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37 F LYV O UVREIZI AL P2 —B T 5 A —TD
7 AR = A

SRAFELEMBAREERITEIR HREETRDM (EFE I WE 2H80

G

= o

sy

3-7eFA Y v (3-acetylpyridine, 3-AP) X, A 7o v T I FDT7+r I ThD, MEREME2ETLIZ L8 abh
Tnab, Faix, BfRet=a—r7 52—~ IMR-32 I 0.3-ImM @ 3-AP ## 5 L s Z AMBEYEETE
7, FMBED 3-AP #54, BHFMRECBEARES Y ) A — <t SOBBRFMEMR, ER~v A= —82752 ~=
AR N e oo, FAPWR LD b=a—w T 5 A F—<ffA%CiX, 725/ <=1 v D (RNA SHBEEH), v 7w ~*
VIV (BHEAREER) 25V XT7 9V VPV IARVEB (=Y PRI LVT - EBIOEAEARESER) L vEIEEh
fz. ¥fe, ZOHRFEEFAT YT I FREC I TR AT, SHORCMBEOE FHREEEEC I D OER - B
b, BEBOERM, MIAESHEOFRERRD SR, LaL, DNA OWA{LITERKE LI Tl o, ThODRE
b, AP KIDFEINDAe b=a—2 7 FA =ML, TR -V ROFEHEETHZ EHELNI .

Key words apoptosis, electron microscopy, neuroblastoma, 3-acetylpyridine, programmed cell

death

FRRAZEC B b 5 I REES# & LT, B BT 2 MilaE
Bosm, MREEABEOCEY, MR INSEORERDD.
BIETIE, ATP RIJWZIHHNA VY AOHBEREAN, I
U AEENT 4 AT ) = EREM(ET A LT L hIERT
MR IE DS L MR, DNA O F v X ATei AL T
HEELZLRTWS.

MR L, BT E P — v RELTHDRDZ AT
BHAH" TH-AOEHLE LT, RGEEORI B &
OYPEBEBEEED 7 V7B, X7 vty — AB{zD DNA
MR-t (BRkE) L “DNA S8 —" 2\5), RNA L EAKD
FHARPLETHD L5 SEVMAIRTV5.

FHEDYCETREDH OBRERBBRICBNT, 7THR - A
NEEILREHEZRATLEELORTVLAY, HEHD 7 R
PV ARG A S FREBCIITE L ENS WY BE,
bel-2 7 5 3 Y — (bcl-2, belx I & O bax), c-Myc, p53,
TRPM-2/SGP, IL-18 Z5#AB%3E, Fas/APO-1 ¢ 7 b — >
ACEELTWABSFELTHEIRTHB"®, 251, &
BO7EF—¥ A, ced-3, cedd ¥ XU ced-9 DEHEAH
B LT\ B8,

SEREIMIC 3-7 = F A ¥ ) U v (3-acetylpyridine, 3-AP) 2 #
S+5L, EPREEYERL, Z0 3-AP OFERIR, T4V —
T, BEERE, &M, FTHEE, HEE, SURTRHEZEX
L%, BEHERGEHR, REWEGAEDSE, FUHHREL,
TREAEMICRIRMC AR FE T LA LATY
BN 2T, MRRAROMRIEC BT A5 FEEDO I b

PR TH9H 6 BHXA, FRTFI0AI3EZH

DEPOLDIT, B4 ORI 3-AP ¥EEL,
B 3-AP BEMARE L. TORE, tt=a—m7 32
b —~ IMR-32 fifa A, AP EW L b, THE b — v ACEH
BIAHIaTE D Z E RS 5Tz,

MRE LT FHZE

1. &) xE

FATYVTIN, vru~FvIN, TI2F/2L VY
D, 72V v} U HaAKRVER (aurintricarboxylic acid, ATA),
=B P (PR Y 25— FTHEA) X, WThi v s~
(St. Louis, USA) Omfhx R L1z, 3-AP (F0YXeMiZ, HX),
ARy afEA — 7 (Dulbecco’s modified Eagle's
medium, DMEM), Ham's F12, L-15 & & 0B R L O JAfF &
(GIBCO, Grand Island, USA), =8> Lo v (H¥F EM, K
M), 7 3= 7N — ¥ (Biosource International, Camarilio,
USA) X, EttopshxER L.

