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FEH o ZAHS AAS A jonomycing o] &3] AXA W HmEEZ=

glololl A Z5E AAT & staurosporineS Folsto] = M| EU ZHgpo] =

7}= 31, ionomycin®} monensing Al FoIgk $of staurosporines F

3t Zrgpo]l F7HE R @ko} staurosporine©] WE-7F ARA <l

b
)

, = M AN Zas Fads et Confocal laser
scanning microscopes °]&3dte] HEZEZgol UYFeo ZFol

staurosporine®l 3 F7FshE Q1slo] staurosporine®©] W EZE=

* A EE 2 A EIAH Apoptosis), 2] Z(ionized calcium, Ca®), staurosporine,
PC12 A&
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Staurosporine2 & 53 AIE3AlA

Zgol2e S7H1A

A= A A 9 25)
AA T ek < 5t

q 48 E

A1Z A E

M AEIAL (apoptosis)= W& HAAAvF oz #AZAS o e
= EA o& ‘YAF (necrosis) @t THEE AEARA HHEH

ZAol™, ‘apoptosis’ = ] 18]~ Z ‘dropping off or falling off
petals from flowers, or leaves from tree’'& %5 Zti 9t} (Kerr
5, 1972). 294 AEIAE EHOR st AEAE A 28 3
goluk Al =A< /i (turnover)oll &3] YER}Y] wiito] A<
AIEALRE HRIA A A4 A|EAL (physiological cell death)® F2
7= gk mERE A 9 o] Al EARE o] AN Sl Ao

2 bt o[ " A XA} (programmed cell death)2t F27] % gk},
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AZIAZE dojrs Axe] Fe4 Wse Axe o we o
ol7F Qe & AT, TeT 2ol Al J|= iro] Azta

=
Attt (Kerr %, 1972). #1719l =3 (condensation)e] E A o|t}.

o8
g

Fojre AME (chromatin)o] HgEo] 3 FRIF FQl 2AYE &
Fo ma dEHE EEY. S3E 94d Sol= DNA AXPE § 2
Huol Ak FAlel o] FHlo] iz HAAA R SEEESH Al
EHE fH o] ZolEHA Axde] GAX B =750 F4HH o
W AE= A AEe} ZeHH, vAlgEY AZEAY Fol oot
(Wyllie &, 1980). Al A7]|#2 FE WP AW (smooth endoplasmic
reticulum)o] WFst= AS AQstaies 5EI WEIE YEUA &
A Aok AAHAIE BAEEA Fom, Alxure] FipAd

= HekA v 24 Ho AxaAr AE= AExs 54

H

P

-

L
= Ao

ules

WA 7)1 R k=t) A27]= 43} (fragmentation)”’} &

%
dolth. W2 A17]¢ vha S&HE7E s, Aol FAA F4d

e
SAHEA MEZHEEH HoAA e} opst AV MEZEIALALA
(apoptotic body)E& A sttt A37|= A A E2HE (phagocytosis)©]
SAolth 3 H AMxd 27tEo] HRA o FIYHT wjded AExe

A% o] HAHo] vital dyeE FHA7IEH|, o1F ol A} (secondary
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T2 I8 £ e av|Bor nEZegolet Bu|#Y (granule)
= A~X (vesicle) 5°] Atk (Martinez 5, 1996; Zhu %, 1999). "]

EZsgol= AW -180 mV AEZ fFASL Jon wo z
#S FYA71E Ca” uniporter’t QlolA MEZE=gol o] A
ZAN7E T zhet BuEd AXdE o] Bo] B
A Ao wEA odon g o 1Py FEA7E AojM AlEU Z

T 24 HHPHoR #HAT AR AAEHAY (Gerasimenko

2

w Adaze] oF aFlal Axd 1Py B4E JA & = F AL,

AEY ZasEs a4z xdsta ) (Yule &, 1991;

o YetdoisE BHark glon (McCarthy$t Janet, 1989). o] ¢+ t}

2 7lHdoe® PKC7F PLCO 7]|&5& A|ste] IPso W7d 24 A



ez wdE AARHE dadll: v (Murray 5, 1989
Yang &, 1994).

