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PC12 MIZZ=0IA Lipopolysaccharide/Tumor Necrosis Factor-«/
Interferon-v = SEE Inducible Nitric Oxide Synthase 2%t MIEXIZ A}
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Expression of Inducible Nifric Oxide Synthase and Nifric Oxide
Mediated Apoptosis in Neuronal PC12 Cells ofter Lipopolysac-
charide/Tumor Necrosis Factor-a/Interferon-y Treatment

Jiyeon Kim, Jiyoung Kim, Kuseong Kang, Eunkyoung Kwak, Jiyoung Park
Taein Park and Yoonkyung Sohn

Department of Pathology, Kyungpook University School of Medicine, Daegu, Korea

Background : Inducible nitric oxide synthase (INOS) has been detected in a number of
pathologic conditions in the central nervous system. This study was investigated the patterns
of INOS expression in the neuronal PC12 cell and the effects of nitric oxide on the apoptosis
of PC12 cells. Methods : The stimulating agents for induction of INOS expression in PC12
cells were bacterial lipopolysaccharide (LPS), tumor necrosis factor-alpha (TNF- ¢), and inter-
feron-gamma (IFN-V). Results : The expression INOS mRNA and protein in PC12 cells
stimulated with LPS/TNF-«/IFN-v were profoundly increased. The expression of iINOS
mMRNA arose at 6 hours, peaked at 12 hours, and declined to 48 hours after LPS/TNF- o/
IFN-Y treatment. iNOS protein was increased up to 24 hours in LPS/TNF-a/IFN-Y treated
PC12 cells while the expression of NNOS was unaffected. Accumulation of NO derivatives in
the culture media was markedly increased at least at up to 48 hours after LPS/TNF- a/IFN-v
treatment. The induction of INOS expression and NO production in differentiated PC12 cells
was correlated with apoptotic cell death judged by transmission electron microscopy and
DNA fragmentation from the results of the Terminal deoxynucleotidyl-transferase-mediated
dUDP biotin nick end-labeling (TUNEL) method. After treatment with NOS inhibitor, N-
monomethylarginine (NMMA), a profound decrease in NO production by LPS/TNF- a/IFN-v
treated PC12 cells was noted. And the LPS/TNF- 2/IFN-Vv induced apoptosis was prevented
by the NMMA treatment. Conclusions : From the above results it is concluded that the
expression of iINOS in differentiated PC12 cells is induced by the combined application of
LPS, TNF-«, and IFN-Y. And the apoptosis of cultured PC12 cells is mediated by iNOS-
derived NO.

Key Words : PC12 Cells-Apoptosis-Nitric Oxide Synthase-Lipopolysaccharides-Tumor
Necrosis Factor

Q281 A (nitric oxide, NO)& 8712 717 7|7:ZA 3 2 gusl= Ao A4 9kt
FHoE FFANT 74]9} 24 ﬁﬁ]"ﬂ EAstH FHe] dont UABHAAE L-arginine®] L-citrulline® 2 #W3tEE 34
A& 7k 5 Goll Hefdnk!? ST Zo) A==y o] Aol = nitric oxide synthase (NOS)7}
ko] drtstd st ﬁ NEZ &3S 298 F A FJFTES NOSE A7MA Al £77F wainsd, A 18
dl, 9] g4 &4 d 59 e H3 g2 NOS (neuronal nitric oxide synthase, nNOS)+= A& A17A]
stojH ol w7l &EZ274 52 (amy- Fo|lA BALY, Al 28 NOS (inducible nitric oxide syn-
otrophic lateral sclerosis, ALS)JJr 7o Eala A3 ZoA thase, INOS)E ZEAAZoA AL AHYCE A 380l
Hysglom ol ditstdie AEZAPEA] o MM ZAL endothelial nitric oxide synthase (eNOS)+ W3 Eo|A 2
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Al 2] 1A (lipopolysaccharides, LPS)°]Y tumor
necrosis factor-alpha (TNF-«), interferon-gamma (IFN-V ),
interleukin-1 beta (IL-18)¢F Z=> AE7RIS &= 52 1
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PC12 A ZF(3F+ N EF 23], Seoul, Rep. Korea)2] vjk
S 984 10% heat-inactivated fetal bovine serum (FBS)7}
A71E RPMI1640 (GIBCO BRL, Gaithersburg, MD, US.A.)
WAL AT, e 712 59 5% CO, AHE A
o E} vl WA 90% F1eF ARE A2k A o)
S e, oW PC12 AZFE AHAEE £314)717] $
&) nerve growth factor (NGF) (50 ng/mL, R&D, Min-
neapolis, MN, US.A.) 9 1% fetal calf serum (FCS)< 7}
3 RPMI1640 i 2]oll A 12 E<F v oFaldet,