0. HRetEsE

tb=a2—m75Rb—=IMR32 filg, vvR=.—"7
F A b —~ NS20Y fifa3s L 0" NI8TG g, 5 v + 7 V4 —
~ Bu-l7T #ifg, 5 » +BEMRKE PCl2 filg, v A
NIH3T3 #ifmis, MEEMIEL Gk AREDBIEDIA &9
HEThi, 5o PIREANEBEML, BRIAED7 4 v
Y=y b (AEZ VT, HF) TR L. Zhbile
12, 5%4MFmEm DMEM wwT37C, 5% CO, FETT
35mm EEFMLIC 5X 104/ ml BEE TR L7z, EEHRICEAD

Abbreviations: ATA, aurintricarboxylic acid; DMEM, Dulbecco’s modified Eagle’s medium; 3-AP,

3-acetylpyridine
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wEo 3-AP (0, 30, 100, 300, 1000uM) &ML, Z0HET 5
= 7~ ERICT AR AN IR LT, EFMREE LR
MICEHB L. FAP it kb b=a—m7 52 —<M
R T 2E A OEFOEEYRET DT, 71 T7v v
7 3 F (0, 10, 50, 100, 150, 300uM), 72+ =1 > v D (0,
0.01, 0.03, 0.1, 0.3pg/ml), ¥ Z a~F> I ¥ (0, 0.1, 0.3, 1,
3ug/ml), ATA (0, 30, 100, 300, 1000uM) % 3-AP & EMIZH
hn L24ARs iR A IR R ST L e

0. &FMROHK

BRI 2 OFEF AL C0R/R%K, 753~7 -
BHREN L S 4 RS L, AFEMREu:, 22t
77 3 b A —%— (Model 3550 microplate reader, BioRad,
Melville, USA) BT E L. &Ml 5 £ &M
HobD5hyitEL, MEtUBELT -7z,

V. DNA OBSxE)

3-AP AE Lickifaz, V vEMEE AEAKK (pH 7.4) T&%
B Iml OBREEK (5mM Tris [pH 7.4], 20mM EDTA,
0.5% Triton X-100) N4 CTEUM L. EULLcMfas, 4 C
CT2HMELL, TOLEND, PV ARHE7 =/ — v (pH

A

80) brvumT 3y A—A VT IATAa—L 2:1[v/NV) %
BT DNA il L7z, DNA k=% / — LI BB+
*-EDTA %@ L RNase A (50mg/ml, 37°C, 304) ALB
®, BOM) ARHE 7=/ -1 (pH80) &2 reT 4 b bh—A
VT INATAa— ARG THE &R, DNA 131.5%7 ¥
B—AYAZ LD, BREBCATIbhoFSvadu<wA P
WEbhafibkdhic. =P Ry FAE L IMR-32 fifaD
DNA $RCHE L, *OBERKE <% — V@it L.

V. BFEMSEHE

IE# IMR-32 #ifa%s X U° 3-AP AE24F5E# 0 IMR-32 #iia
B, 25 TN ENTATFRY, 2% 5T AT AT F/
0.1MV vEEEABAEK T 2BEEE L8, 1%4R3
U AEKEETAE L, MR, | BEE Y T vk RLE
B, =2/ —ATHRAKL=RFv Lo VIKgE IN60TC T4L88F
FEA L. BEALLERLS, vANS Izt —212LD
BEIEEER L, BBy 5 v L X 2 -ERGHCEER
EFBEME (B, AR TRERP L.

VI. s

FRBHEOAFHREOKEW L, —TERE DK
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Fig. 1. The cytotoxic effects of 3-AP upon various types of cultured cells. Cells were cultured in the presence of 3-AP for 20
hr. Thereafter, a one-tenth volume of alamaBlue was directly added to each dish and the cells were cultured for another 4 hr.
The cell ratio in each dish was estimated spectrophotometrically. Each value represents X =SEM of triplicate or quadruplicate
dishes. Cells in panels A, B, C, D, E and F are NI18TGS8, NS20Y, NIH3T3, Bu-17, PCl2 cells and rat embryonal cortical
neurons, respectively. Mouse neuroblastoma NS20Y cells (B) was slightly sensitive to 3-AP. The cortical neurons of rat
embryos (F) were highly sensitive to 3-AP, but another cell lines are resistant. *Mean values that are statistically different from
the control value obtained in the absence of 3-AP (Scheffé’s F-test with a significance level of p<0.001).
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(ANOVA) %fT~7% %, Scheffé’'s FREX B\ /o, fEkx
(p) #°0.001LA TR S - THEELHE LI,

