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Apoptotic Process is Involved in the L-Glutamate-Induced PC12 Cell Death. Ki Wug Sung, Kyung

Heui Jung, Seong Yun Kim, Jung Hyae Kang, and Sang Bok Lee Department of Pharmacology, Catholic University
Medical College, Seoul 137—701, Korea

Although it is known that neuronal cell death during development occurs by apoptosis, the mechanisms underlying
excitatory amino acid-induced neuronal cell death remain poorly understood. In this study we have examined
the mechanism by which L-glutamate, an excitatory amino acid neurotransmitter, induces cell death in PC12
cell lines.

To characterize cell death, we employed sandwich enzyme-linked immunosorbent assay(ELISA) method for
cellular DNA fragmentation, DNA agarose gel electrophoresis and chromatin staining by acridine orange and
ethidiom bromide after treating the PC12 cells with L-glutamate. L-Glutamate caused dose-dependent cell death
with a maximum at 24 hrs after the treatment. These cellular fragmentation was blocked by pretreatment of
MK-801, a noncompetitive N-methyl-D-aspartic acid(NMDA) receptor antagonist, and nerve growth factor(NGF).
Analysis of DNA integrity from L-glutamate-treated cells revealed cleavage of DNA into regular sized fragments,
a biochemical hallmark of apoptosis. The PC12 cells that were induced to die by L-glutamate treatment exhibited
classical chromatin condensation under the light microscopy after acridine orange and ethidium bromide staining.
These results suggest that apoptosis is one of the key features that are involved in L-glutamate-induced excitotoxic
cell death in PC12 cells, and these cell death are mediated by NMDA receptor and depend on NGF.
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L-Glutamate= | 317 234 TEA AHAES o)
A dlEAQ ofv|eitA ARAGE Aol a3y
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WeEo] feE A5NSE vt
A A AE 53] L-glutamater} A3 FA S 13
A3}¢ltH(Choi & Rothman, 1990). &1} &
L-glutamate”} A} (apoptosis) S FHAE A FAS
ks $A7F R 3 3ok § L-glutamateol] 2
AZREAE A7) o] & EA ol whet A A
A AL AE sy F47140 23 ARAE A
e 22 7)Ao AT MY AFAE A A
I Cat ol &ol] JEALE T4 B TAE Folo]
4% AZ AR FRE AeE wudw o
(Meldrum & Garthwaite, 1990; Choi, 1995).
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H ARz o] A A 715 HAE Aol
Aol Ao <A 9 rHOppenheim, 1991; Bursh et al,
1992; Naruse & Keino, 1995). F=&t ¥ A7 Al2] A A] 7]
ol 3ol Al A2 £ {449 ddo| o3 chul
gAol ez oo sl AEW ATALAS EA
A AEE AFATE A g Aoz dejA
9l th(Henderson, 1996). 3ol = ¥ 4174 Al A7} ol
A 3k ohyEl H#d, Z7H(epilepsy)¥} Huntington®| vy
2o B94 H AR AL YIAE TA lete] A7
AES) Aol §5w, of o L-gluamateo] 9|3 4173
EXo| F23 wWelAeld Q9og Rusy gt
(Farooqui & Horrocks, 1991; Coyle & Puttfarcken, 1993;
Meldrum 1993; Raff et al, 1993; Thompson, 1995; Charri-
aut-Marlangue et al, 1996; Portera-Cailliau et al, 1995).
ul2ha] B A tollAl e AR A ES] Aol @ol o] &5
= PC12 A Zo)| L-glutamateZ X X] 3+ & DNAS] ¥4 3}
AE AA] FeHstE FEFOEH in vitroolA]
L-glutamate®} 314-9] #HAE &Qlsta o]olf diste
L-glitamate4] N-methyl-D-aspartic acid(NMDA) 584 2
gAle #3t 9 AHAE AAUAQ nerve growth
factor(NGF)S] &3& golB.3zt 34t
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3817 FA19] pheochromocytomaol]4] Ze]slo] X734
¥22 39 PCI2 AJ£FZ American Type Culture
Collection(Rockville, MD, USA)ollA] Q]3] A& o) o]
2313t AZEufokol]l A-8= RPMI 1640, S-efloldA
(fetal bovine serum, FBS), u}& X (horse serum, HS), 3}
Al(penicillin®} streptomycin)y= GIBCO(Gaithersburg, MD,
USA)OllA Q)ste] A-&8titl. Acridine orange, ethi-
dium bromide, NGF, trypsin-EDTA, L-glutamate+= SigmaA}
(St. Louis, MO, USA)ol|A]l, MK-801-& RBI(Natick, MA,
USA)ell A F-Q)8l9ic}. FBSS} HS+= 56°CollA] 3047 7}
dg F ujokHel Hrlslglet.
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PC12 A)|E¥& 5% FBS, 10% HS, penicillin(100 units/l),
streptomycin(100 ug/l)o] 73715 RPMI 1640 AL uljoked o
Z37°C, 10% CO7} §A= = AFul g7 oA Alchulok
slgict. FE AR E 915t =T, L-glutamate X X,
MK-801 A2 & L-glutamate X X]F, NGF AAg &
L-glutamate X X] 2.2 150} PCI12 AJE 1 x10°/] & 60