Staurosporine= PKCe] w9 7=t A4 F stv=4, PKCE
dAdsA A AxU ZHEFVIE AASE  phorbol  12-myristate
13-acetate (PMA)¢ 37 AExW ASHdEHAANA PKCO Jed=
Astr] 8l gl o] 8H i Y= FEolt}d (Tamaoki 5, 1986, Willems
S, 1993). 13y staurosporine< PKC A 283+ @2 A XL
AFS fabelE tiE Al oFE R ARR Y 31 9t} Staurosporines E-S A
Eo A mEZEgol25E cytochrome cE 83}l caspase-35 &4
SIANAM AEIAE dodl= Aom dHA Atk (Green, 2000).
9™ 28 staurosporine®] A EANS doZ uf AEW ZHFV)
7b sy ole s ZEFUHT AXxaAE dodle g 7] 8]l
olgl= ®Hi7F At (Prehn 5, 1997; Kruman 5, 1998). 181} Z9]
7P o= AR AEZaAbe] #olst=A] 18] Al staurosporine®] 9
3l MEW Zggo] S7FHE W Zgol o= FHelA sdHEAE of
A& Hs A A ek

wela] B A F o A= nerve growth factor (NGF)oll 2]&] 417 A
X2 F3lsk PCI12 AEE o]&3l9] staurosporine®] AXIALE &
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1.PC12 Alx2] vl

wotE A 52 PCI12 M2S] A-$ 5% fetal bovine serum (FBS)¥}
10% horse serum (HS)©] & Dulbecco’s modified Eagle’s medium
(DMEM)| A4 w3t} Staurosporine A2 Aol 1% FBSeF 2%
HS7F = A= w&sk & A2 PCI2 Al2& AGHELE 35
Al717] f18te] collagen©] coating o] U= w87 ¢l NGF (50

ng/ml) % 1% FBS$} 2% HS7} & DMEM HiA|ol| 4] 747 A 2] et

ol

2. MTT assay® °o| &3 AE AEE &

B3lalA] e Mol AAAER E3A7 AFEE 48 well L&
7] et A staurosporine®. = A dFAtE A g o 20 ple] 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyl-tetrazolium bromide(MTT, 5
mg/ml in sterile phosphate-buffered saline) &4< ¥& % 37 °C
ol A 1A1ZF Hot WS A AT 200 ulel solubilizing solution (50%
dimethylformamide and 20% sodium dodecyl sulfate, pH 4.8)& 4%

a1l overnight ¥F&AIZl % 570 nmol A Aozl 3% HA=E H



WP, AL BEES staurosporines A EsHA] B2 HET Al
Eo wixe MTT Sd& ¥ F3= @<= 10022 = o,

staurosporine # 2T ol A 9] A&l AES S %= AHA T

3. Western blot

M EE lysis buffer (10 mM Tris—HCl (pH 7.5), 150 mM NacCl,
1% Triton X-100, 0.5% Nonidet P-40, 1 mM EDTA, 1 mM
EGTA, 1 mM PMSF, 1 ug leupeptin and 1 ug aprotinin per ml)
oA HESAIZl U, FUSE o] wwlAES 10% SDS-polyacrylamide

gelsol A A7]GE3stA . A7]9% 3 nitrocellulose membranel &

=

oAl A Tl AS 5% non-fat dried milkoll A 1413 &<t
S-Al 71 tS anti-poly-(ADP-ribose) polymerase (PARP) antibody
ol 4 overnight WF-$-AlZt}. Washing bufferel 4 3 3 X< t}& 1t
2000%.2 3] % horseradish peroxidase—conjugated anti-mouse IgG
antibody 2} WH3-A]71 & ECL detection system (Amersham-Pharmacia

Biotech, Braunschweig, Germany)2. & Hk3 A E=E 3kl gt}

4. AER B5EE 2 AEZCelohl 2HEES] 57

AZWe Ca® Hxe wWals= Ca’ol Adsts= d3d =9 fura-—2

= ol&ste] AU E3EA B2 AlESE ZatE Axel 7 4
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uM  fura-2 AME Yol 37°CellA 20&%F ¥H&AIZl % HCOs;
-buffered €< [(in mM): 110 NaCl, 45 KCI, 1 NaH:PO, 1
MgS04, 1.5 CaCl,, 5 HEPES-Na, 5 HEPES free acid, 25 NaHCO;3;
10 D-glucose (pH 7.4)]1& 9 2 mlo £E22 ZTHFHA AXY
o] Ca”'e Watz =43