1. EEMERCHTS 3-AP OFM

3-AP i, ERBWICEBEELI SR THRETHVE
ED=2—r VRN FAPCHTE2RIUEEL D LEELD
ha, o5y, BxoREMARYAVCCRE L. Rl1kk
UM 2REND L 51T, %< OFMEHIL 3-AP DHEMIC
SUTERKEAYR L. LML, IMR32 #iflalltES » bk
BEE=.—rvil, AP KH LTED TRVEZH LR L
W E 7. F2C, AP X h FHEIh 3 IMR-32 fljia
D HMFETE DR R L7

IMR-32 fBfG 535 3-AP ORIEHELRIT BB,
FHBEROHEET o (K2 A). 100uM LITD 3-AP #& 5
i, MRCETESREY 5 xloh - dt, 300uM L EDEET

A B

"0 30 1100 ' 3001000 0 10 50 100150300
3-acetylpyridine («M) Niacinamide (M)

—
n
(=

Cell ratio (%)
+ %_'

Incubation time (hr)

Fig. 2. The 3-AP-induced neuronal cell death of IMR-32
and its inhibition by niacinamide. IMR-32 cells were
cultured for 24 hr with various amounts of 3-AP in the
absence (A) and presence (B) of niacinamide (0-300 u«M).
The cell ratio was estimated as described in Fig. 1. The
concentrations of 3-AP over 300 #M significantly lowered
the survival rate (A). The cell death was completely
inhibited when niacinamide over 150 M was added. A
concentration of 3-AP used in (B) is | mM. *Mean values
that are -statistically different from the control value
obtained in the absence of 3-AP (A) or niacinamide (B)
(Scheffé’s F-test with a significance level of p<<0.001).
C: Time lapse analysis of 3-AP-induced cell death of
IMR-32 cells. Cells were cultured for up to 15 hr in the
presence of 3-AP (1 mM), and at indicated times, a
one-tenth volume of alamaBlue solution was added to each
well.  One hour thereafter, the surviving cells were
counted and estimated as described in Fig. 1. More than
90% of the cells were killed within 15 hr. *Mean values
that are statistically different from the control value
obtained in the 0 hr (Scheffé’s F-test with a significance
level of p<0.001).

3, AERFENLHREEDRIXEAD . 100M o
3-AP #E51 L b, 10% DR &S, 1mM TI290% D
YERHI.

1. 3-AP FEMIILOEH

3-AP FEMBIEOBHA BN THIDIL, 775/ <A v
VD, vra~Fy I ¥, ATA, 74 7> V7T I PREERR
I 3-AP L ABEERIN L CAFMBEAHE L. TORR, >
A 77 3 F 150uM L EoFime & o MIfRE, 24kl
IEEhic (R 2B). 3-AP (ImM) ORI, 58 7 RS
BEBERE - THbh D (K 20), MRk,
BHNE EBUB T o, 725/ 24D, vZa~t
v i F, ATA o5z, 3-AP FEMMIE L H o HNCiEE L
(K3). ThbofRI2, 3-AP FEMIEOMETICIZIRNA B
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Fig.3. The inhibitory effects of actinomycin D (AcD),
cycloheximide (CHX) and aurintricarboxylic acid (ATA) on
3-AP-induced cell death. Cells were cultured for 24 hr
with the indicated amounts of each reagent in the
presence or absence of 3-AP (400 mM). Thereafter, the
ratio of surviving neurons was estimated as described in
Fig. 1." A, The surviving cell ratio was compared between
“AcD (white bars)” and “AcD+3-AP (black bars)” under
the conditions of each concentration of AcD. There were
no significant differences under the conditions of 0.1 and
0.3 ug/ml of AcD. The 3-AP-induced death is inhibited
under these concentrations of AcD. B, The cell ratio was
compared between “CHX (gray bars)” and “CHX+3-AP
(stripe bars)” under the conditions of each concentration
of CHX. There were no significant differences under the
conditions of 0.3 and 1 gg/ml of CHX. The 3-AP-induced
death is inhibited under these concentrations of CHX. C,
The cell ratio was compared between “ATA (black bars)”
and “ATA+3-AP (dotted bars)” under the conditions of
each concentration of ATA. There were no significant
differences under the conditions of 300 and 1000 «M of
ATA. The 3-AP-induced death is inhibited under these
concentrations of ATA. * Statistically significant difference
between absence of 3-AP and presence of 3-AP (Scheffé’s
F-test with a significance level of p<0.001).
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Fig. 4. Analysis of nucleosome laddering in 3-AP-treated
IMR-32 cells. To analyze laddering, DNA was also
extracted at each point and resolved on a 1.5% agarose
gel. The DNA was stained with ethidium bromide. Lane
1, DNA size marker; lanes 2 to 5 are DNAs from cells
incubated with 3-AP for 0, 3, 12 or 24 hr, respectively.
Lane 6 is DNA from cells incubated with etoposide (10
mg/ml), an inhibitor of topoisomerase I, which is known
to induce apoptosis in many types of cells. DNA laddering
was undetectable in the presence of 3-AP, but only a
faint smear was detected in each lane.