mm sfFH Aol EFsa (A 7F Foll oS Foi3tgl
t}. gz o= 25 )4l phosphate buffered saline(PBS)
2 A X4} 2, L-glutamate(l nM, 1 uM, 10 uM, 1 mM,
10 mM g 1 M)y AEujcklol] &9l on] MK-801L
PBSol] 0] L-glutamate 5o 5EAo)] 10 uMe] ¥5Z
A X810k NGF(50 ng/ml)ye= Al EufkeRel] 597+ A7t
a3t

ELISAO) 2|5t PC12 M DNAS E&o| Xak

PCI12 A)Z9] DNAEA-L 5-bromo-2’-deoxy-uridine(BrdU)
7} DNAC) i3t 3}4|E o] 83} sandwich enzyme-linked
imminosorbant assay(ELISA) kit(Cellular DNA Fragmenta-
tion ELISA, Boehringer Manheim, Germany)Z 7 2s}4
. PCI2 A|ZEE 10 yM2] BrdU7+ H7}5 Al Eu el
A 24X 7} vlleksle] DNAo) BrdUE labelingdt & 44
(250 g, 10 min)s}e] AEE 38l A En S-S 96 well
plateol] well & 2x1004 H23 I 17 3o
L-glutamate 2 3] %] 3}l c}h. 44 (250 g, 10 min) 3 AJE )
okol-S- A A3} 100 ul incubation bufferZ Yol 3087+
Aol x| ste] o1& A ZA &3 H-& anti-DNA 3|7}
91+ ELISA plateol] 73t} dolgl #ojl 1% Triton®
X-1002- 100 ul 4 o] 3027k ol Whxele] A &
3| }-g olo] ELISA platedl] &Zich AEA 9 &4 &-3f
}-& anti-DNAS} 20014 9087t uH-3-A7] ¥ washing
solution©. & 33] Al¥slar AA QA (500 W, 5 min)E
denaturationX] Z1t}. anti-BrdU peroxidase7} E3H% conju-
gation solution-g- 100 ul 4 Z} wellol) 7}l 9027+ 4
Lol wbx3 & o}A] 33 AFsta 71 AL 100 ul £
HA7Vsle] WA A F ek 308 25 419 stop solutionS @
o] WhAnk-S-g FWHA|F|A 450 nm SR elA FFEE
9%t DNA 232 Al£4 9 &3 §3)2] F DNA
ol thgt A EA Gl He] DNAFS] v| 24 st

Agarose F7|d-Eof 2|8t DNA &ol

PC12 A|EE PBSE A&t wiokg Aol 400 ule]
Iysis buffer {10 mM Tris-HCI(pH 8.0), 1 mM ethylenedia-
mine tetraacetic acid(EDTA), 0.5% sodium dodecyl sulfate
(SDS)IE o] AELeH-E 912 F proteinase K(100 ug
mh)E drlsle] 48°CollA] 2417 W3 AIF ek 125 M
NaClg A7}sh3 $3(13,000 g, 20 min, 4°Cyshed Aol
S ol A=yl 7.0 By ol phenol/chloroformfisoamyl
alcohol(25:24:1, vol/vol)#} chloroform/isoamyl alcohol(24:1,
voljvol) 8-No & DNAE FZ3 % absolute ethanolZ
DNAE #AA|A genomic DNAE 3t} JAEE TE
buffer [10 mM Tris-HCI(pH 8.0), 1 mM EDTAJo)| o]



