mouse mesen~
cephalic neuron¥ N18TG neuroglioma®] §3% wh$-
& E3 99 cell lineo 24 =9WA NAHAE 5
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o] ofiria AdE T e AeE HEA dd
(Choi et al., 1991: Tang et al.. 1994). Fig. 1A%1A 1=
o] abxol Alefol MNID celle} T Y& Faet
o neuritec] 2A3}H o}F #E 7ol EAoltt Im-
munocytochemistry®} reverse transcription—po-
lymerase chain reaction®] ZzefA] BKo] MNID
cellelis =97 A9l rate-limiting enzyme?]
tyrosine hydroxylase®] mRNA<} thldo] B5 &4
8131 9128 B3 tHFig. 1B, C). oldlx Z=ailA Al
AAE7} e g B4 59 shiRl =anle] Qg
(dopamine uptake)7} MNID cellol M= o]Fojg e
24 8V4A0 large T antigen52 2 HHHS WAJH
cell line #H= 2} cellular phenotypes F213 3
Ag M A, AR ExMshs 9wl 414
AEZA ] A2 BE 75& FAIToEZA] A A
He EFog 3= AT ARE F U F2
model system$ o] E1= e}

Cell death induced by dopaminergic neurotoxins
- Ao 2 ERA Bold H542 gl AHEH o
€ 6-hydroxydopamines MPP 9] 2488 #AZ3}
7] Y8t 428 5~100 uM=E 24~48 Azt g
F MTT assay® E3lo] AZPEEE SHATH
Fig. 2914 B30} MNID celle 7181E 549 &

.,.—. . e few
Fig. 1 — Characterization of MN9D dopaminergic neuronal cell line. Cells were

o Hl#ste] ApEshS BEEA oY, o] Fre] Wl
primary dopaminergic neuronal culture& | &3
ofe) dEel A AR ol & Jos uFof dop &+ M

%0} MNOD cell® endogeneous counterpart®

A) B)
100 100 4
5 75 g 75
; :
£ 50 5 50
£ &
& 25 25
0 T T 0 T T T T T
0 25 50 75 100 0 10 20 30 40 50

8-hydroxydopamine (M) MPP* (UMW)

Fig. 2 — Kinetics of neurotoxin-induced cell death. MN9D
cells were plated at 3x10* cells/24-well plates
and maintained in DMEM supplemented with
10% fetal bovine serum for 3 day. Cells were
switched to serum-free N, medium containing in-
dicated concentration of (A) 6-hydroxydopamine
for 24 hours or (B) MPP’ for 48 hours. Viability
of cells was measured by MTT reduction assay.
Results represent the mean of three in-
dependent experiments in triplicated=SEM.
Value from each treatment were expressed as a
percent control over the non-treated matching
control(100% survival).

% -

plated onto 25 ug/m! poly-D-lysine coat-

ed 24-well plate(Corning). Immunocytochemical localization of tyrosine hydroxylase was carried out as des-
cribed in Materials and Methods. Reverse transcription-polymerase chain reaction (RT-PCR) was performed
as described in Materials and Methods using total RNA as a template. (A) Phase-contrast micrograph of
MNAD cells and (B) immunofluorescent localization of tyrosine hydroxylase. (C) RT-PCR agarose gel stained
with ethidium bromide (Lane 1) negative control, without template: (Lane 2) with 50 ng total RNA from MN
9D cells: (Lane 3) positive control. with plasmid containing tyrosine hydroxylase cDNA.

Vol. 41, No. 1. 1997



90 2BE -

94

v 529k sensitivity7h AS-& o FAH BEoEe

1%
o9t 2ol F5E MEAEY HehE vl L ¥AS)

$-ollx= apoptosisAlel vhehls A& ¥
3191 nuclear condensation. membrane shrink-
age ¥ apoptotic body?t =Gt (data not
shown). olgh= 24 o2 MPP'E #2g $5H
AEAPEol Aol nuclear fragmentationo]ud
nuclear condensation% 2] ¥#7} o}F nlMsd o
membrane shrinkaget} apoptotic body 2l #4354
22 cell membrane’de] ®3l B3t o} F AHulslich
{(data not shown). ©]¢} 22 AFNE wphoez & 4l
A5l Aol o3t M EAIEo] apoptosis ¢1R & T
< M3 93]7] Y43l chromatin condensation#
fragmentation 53 72 o] W3lE A3
AHgElo] gbd TUNEL staining 2418k} F 4173
42 fed Ao H3E FAHRE AFsh
Fig. 3A°4 ¥.50] 6-hydroxydopamine2 2 f =%
MNBOD celle] Abg3Hd Foll= oA AFE e