IOEBEABEDOHFHEBVILETHD Z EERLTV S

Iz, 3-AP FHEMMIRIIZEBIT D DNA OEWHER % E K ik
Bl o AE L. R4RLZL5 1, DNA 5 8 -85
BB bRt = b A Y P, £ OfBEETR LT
DNA 5 ¥ — A HFETH Z E88bhTUW 54, IMR-32 #i
b LR DNA 5 4 —JBREAED bhish ot 20
L3 3AP FEMMIEITAELZHZ, THEF — v 2ADHH
X TDHH, X7 LA — LB DNA B (Lizds s
Rich otz

M. 3-AP 5[4 3 IMR-32 #iBaD s L

E# IMR-32 Mk, 8 VE 44 A SMESE & YO
EHL, BORBEIBETH 7. BET MM, 2
BICEBEMBE DALY, FAE YV — Ak FOBEO S LiT
Motz i, MBEACIE, 2V FY T ERRAARLR
7= (R5A, B). 3-AP #5240 ol e, FAME T8
BETHE L ZA, Ko OMIRTREN EEL, B
fa & DT R b hich » 7z (R5C, D). —HofilaTiz, Ml
EBIOBOBTHENEAL, BANEM - WAbLT A+ —
VADEBMYR LT, &b, MREREREIE, B
ERBRh -7, MRES S, 7R — v R/NER,
Mg et LTuiedt, BB L2 7 Rt — v 2/ MEDH
BBIZE LRI o7,

Z B

TAHR M= AL, FIREFEROREBEBRICEET A Z LA
bhTuws., RRCBTIBETHE -y ADHTFEELERET
DI, WM T E N — v ADEFARBY LN T

#

Fig.5. Electron micrographs of IMR-32 cells cultured with
or without 3-AP. A and B, IMR-32 cells with no 3-AP.
IMR-32 cells have homogeneous nuclei and cytoplasm.
Many cytoplasmic processes protrude from the somata. C
and D, cells incubated with 3-AP for 24 hr. The somata
are convoluted or losing their cytoplasmic processes.
Nuclei (arrows) are condensed and fragmented. A
membrane-bound apoptotic body is indicated (arrowhead).
The cytoplasm is highly electron dense. Scale bars=5
pm.

ZERFHTHB, FAT VT INDTF el THD 3-AP
i, BB L TEEHBEREELY, 7 rhRHRRE
BOTRERRW e e azE e =+, AR T, R4
JAP e b= —u7S5A—~RZEETELT R -2
HEITIEERLE. FAP T AT V7 I FICEL DK
BEEHEL, FA 7oV 7 I FOBERATH LD, 3-AP 105
EINAH7Rb—v Ak, NAD 3L U'NADP oK 2wz kA &
FELZHRBTP E R RRBRICRIT A AP I & AMMEL,
FATYUT I VORBREC L D ERIAEIRE. Ly
L, EEICH Ml L b 3-AP BEHL, BL B
oo kb=a—875A =~ IMR-32 #iAK X0 F » FRE
Ml=a—-mvid, SAP ICELVRENLYH LAIRECE 22,
7 v MEGBMRE PCI2 iy, v v A= "7 FA -~
NS20Y #Hfa% & ©° NI8TG #iffg, 5 v b 2V #+—~ Bu-l7 #f
B¥s L U8~ v & NIH3T3 fifgix, 3-AP o3t L CHEREME T
BHotz, BWEIL LD AP BREMOEEIL, 3-AP DAEREE
WL THHRIATWS. Tihebb, 5y POBEAK
AP #HETH LT A ) - T BCEEMBEER A SN S
AN < 2 B\ TIRAASE A B B S h e\ O, &
RET — %), TOLOMRED S VCIBHEC L5 3-AP &
SZHORER, fRSFA TV VT FRECHIET 5BOR
HEROETELILDTHSS.