Glutamated MEEAM 7|A 701

RNase A(100 pg/ml, 37°C, 1 A|ZHE 2|3t & 260 nmol|
A FREE ZA3lo] DNAS A7 319} 0|4 A o1&
DNA 20 g8 1.3% agarose gelol|lA] A7 8} 3 ethidi-
um bromide2 QM3}o] zejH FA7|2 At

Acridine orange 2} ethidium bromide Adof| 2|5t byt
PC12M|Z 2| Yefsty &

= A X7} Erd PC12 A|EE 93 (250 g, 10 min)s}
o] 3]<r3la PBSE A|Z¥EolS uhEo] 25ul A2 ¥ e
Hol] acridine orange(100 ug/ml)2} ethidium bromide(100 ug
/m)7F 3= ARE 1l 41-& F HetollS slide glass
of] "ole] i cover glassE Y2 ¥ yFHu|7joz B
Zslgich.
R |
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Fig. 1. DNA fragmentation induced by L-glutamate in PC12
cells. DNA fragmentation was examined by sandwich
enzyme-linked immunosorbent assay(ELISA) at various time
points after L-glutamate(l mM) treatment. Cellular DNA
fragmentation was maximal at 24 hrs after L-glutamate
treatment.

Values are mean+S.EM. of three triplicate experiments.

*P<0.05 from control.
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PBSE A A%t =73 vlastglS ol L-glutamate X
Hol] &j3he] A ErHe] DNA F2ol| that £ DNA Fol
Z7H & & = Y rhFig. 13} Fig. 2). L-Glutamate(1 mM)
A A ¥ DNA 2A4S AA A o2 B35S o 9/ 7+
B B3] F757] At o) 244 2bel|RE bz o)l
Hjste] FAH oz {23 F7HE BAcH(130.0+7.8%,
P<0.05, Fig. 1). L-Glutamate *}%] & 24A]7}o}] &2tz
DNA B-AL L-glutamate 55 1 nM, 1 uM, 10 yMol| A=
2T -2 3 ol & HolA] ghgkert), | mM3} 10 mM
A= izl vlste] f-olatA F7HE A (=Tl
Ble}ed 124.2+3.0%, 120.5+0.9%, P<0.05), 1 Mol|A] =
vlzFol Hlshe] ol WAHR okgkch(Fig 2).
L-Glutamate 2 <13t DNA 42 NMDA 8- 28|
Q) MK-8013} AR AE 4A1AQ] NGFol| oete] Heh
=9t} £ L-glutamate(1 mM) 2% A] tH27499.9+1.9%)
ol wlsle] 1734+7.1%2 Z71¥l DNASl HAo]
L-glutamate %] X] 5827 o] MK-801(10 uM)& A Zujjokel
of Axel 3L o 98.1+1.5%2 = cHP<0.05,
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Fig. 2. Dose dependent DNA fragmentation induced by
L-glutamte in PC12 cells. DNA fragmentation was studied
by sandwich enzyme-linked immunosorbent assay(ELISA) in
PC12 celis at 24 hrs after various concentrations of
L-glutamate treatment.

Values are mean+S.EM. of three triplicate experiments.

*P<0.05 from control.
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Fig. 3. Effects of N-methyl-D-aspartic acid(NMDA) receptor
antagonist, MK-801, and nerve growth factor(NGF) on
cellular DNA fragmentation induced by L-glutamate.
MK-801(10 uM) was treated at 5 min before L-glutamate(l
mM) treatment and NGF(50 ng/ml) was treated for 5 days
before L-glutamate(l mM) treatment.
Values are mean=S.EM. of three triplicate experiments.
*P<0.05 from control.
**P<0.05 from L-glutamate treated only.

Fig. 3). 28 NGF(50 ng/ml)Z 547+ 4 X3+ A% L-ghuta-
mate(1 mM)ol] 2]3F DNA 542 NGF u|Ax] 8] F-ol v]
sho] §9la}A| 745 QAeH(104.4£3.0%, P<0.05, Fig. 3).