MEY ZasEe =L excitation wavelength 340 nm¥} 380
nm< WHESFal emission fluorescence 510 nmoll Al 37 =9 W&}

< Grynkiewicz Ad w2} v o] ATt (Grynkiewicz

= 1985).
[Ca”li = Ka.SFo/Sby [(R-Rumin)/(Rmax—R)]
ol Ky= FZEHE (fura—2)o] =AHol2o that &g]d<+ (effective

dissociation constant)® fura-2+= Ztsrol sl 224 nme S zte
. RE A XA =A% 340 nm/380 nm fluorescence H]&-©] il

Rmin '8‘ 2.5 mM EGTAoﬂ ‘i%sH}ﬂ 731'%\‘0] %‘75_:5] H}\E Lq] PC12
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38 25 uM ionomycin®] HWFS-3dF 340/380 fluorescence W& %ol
t} SFy & Run™ 380 nme] @37 % 3L, Sbe @ Rupax W 380 nm9)
A E s e

a’ =% ([Ca’'lm)= rthod 2-AMS o] &3le] =

rH
Is
I
o
=
@

=
BT Z3stA g2 Axet £33 AlAE2E 4 uM rhod-2 AMO
A 60 < AElg & HBSS &oelA Aoldltk. Rhod-2 AMo]

nEZEgolo Aul Fold = a7] $)5te] AEA FolglE @



FAEE CO; incubatorell A HA 6A1F o] WA|gt & SAH o
nEZ=g ol Ca®’e) W3l confocal laser scanning microscope

S o] 83} excitation 514 nm@} emisson 535 nmell A =4 gt}

5. DNA 4 =2l

e

plated] 5 X 10°7] A=XE Z3 747 A

@
o,
&
Q

o)

5

o
fr
=
Hel
2

w35 2% & staurosporines A 25l 0.5% Triton X-100, 5
mM Tris-HCI(pH 7.4), 20 mM EDTAE 3x3}3t lysis buffer® 4°Coll
A 30%F lysis AlAT. Y48 $ phenol-choloroform-isoamyl
alcohol (25:24:1)= AFqE& o] ethanols ©]-&3] -20°Cell A
DNAE FZ=3t}t. 0.5 mg/ml ethidium bromide (EtBr)E 733}
1.2% agarose gel electrophoresis® %&]slal UV light®2 <13t

.
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1. PC12 A|FoA4 Staurosporine®l] &3+ A|E3LA

PC12 M*xE NGFZ 34171 % 100 nM, 200 nM, 500 nM, 1
uM, 2 uM, 5 pM<e] staurosporines Folsta 12417 & MTT
WHog MyEo AEES SA4S A3 staurosporines F8HA] &
< AFE 100%= = W A4 720 = 55%, 661 £ 1.8%, 43.7
+ 34%, 262 * 36%, 182 + 1.3%, 135 + 0.78%= A3t
(n=5; Fig. 1A). Staurosporine %7} 200 nMY w] & 23S 43
ah7loll AT Hxm AEALE FEsts Aom ddEo| o]
EE AL 200 nM9 staurosporines AHg3ste] 3t 23}
sk PC12 A9 200 nMe] staurosporines Fo]gk & Al7be] w&
Ao AEEe WsE S48 A3 Fig. 1BolA 9 Zo] Aite] &
Zhekel whel Al o] AEE o] 3R F 938 + 3.1%, 6413 F 86.2
+ 4.3%, 12A17F & 694 + 4.4% 1831 24A17F & 479 + 45% =
ZHAaES el 9tt (n=5). Staurosporinedl] ]33k AM|E =8&& A
FAR AlFEIALY] EAS Hole Ao® 4HA Udsd 2
A %= staurosporine A X2 <Qld PCl12 A¥2 DNA 4y