652 i)

3-AP AEIZ X5 IMR-32 MilaOHREELIL, 7R -V A
DEB LTI, 78— A NMEISEET AHRCE
BINTWHBIZEDAhoT, KERICBIT DEEEET
Tk, MR SEEN T R b — o RDMRITE RIS L
TLE 1D, FOERABGREED LN, > ARESRDS.
IMR-32 Ml B HOEARIZOWTIE, A#lkS 3-AP BZH
THDHIDICEBENBEIRTIWATREY LD D, THET
H5.

FrF,wAf v DR Ir~FY I FRER LS AP F
MMMBFEORE L, = OHIFZEDHTIC RNA ¥ XU EHED
FHEHIVETHL I EERLTWS. FreihbREAIC X
ST IR RIZ, KBIHOT K — v ADRETH B,
FER DRI DMETIL, Fg I VBICI D FEINL
3 C 6 MIBTED, B4 F A4 VI L DB IND AR T
RaZE®, HB‘RTFEFIC LB PCI2 #KFTY < EB) LM
FEW g\ TR DNA F 28— MBI D Z ERTEHI T
5. Lsl, 3-AP ##45 L IMR-32 #ifaiz DNA F & —
BlizEbhicmot. DNA - HBLEVWT # 1 —v A
OfiE LT, TR = 2 — v VB XU PC12 M 1T
527e 7S LMD, A2 vrARY VICLIHBEINS
MOLT-4 A DFE® 2 /0 & I VERIZ L 5 B3/ MR b
T RBEIR TS, ¥, BT R~V ATH-T
HR7UF Y —LERHDO DNA SEBRRORIEWEVWIBRED
HHD. = bRy NI, FAOHIIZE T DNA Wik {bi i
T EBRHMBR TV BRT® IMR-32 MR &5 Lo BE
MR b B, DNA MR {LIXEEZhith -z, Th
LOMELBETHE LD L, FEM7e DNA Bri{kik IMR-32
M7 A b= AOEFISLT LLLETIRIWITEEMN L E 2
BR® UL, DNA MR KBRS 7 K b — v AEFTDOR
WO—2>THAMEEMITEBEIA TS, 20X 3 ICAERTIR
DNA WiH{tPABEI b -2, ATA 5K I3
IMR-32 AL OB LR 7cENL, =V FR 27 v 7 - EDEE
WEHEDTRRL, BLABAEEGHDRE LD LD LE
xhbhb.

*

FAT VT I FEHRATHS 3-AP 12, BEFOe b
= a.—r7FAF—=< IMR-32 {0 IR MBE R EAE L
Fo. T OMBTE, HRESMITIZT R — v AOREEYEL,
F 2 EBEER RNA JEHI & h MfRFEOHETHEIEI .
%7 Uy — LB D DNA WA(LIZE bRk 72, 20
KRAZER TR P — v ARBT B EEL bR, 2D 3-AP Fil
IMR-32 FERAFEIS, HERIRTED L FREFOMITICERc e 7
nEkiedEELLRS.
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MErswbich, HEELABMELBLD & L ERERCR
ERBHEYRLET. TEEERELHRET IV E LKEELN
B S LET.
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Abstract

3-acetylpyridine (3-AP) expresses neurotoxic activity upon in vivo administration to animals. We found that this
neurotoxin also killed cultured human neuroblastoma cells (IMR-32) at concentrations of 0.3-1 mM, whereas it did not show
cytotoxic effects on non-neuronal cells and mouse neuroblastoma under the same conditions. This 3-AP-induced cell death
was partially blocked by actinomycin D, an RNA synthesis inhibitor, as well as by cycloheximide, a protein synthesis
inhibitor and aurintricarboxylic acid, an inhibitor of both endonuclease and protein synthesis. Niacinamide, which is a
competitor of 3-AP for processes that synthesize NAD or NADP, also blocked cell death. There was no obvious
nucleosomal degradation of DNA during cell death. When analyzed with an electron microscope, however, nuclei were
convoluted and broken into discrete fragments, which eventually led to chromatin condensation. These results indicate that
3-AP induced-neuronal death is one variation of apoptosis, and that this system provides a useful model for understanding
molecular events and for ideutifying genes involved in the programmed cell death.