PC12 A|Zo)| L-glutamateS %] %]} 3L genomic DNAE
F&3to] 1.3% agarose Aol] A 7|45 3 DNAS] o5&
FEs & ol ZAE A AFSHE DNA ladder 4}o] 2t
519)t}(Fig. 4). o2& DNA ladder= PBSE %] X| & t) =
T(lane 1)ollA = VeEb}A]l gEok3t 1 mM XX (lane 2)
o] B|3le] 10 mM(lane 3) X X]Foll4] B8 flo] Y}

o] MK-801 Axjeloll osto] 7H2% 9} rh(lane 4). =
Sl 100 base pair(bp) ladder marker(lane 5)9} H] Z3}91&
] H=F internucleosome T2 HEAo] Yoluhg ¢ 4
At

L-Glutamateol] 23} PC12 A|ZALE Heldhd oz 3
Zsl7] €3t L-glutamate 1 mM-E %] X8} 3oj] acridine
orange$} ethidium bromide & chromating < M3}9-& ujf

Fig. 4. Patterns of DNA migration in L-glutamate-treated
PC12 cells. DNA was extracted from PC12 cell at 24 hrs
after L-glutamte(L-glu, 1 mM, 10 mM) and from MK-801
pretreated PC12 cells. After DNA was migrated on 1.3 %
agrose gel electrophoresis, gel was stained with ethidium
bromide and photographed under UV trasillumination.

A4 PCI12 AL 529 do] FAZR AR Fadt »
F& FABER Al o) A A X JAAe] FARA
Zoha dfoll 2g =49 golelrl W] L-gluta-
mateol] 23t PC12 A EA o] A ol &g A A4stdd
th(Fig. 5).
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B A FollA = A A Zo) i3t olv] =4HA] $RA A
73AZEAQ Lglutamated] A7 54 24§ LolR 112}
PC12 A%l L-glutamateE *{ X3 % DNA HAL
ELISAH 2 2 s} 3L o]ol| tdt NMDA =& 234
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Fig. 5. Nuclear morphologic changes in PC12 cells treated with L-glutamate(1 mM). Picture
representes cells observed under the fluorescent microscope after chromatin staining by acridine
orange and ethidium bromide. Arrows indicate apoptotic nuclear change; condensed chromatin

and chromatin clumping( X 1000).

S} AZRBAE AARIAY] ang sl =g 34
o] 93t PC12 A|Z A dolR 7| $3le] DNAE &£
s}o] agarose A A7]dF0 & DNARAE S okahg wbd
3193 om chromatin <34 & YPnjA oz AT )
chromatin®] X339} woks sbibsledc)

L-Glutamateol] 2)3+ PC12 A ¢ DNARA LS Aol A
ol (Fig. 1), £ EAYL(Fig. 2) ¢ F A & 2
AE AR T8 A E 9 shlq) DNA #4o| o
AN ¥ 4AZe] ZASE ez Hol
L ghtamateol] 9|8 AZS4E ALY ALAGE $2
st ol FE Al 7 Zleg AsHd. Kues
1991 12| ehakel vixiz) el A elsto] At wjo}
3 A7 A Zol| L-glutamate S 2] X]3}9]-2 w) DNAS] 4
o] §utx) 3 o) gt DNAE-A-2 endonuclease 2} A]A)|Q)
aurintricarboxylic acid, mRNA Al 23 4| A2 actinomycin
Do gl3le] AxlEl = Ao g W gl v}, L-glutamateo]] 2]
& ARAAES Aol LA o8 & UL Al
oh ES B Y Ashe 94 M2y 94 ke
A7 A Zo) L-glutamate AEFE A= L- o -amino
adipateS AAste] ATaforle] HelA L-glutamates)
SES ASAR Fo 798 w) ABAL Aol