(n=3; Fig. 2A) caspase-3¢] &Al3}lo] o3 PARPY Huhg <13}
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o] (n=4; Fig. 2B) staurosporine®] PC12 A|ZEo A AHEZIALS 4

e Fasty

=

2. Staurosporineol| 3F A|EI A}l Zgpo] v X = <3k

MAEIAL B MEW ZES7H7F #osts Bavl lovz
PC12 A EoA] staurosporine®] 2]&l A|Z A7} dold uwf Zhg5o)

Ao dt=x 3Heldtr] & 4 staurosporineo] &3] PC12 A XE U
57l S7F5t=A &8k E. Fig. 30419k 7Eo] A|xE o F-o
S xeela g ZA-$olE 200 nM staurosporine©l] €3] Al X

U ZHE%7F 508 Eo = 140 + 24 nM (n=4)°] Z7}st9 k. Al

N
-~
N
N
[+
—_
(@))
)

=<
B
=
ol\
N
=
ofr
o
32
o

Ao Ads F3 g0 MxY 255771 staurosporinel] 2] g

AZTAL o] AR FolshizA ohi@ AEIAL o] P7h

o
f
-
o
-
rr
[Ruin
o
rO
D)
fo
rO
Q‘L
N
do
Q‘L
£
=
2!

AR Zo AL Y
o] Z+5=7FE EGTA ¥ EGTA-AMOZ B33t 3 staurosporine®l]

o % AL FUHEE s ch
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1oo<l\

A

Viability (%)
5 2 g

N
o
T

o
Il "

0.1 0.2 05 1 2 5
Concentration (uM)

o

100 4

Viability (%)

H
o
1 "

N
o
1 "

o

12 18 24
Time (hr)

o
o

Fig. 1. The effect of staurosporine on cell death in differentiated
PC12 cells. Staurosporine induces cell death in dose-
dependent (A) and time-dependent (B) manner. Viable
cells were assessed by MTT assay. Data are means =*

S.E.M.s of five independent experiments.
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Time(hr) 0 1 2 3

Time(hr) 0 1 2 3

116 kDa — s s i
85 kDa — e ——

Fig. 2. Staurosporine induced apoptosis in differentiated PC12 cells.
A. Staurosporind induced DNA fragmentation (n=3). B.
Staurosporine induced PARP cleavage (n=4). Cells were
analyzed by Western blot with an anti-PARP monoclonal
antibody. Cells were incubated with 200 nM staurosporine

for the indicated times.
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200nM staurosporine

200-
C a2+
160 -
s
c Ca”-free
< 120
+H
o~
3
Reed 80
40 T T T T T T
0 10 20 30 40 50

Time (min)

Fig. 3. Effect of staurosporine on [Ca®; in differentiated PC12
cells. Application of 200 nM staurosporine induced [Ca®;
increases 1n the presence and absence of extracellular
Ca®’. Changes in [Ca”]; were measured in differentiated
PC12 cells wusing ratiometric fluorescence recording
techniques. Fura—2 loaded cells were exposed to staurosporine

for indicated times. The result is representative of four

independent experiments.
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Fig. 4ol 4 H= vle} o] 200 nM staurosporines 484 7F = 2
S MEAEEC] 100%A4 261 * 58% (n=4)= i3s3 o
EGTAE o] &3to] AxeHo Z45S A AT & staurosporine®l| 2
g AZAEES 828 + 53%clA 422 £ 3.7% (n=4)E FHAsH3
o EGTA-AM= co]&3te] AxEW ZuEs7ts AT
staurosporine®] &3k A EAE=EL 782 £ 2.1%°)A 537 + 2.0%
(n=4)= FAaste] NEW ZaES7H7h AlEaAbe] #oldhe &2kl

.

rok

w
%
<

NE

A

hu
i
[

ﬁ
(o]

N

—‘—4

£

bl
=

i

n?%

ofN

N

N

2

A

Py

s

of

o2t

HouE a7l dojst=A #Hskdth Fig. SAdAM ek 2o
M X QHo ZFS AAZ AEjolAd 1 uM ionomycing Folshd
AMEW Zgo] 53 £ 102 nMolA 772 + 124 nM (n=5)= Z7}3}
I & FAA2FY. o]+ ionomycin®] AXEUW AXEA O] ETE o
e Zdas FeATIaL AEEW 2 AET 24 32 (plasma
membrane Ca” ATPase)ol ola] M wrow §Z57] ot}
o9} 2 JFHje A 200 nM staurosporines TS w AxA
75

o] 27 £+ 114 nM (n=5) F7}steo] AxA Qo= tE AxEY
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7] 3+0] staurosporined] 9&] ZHS GEAl7)= d #Bolds 3ol
gt 4 Atk Fig. 5BelA ionomycing Folste] Zgo] 578k