13}7) RS Al A A 29 dEo] BP0 2 P
= AL B U v MPPTE A2lg 79
S Ze o el Wabrb ggg Eisiyet
. 22 o] 8ol apoptosis$t tiEHE

Fig. 3— Immunological localization of DNA fragmentation
in MIN9D cells after neurctoxin treatment. Cells
were plated, maintained and treated with (A) 100
uM 6-hydroxydopamine for 18 hours or (B) 50
uM MPP" for 36~40 hours. Cells were then pro-
cessed for localization of fragmented DNA within
the nuclel as described in Materials and
Methods. Arrows indicated the positive nuclei in-
dicative of typical apoptotic cell death.

gehol MEAPEE d2id necrosisy) AHFHY EA
%9 31l cell swellingoiLt cell lysiss] dAto]
& SaER ekgint Wk, MPP'E X9 429
Abd-& DNA2| fragmentation o} AeH oz &
WESTE SoT3 FE9] apoptosis = F5o1 Heh ol
HHH o2 s FAH2A MPP+9) 98 f =
¥ M EAVH o] el A AR cycloheximided
HEA T2 A3 dAES Wil FE & 5 Ao
(not shown). o= FHZ o2 ol A7 HFAME
ol2} 3l programmed cell death#bil sk 34
Fo| dH=EE MZAPE {HAY A BE Al
apoptosisE FEAI7IH, wEbA AEZAPE §-4x4e
132 oA A|A F= macromolecule B4 A<
cycloheximidet} actinomycin 52 g3 3
apoptosis7t ## go] ¥ fkrh(Martin ef a4l
1988: Oppenheim et al.. 1990). o]ol yraled
necrosisE Wt Aol of9 e MR AE
Abdel W& wgRAERA] = HE vjFo] Hol
MPP o} 2]3F MFAMEL apoptosis®] So}3t sub-
typel 2 A3 Ao] 7HEstTLL £t ole} 72
AL ZoTIA Eojd NAFAA B ol o
Wk og Ja AMESE prooxidants (hydrogen
peroxide = menadione)Y} mitochondrial elec-
tron transfer chain complex inhibitor$! ro-
tenone®]Y 3-nitropropionic acid® MNID cellell
M e Wz FUstA LAPIHOh et al
1995). &, MPP", rotenone. ¥ 3-nitropropionic
acid53 2 mitochondrial toxin® *2}2 mi-
tochondria8l 7'z Zlg st =8 NAME
9] APE& 719 apoptosisH thE 7| S 538 o)
g Hele apoptosis® fEsle Aoz Algdr)
(Oh et al., 1995).

Role for antioxidants in neurotoxin-induced cell
death — 7|&¢] Atel] oJ3lH LAy ksl AJA)s
oo 2]t &-go| apoptosis?t BHP Ao Z WA
UtH(Heikkila and Cohen, 1971: Hockenbery ef
al. 1993. Kane et al., 1993). wighd, 2 A=
MN9D cellel 7% 6-hydroxydopamineo|tt
MPP+of oj8h M ZApd#do] 2B 7] Akde] A of
o3 AJNAE GRIe}r] A3t 7H2he] neurotoxing
50~100 uM¢] FE2 &1} FAlol antioxidant
g Jiste] A Fig. 4A94 EEo] 6-hy-
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droxydopamine®ll &% AEAHEo] antioxidant®
el A4 desferrioxamine  (100--200 uM:
Kane ef al . 1993). soluble form¢! Vitamine E
(250 uM) & AEE e o 433 PxES vEg
(30%). widol MPP'oll 2i8l A ¥ALEL o]E an-
tioxidants\tt Vitamin E5-& ¥ Fojsloix A3 WA
37t ¢8-S BEAEIAHFig. 4B). Oxygen species-
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100 :
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1

Percent Survival
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" O <
d .  x
& 4 43
S &