FurEm o] 48A17tel FHitel| E2¥vhe Didiers
(1996)8] H.ie}t FEA olu|:eitAl ARALEA
kainate 5 217 o] HEdol| ARSI & ull 48~T2A17F &
o] sljulell 4] DNAS] A o] &= o] FFA AHAE
EA4o] A4 dE AAEE Pollard5(1994)8] Eiotx
FAsk B AgolA e 99 B vjsle] A7HH o
2 z27)0)| AR AEL Ao fEEd o] Agel
ALE AE FL TE, ALYE A3 Kolq) 71U
A0 g2 Ag=r}. 85 L-glutamate Fo & PC12 Al X0
4] %48 DNAE agarose Al H7]d 5355 ulf, 30l
23t DNA ladder7} #I#&xjgjs o]2jst DNA ladders
DNA ¥A|A9} 8] 731918 ] internucleosome ThHY] 2 4]
(Fig 4) Aol o3 AEARA SAHoz Pabes
internucleosomal DNA 7 (Naruse & Keino, 1995)3} 7to}
Slol4 AFG ARE ek ek Acridine orange
¢} ethidium bromide 2 PC12 A\ F2] chromating o] s}
A& ) A4 PC12 Al ¥ 9| chromatino] F43}A]
o] 31 wlsho] Lgltamate 42 Aloll 342 Heh
Z EA ¢l chromatin®] 3 9 FZ5 chromating®] o]
2] (Majno & Joris, 1995)7} TH2=o](Fig. 5) ZA7} 213}
4¢ A3
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L-Glutamateol] 2]3F DNA £73-& NMDA 48] 73
AQ) MK-801 FAX el o3le] Azl Aoz Hol
(Fig. 3) L-glutamateol] 2]3+ A4 A Z A4S NMDA
SAE wiMste] fdgdes & F Uk 3 L-gluta-
mate4] NMDA &A= AZeJHe Na', K, Ca' "%
ol &oll 3k A=l F4& 7FAw (Monaghan et
al, 1989) 5] Ca™ "o] 2ol )&t F3}4 0] AA A X gl
o] F83 75 S g@dste Ao ¢8A JchMurphy
& Miller, 1988; Holopainen et al, 1990). u}z}A] o]#)3t 2
= L-glutamateo]] 2]s}o PC12 A|E.2] NMDA 4847}
BHHE 3 o] g Felo] $UH Ca' o] Lol SJefo] 4]
E AL BAY G4V} Ca' o]l &P o7 HAI
Elo] DNA 845 A9 E4A S48 445 5 J&

& AAR ole 2 dolyk 279 o NMDASH

kainate & Fo33}-91-8 o] internucleosomal DNA £-Ao| £
akEl TAA AE A sle] 8] NMDA) 93
Ak MK-8019]] 2]} Xpebslv)= M 31(Campagne et
al, 1995)8} f-A}sle}. a2 Aol A} L-glutamateol} £
gk DNA £4 2 A AZ 47U NGFell gfslo] 2}
el WAslvhFig. 3). ol A7 A|Eol cyclohexi-
mide, actinomycin D, colchicine-2] 258 Hofshd 1
A7t Golrta o)gk AFAE A NGF, basic
fibroblast growth factorg-2] AAAFQI A} ol o] 3lo] AxlElvt
L B 3(Lindenboim et al, 1995)¢} Ax|zbeh. e}
L-glutamate®] NMDAE-AE B¢ AHAE A4
& mitochondria®] 715, &, A|X2] energy 22 Al ol
oot A4 EE 34Z 2E 0% F grkw Bad
v} 9lth(Ankarcrona, et al, 1995). o]+ L-glutamateol] 2]&F
A7 =4 NMDA &) o|gloll of] Qx}ol] ts}ed
| EA S A4 uhEl A olof] gt ] e o+t
Had 7oz AgHr) gt SchubertS(1992)2 NGF
9} fibroblast growth factorE PC12 A Xof] X 2]t 73 Al
BAZEY B3t FREo2y AEut] dd=EE
NMDA F=8X)8] 3 Z7}e)| ofsle] 2.3]8] L-glutamate
of o& A% =4l F7lElv= Whi, epidermal growth
factor= L-glutamateol] 2138} X173 =A1 S ZHAA vtk B
33 vk Qe v 2 HEAARIAY] ATFAEZ Aol tit
el A e ol B A7 2ed Aoz Agsd

o]42| AFE L-glutamate7} IAE F3lo] ¥AH =
Z 9 Ade 8 F dFE AlAg HE Y, Ake)
Huntington® ¥, Parkinson3]®], Alzheimers|¥] 52| ¥|3}
A ¥ A7 A3kl 9loj A X L-glutamate -344] S1Atel] 9
g AHAE Asgoll gk A7t o Hesicta Agch

ZAS =

B dTE 1995~ 19979 % Feh71 4 EFAT A9
TN EAMLAYY 19969 THE A 7| 298 &
£24v] 9 A5 Fobol 29 49483 (1994~1996)
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