7V A% 3 A¥A0 9 ZF #3322l SERCA (sarco— endoplasmic

°k5-9l thapsigargin (1 uM)¥} W EZ=g ool A ZHS FE A7)
= =9 4 uM carbonyl cyanide p-trifluoromethoxy-

phenylhydrazone (FCCP)& Folstod: Zgs7b7F A3 HERA
okt (n=3). W&}A ionomycin®] AXEA 9} nmEZ=glolo| A Z4

S FEAI A Y= A staurosporine®l] &3+ ZAHESUHF AXAE =

g nEIsols A 9t G2 AV BANE FeHn 9ee
Fod 5 99
MEZEohs AL Adel BPsA BAL Jor nEIS

Zlohl) ZrsEe #ax wE S AAES fEddsE Ravl 9
o2 =2 (Kruman &, 1998, Kruman¥} Mattson, 1999). v EZ =g o}
Wil Zg BistE Su AAEHAl AR EdTE mEZ=gol i Z
79 WH3ls =AHg 4 U= rhod-25 A A]7])aL staurosporines F o
3to] Zw w7l o8 A WE =X confocal microscopyS ©] -8 3o
&8kl Fig. 60lA R nkel o] E3td PCI2 AlX 4] ME
B Zrgs =7 200 nM - staurosporine Tl 2 F7}eF=
o] (n=3), staurosporineS H|EZ =g olo| A A4S

g A 7]= Aol ol sy vEIZE=gor il dus ST
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Fig. 4. Effect of Ca” chelation on cell death in differentiated
PC12 cells. PC12 cells were incubated with (+) or without
(=) 200 nM staurosporine for 48 hours. Cells were
pretreated with (+) or not with (-) EGTA or EGTA/AM.
Viable cells were detected with MTT assay. Data are
means + S.E.M.s of four independent experiments. * and
# 1indicate the differences from control group and from
staurosporine—treated (without EGTA or EGTA/AM) group,
respectively. The statistical significance of differences was
assessed using unpaired Student’s ¢ test. (p<0.05)

STS: staurosporine
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Fig. 5. Release of Ca* from non-ER, non-mitochondrial
subcellular compartment in differentiated PC12 cells. A.
After 20 min application of 1 uM ionomycin, 200 nM
staurosporine was added (n=5). B. After 25 min application
of 1 uM ionomycin, 1 uM thapsigargin and 4 uM
FCCP were subsequently added (n=3).
FCCP : carbonyl cyanide p-trifluoromethoxyphenylhydrazone
Experiments were performed in the absence of extracellular
Ca”".
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Fig. 6. Effect of staurosporine on intra—mitochondrial Ca” concentration
in differentiated PC12 cells. Neuronally differentiated PC12
cells were loaded with rhod-2 for 40 min and then
incubated without (left) and with (right) 200 nM
staurosporine for 1 hour. Intra-mitochondrial Ca”'
concentration was detected with confocal microscopy.
Similar results were observed in three independent

experiments.
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Fig. 7. Involvement of subcellular acidic compartment in

staurosporine—induced [Ca®l; increase in differentiated
PC12 cells. A. Monensin(20 uM) induced an increase in
[Ca®'], in the presence of 1 UM ionomycin (n=4). B.
Staurosporine (200 nM) did not increase in [Ca®li when
cells were pretreated with ionomycin+monensin (n=3).