MEZXHAL R

AAXNER £33 PC12 A X9 vjRE BF A AL o]
A48 RPMII6402.2 & ¥ A3e & 1% FCS9 NGF7}
¥3H RPMII6409] LPS (10 ugg/mL, E. coli 0127:B8,
Sigma, St, Louis, MO, US.A.), TNF-& (10 ng/mL, Cal-
biochem, La Jolla, CA, US.A.), IFN-y (10 ng/mL, R&D,
Minneapolis, MN, US.A.)& 713 vjAE AR 0H 5%
CO, BelE frAIsHA 242t 3A17E 6A1ZE 12217 19, 297k
uj et

ZE| MEXIEAL ZHAKTerminal deoxynucleotidyl-trans-
ferase-mediated dUDP biotin nick end-labeling, TUNEL)

A ZFEA Y9 71 AEE 4% paraformaldehyded] 77
g & Qi eEd (01 M, pH 74)E AHE tr in situ
apoptosis detection kit (Roche, Indianapolis, IN, US.A.)&
AHgate] Al AAE Aol whet Algeklth okshd wigl
A At AE AA] 18 06% H.O0p Sdo] 2087F
HESAIZ| QA ekl o 2 Al t) the M XS] A
S =9)7] Y38 01% TritonX-1000] $H+-F 0.1% sodium
citrate §& AF2oA 187 Agsta Al Qatd S o

2 AT o]o] TdT9 dNTP mix7} 4191 "3} 27}
ool "Wl TAT &3 §of] B} 37°C 204 907+ ut
SAFTE OA] QS H 0 R FHE] FAste B ¥
A7l F streptavidin-HRP £-4& 3087 *2]8}e] diaminoben-
zidne (DAB)S.2 Zho] QT E ¥RAAIZl & Meyer hema-
toxylin &40 =2 thEANE 311
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SnMArEDIE HAL
IS8 A A ZE ANTIY R FAS &
9] plated] 1 mL¢] QJAAAZTNE FI FojA HEE B

T 400 x gl A 1027 dAlEelste] AEE 7k} X3 25%
glutaraldehyde (0.1 M phosphate buffer, pH 7.4, 4C)Z A
IAE, 1% 0s0y £N4(01 M phosphate buffer, pH 74,
Ae)og & A% tg, AY ethanolo]l €< propylene
oxide® 238t & epon mixtureo] ottt EojE ZF2
1 um F72 ¥A313 alkali-toluidine blue® @A skl HzH
95 273 v, 40-60 nm FAE Zupdeich e
Z2AL uranyl acetate®} lead citrate® o]& AAGMS 3o
7R} 75 kVOﬂ/\ﬂ Hitachi H-7000 (Hitachi, Ibraki-ken,
Japan) AzrAwW]7A HEEHT

100 mm

2 dAE A B ofE] 7RR] Ad sk
T AE Fee] FF AHEQ nitrite (NO; )& SHTOEAR
ditstd el & AT AXE, TNF-e¢ I3
ato] A|Ze| APEARE FE8 PC12 A ZF2] Al
F GO R A2 Al wjF 100 uL9 FFE] Griess T2
(40 mg/mL, Slgma)E ZF 432 th2 96 well plateolA] 158
7F HReA AT 1 F microtiter plate readerE ©]-&-3ke] 540
mm¢ HFoA TITE ZA3}T sodium nitrite standard
curve 25 nitrited] S5 & AA3IATHS
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S35l NOSO| eatstd 4 A4 a32 9A8l= NMMA (N-
monomethyl L-arginine) #Z %7} 1 mM HA 3o 244
7+ S A § datsid ] AA s e

iNOS mRNA SMAISEIEANMELS

0

RNA &2

G902 AT AZE Qe oz FAE F AF 100
mm9] plated] Life TechnologiesAt2] TRIzol &% 1 mL A7}
ated F3lo g oA FHAA LASAZTE Cell lysateE &
Al polypropylene tubeZ %7 02 mL9 chloroforme 21
2 Mo kg 387 A2dA WhAl7| T, 4C 15000><g°l]
A T °4*]3"E]°}°q AN ATAE N FEE &7 F 5%
9] isopropanols #H7Fle] 4ol T oA 1087 ¥HSA]
713 15,000 X goll A 10€7F AalEaislth. dade § 41

AAES 7599 AFLE M1l vortexdt & 7500 X g0l A 5
B7F ARt S0 dojdl g HAES 7] FolA
w4 & 74zte] EHuit) 30 uL9 RNase free waters 7}
sto] =0l & Yohe 1008) A5t 260 nm THANA AT
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cDNA &