Fig. 4 — Effect of antioxidants in neurotoxin-induced
cell death. Cells prepared as described above
were cotreated with or without the indicated
concentration of each antioxidant. At the end
of treatment with (A) 100uM 6-hy-
droxydopamine plus 100uM desferioxamine
(DFO) or 250uM soluble form of Vitamine E
(Vit E) for 24 hours or (B) 50uM MPP" plus
each antioxidant for 48 hours, cell viability
was measured using MTT reduction assay.
Results were expressed as a percent survival
over the non-treated control (100% survival).
Each bar represents the mean of three in-
dependent experiments in triplicate +SEM.
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sensitive dye¢! 2.7 -dichlorofluorescin diacetate
& ol gatod e Y] ahae] UE ST o] 2
ol Axtell 2iat MNID cellell MPP™ & H2}st 74
S-ol] BHA7) AavE AL HiE Ao Jelhton A
719} antioxidant& MastdS wol LA 7] kA9
el dAlE v AT APEE WY whskE
Zaksithnot shown). uhehA], #l9] A9E F§=l 2
H, MPP 9] o ojs) AAg dAa7) Abae AFE

Zoll o]aH4 (secondary effect) 0. & AAHH AYS ¢
7} A tHGerlach et al ., 1991).

Role for the level of glucose in MPP'-mediated cell
death - 7]&2] A7 ZAufo] o5l MPP'= mi-
tochondrial electron transfer chain complex 1]
715& WA zA ofd @ o|AthAe] 7] o]

e st maUA MR APEE FHTIA]
= Aoz ¥l Aot (Nicklas et al., 1985). o] 34
Foll dAdHon dFsHe Aol WIEE mi-

tochondriacll 1%k 44231 ATPe] AAde] AAE 2
2 glycolysis7t S7FebA|l =i, 1 A2 A2
o lactic acid®} proton®] &3 o] Heo] AL} AlH S}
= Ao ¥aA Qv w2k, glycolysisoll 23 1}
%3 glucose?) uptakeol MPP ol 213 MNSD cell
o Aol ¥ o7 Beo| lExE sy Yt
o 100uM MPP™ Eajslol culture medium%<]
glucoseE ALH 02 Fo] FTHA HE APHe] AR E
SA3tHt}. o] A¥ e Anol 23 Fig. 5ollA 2%
¢} biphasic response@ Aol Veltth & A4t glu-
cose level®] 60% 7k € & 7§ dose-de-
pendent&}Al A EAPE o] WX g2 w3l o 24 MPP”
o Mol ok MAAMFE AbE #L nhstA AE
Y2 F4% glucose®] tAMFES! lactic acidy pro-
ton®] FH o7 QI3 M X el pHel A3t FU1
Y4 FoR F=o] =orHTipton and Singer.
1993). Nigericin¥} #Zo] Ax¥uW2je] pHE A og
FEAAE Mejsted A A ¥EAPHo]
MPP'2 #=9 MEANE &b 433 fApsoRs
ofu] AFe) ANw o}& Mo FHs) F1 vk
(not shown). Z22luv} 2% 3k %9 glucose’} HiX &
R AAHE A 060%)0= 2 2HA7E MEL A
9g 2A817] W7 tha A FEARE WA F8o] "ol
A= AL.2 FFo] Hof 2} (Reed, 1994).
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Fig. 5— Effect of the level of glucose in MPP -induced
cell death. Cells were treated with 50 uM MPP”*
for 48 hours in N, medium containing a vari-
ous level of glucose as indicated. Normally, N,
medium contains 4.5g/1 of glucose (100%).
Data represent the mean of three independent
experiments in triplicate+SEM .

ojate] Aol o3P FFIE FF Y ATRES
A7) flEtel de] AMEElYd 9 6-hydroxy-
dopamine°|t} MPP &= =l 717 MZAME] APEE
g 7|de S8 fedes o vk len, ek Z
zhe] maiulAe] APELE FE dojz Ante] Y
of frold deAe ¥ T3, MNIDS 22
dopaminergic neuronat cell lineg o8& - £
A¥ 3 2 WFHQ siAdo} o g A A7t
oA =9, tge] HZ WA AlFsE Bel-
257} Z-S anti-apoptotic gene®°l AR M E9] AHH
B4 Fol vehlie A43E HF3] AT gene
transfection S¢ 437 7}sA Hdn 2o
(Thompson, 1995).

ZAle S

2 AT %#i QT2 A (FAFE D
Au o FEAFAD (AFFEHRA) Y Ao F
B Ao °l°ﬂ Z.}*}_EME}.
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