Experiments were performed in the absence of extracellular Ca”.
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T o2 YehtE dAboltd (Hengartner, 2000). L&} o] ¢} 7o
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0 (
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>
[‘-{m

=, AIZAY] FX13 AAgts v AZGA QD A E AR} o &) A
HgAd A3 = o Aol FaEth (Marsman¥ Barrett, 1994;
Bredesen, 1995; Yuan®¥ Yankner, 2000). Al XAt = MXEZAS] =4
of Aol &= 1¥lal DNA #4doldte= 5HES WEWT caspase
family¢] @43, mEZE=gol 752 HIAYAS}e 22 A3herA<l

A4S guksltt (Miller, 1997; Zamzami®t Kroemer, 2001).
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apoptosisE 23t Rius Zd HIP Aol Axe AE S

FE%S Y58t Aot (Joseph &, 1993; Takei®t Endo, 1994).
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Z I oty el (Gaido®t Cidlowski, 1991) mlEFZ =g o} = o &)
ol rHeR Qs vEZ=gote] A E FEste] Ax

JAFE Dol Aoz dEA Jdut (Berridge %, 1998).
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Abstract

. . 2+ .
Mechanism of intracellular Ca®  increase
during staurosporine-induced apoptosis

Sang Hoon Jung

The Graduate School, Yonsei University

(Directed by professor Jeong Taeg Seo)

Apoptosis 1s an intrinsic cellular suicidal program activated
during normal physiological process involved in the development
of the nervous system. It 1s characterized by cell shrinkage,
membrane blebbing and nuclear DNA condensation and fragmentation,
and 1s accompanied by an activation of caspase family and an
abnormal mitochondrial function. However, apoptotic pathways
are also known to be activated by various neurodegenerative

diseases, chemicals and irradiation.

Many signaling components and enzymes, such as MAPK
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family and caspases, are known to be involved in the process of
apoptosis. Recently, disruption of cellular Ca” homeostasis has
been proposed to be a critical event in apoptosis. Ca™' plays a
pivotal role in the regulation of a diverse range of cellular
functions such as muscle contraction, secretion, synaptic plasticity,
cell proliferation, but it also causes cell death if its increase is
sustained.  Therefore, in this study, I investigated the role of
intracellular Ca*" increase ([Ca®’];) in neuronal cell death using
staurosporine in neuronally differenctiated PC12 cells induced by

nerve growth factor (NGF).

Exposure of differentiated PC12 cells to 200 nM staurosporine
caused cell death in concentration- and time-dependent manner.
It resulted in DNA fragmentation and an activation of caspase—3,
suggesting that staurosporine caused apoptosis. Addition of 200
nM staurosporine to the fura-2 loaded PC12 cells induced an
increase in [Ca®’; by 140 £ 24 nM. Removal of extracellular
Ca”" decreased the size of staurosporine-induced [Ca®’l; increase
but it still caused [Ca®’]; to increase by 74 + 16 nM, indicating
that staurosporine mobilized Ca” from both extracellular space
and intracellular Ca® stores. The chelation of extracellular and
intracellular Ca®" increased the cell survival from 26% to 42% and
to 54%, respectively, which suggested that Ca” mobilized from

both sources was involved in cell death. To identify which
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subcellular compartments were responsible for the staurosporine-
induced Ca* release, cells were stimulated with staurosporine
after ER and mitochondrial Ca®" was depleted by 1onomycin in the
absence of extracellular Ca®". Even after the depletion of ER and
mitochondria, staurosporine still induced [Ca”™]; increase suggesting
that the Ca*" source was lonomycin-insensitive acidic compartment in
the cells. This was supported by the next experiment in which
monensin, a Na /H'™ exchanger, increased [Ca®’]; in the presence
of 1onomycin. In addition to this, stuarosporine did not increase
[Ca® ;i after Ca® was removed from the acidic compartment by
the pretreatment with ionomycin and monensin. Direct measurement of
intra-mitochondrial Ca®" concentration in rhod-2 loaded PC12 cells
using confocal laser scanning microscope revealed that
staurosporine increased Ca” concentration in mitochondria

probably due to the passive uptake of Ca” from cytosol.

In conclusion, [Ca®’]; increase plays an important role in
staurosporine—induced apoptosis in neuronally differentiated PC12
cells and the main sources of Ca” are Ca” influx from
extracellular space and Ca” release from intracellular acidic

compartments such as secretory granules and vesicles.

Key Words : Apoptosis, intracellular Ca® ([Ca%]i), Staurosporine, PC12 cell
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