Z¥zko]l FHol AA] RNAQ 9Fo] 5 g, Oligo dT primerE
05 pg = ¥ AA F9)74 11 pLE=A F7¥ste] 70CellA 10
w7 BSAIZ] & AollA] 227F WRSAIFTE o] ukEdef 10X
polymerase chain reaction (PCR) buffer 2 yL, 25 mM
MgCl, 2 4L, 10 mM dNTP mix 1 #L, 01 M DTTE 2 UL,
RNase inhibitor 1 #L (40 units)E #7}sfe] 42°C oA 58
7+ WA 7)1 7)o reverse transcriptase 1 gL (200
units) & A7}ste] 42°C oA 5087F WA AT I35 75°C o
A 1520 UEAA BEE FRAL F UL 5L U3

LT o L o

o o

/3-actin sense primer:

5-TTG TAA CCA CCT GGG ACG ATA TGG-3
/3-actin antisense primer:

5-GAT CTT GAT CTT CAT GGT GCT AG-3
iNOS sense primer:

5-GAT CAA TAA CCT GAA GCC CG-3
iNOS antisense primer:

5-GCC CTT TTT TGC TCC ATA GG-3

747ke] SIS 2] A7) B-actin® 764 bp,
INOSE 576 bpolth FHEAAHNS Hede] 2L ohe
3} 7t} 10XPCR Buffer 5 (L, 25 mM MgCh, 3 4L, 10
mM dNTP mix 1 gL, - actin sense primer (10 gm) 1
UL, B-actin antisense primer (10 #m) 1 gL, amplification
sense primer (10 gm) 1 gL, amplification antisense primer
(10 ym) 1 uL, Taq DNA polymerase (5 units/uL) 05
UL, cDNA (from the first strand reaction) 2 pLS 23
HASHTE AT F97E50 pL7 HE% sl

919] ¥REH S 95 C oA 57F WREAITIAL, 94C A 30,
55°C oA 30%7F 72°ColA 184 30 cycles F33+ & 721C
oA 587 BESAIZ|AL 2% agarose gelollAl 71953t A
9 slell A ARE Ak

ID Main (Bioneer, Taejeon, Rep. Korea) ZEZ IS AL
el NER 239 HEE 2As] FTUCE #4

o 7
% 243
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Western blotting=S 0|85t iINOS2} nNOS 28 2fat

H=0 7 AH MEZ 01 mg/mL phenylmethyl sulfonyl
fluoride”t E3E A7k AEASAOR F i Ao & ¥
MEE Ho} 4T 500x gollA 1087 YAEF 3} cell lysate
£ AQt) o370l lysis buffer (20 mM tris-HCl pH 7.4, 150
mM NaCl, 1% NP-40, 1 mM phenylmethylsulfonyl fluo-
ride, 10 mM benzamidine) 2 MXE I}y, ] A3
% sample loading buffer (00625 M tris-HCl pH 6.8, 10%
(v/v) glycerol, 5% (v/v) B-mercaptoethanol, 2% SDS,
0.001% bromophenol blue) &} 40] 587+ 2] o] A|5E £
H]gF TS 7% Sodium dodecyl sulfate polyacrylamide geldl]
g Zoll 200 ug¥ TMAE loading 33 40 mAR 247+ 5
F A71%9E= 3kt

A71%9%F°] ¢ % nitrocellulose membrane® & transfer 3t
kS TTBS buffer (25 mM Tris-Cl, pH 7.5, 150 mM
NaCl, 0.1% (v/v) Tween 20)9 2.5% bovine albumine =
ol gHoF st & Aat FAQL INOS, nNOSS} HH-A]7]
2 o]z} A2 horseradish peroxidase-conjugated 1gGE A}
23199tk AmersahamA}F] electrochemiluminescent (ECL)
kit (Piscataway, NJ, US.A.)E blot 27= AT A7|d=
3} transfere Bio Rad (Hercules, CA, US.A.) AE2 A&
AHME Fxste] Algsigith

WA A g E2E BSA (bovine serum albumin,

Sigma, St, Louis, MO, US.A.)E AM-3 Bicinchoninic

Acid (BCA) gl whh A &atsict.

ZAIH MZEXIEAL A2t FMASE0(E HAL 24
TUNEL #HAkz Alxze] dlo] Z744) 07 mEglo] dajo] &
1S R BAsG o, Axe Fo] 244 mrjEie 94

Oko] wo]- 9= 7-]0 _Iqobﬁ u]-Q.oi o]‘: o ob\% /q]_,_o]]
7)Aokt AR tl2EE TUNEL A A7 A9
A5 2] ko) wjekale] 1243} TNF-¢ 2 IFN-y & 3
7Fetal 24A17ke] 733 ARTAME Hlﬁ*ﬂ A3
S7FE A Fig. 1A, C). T QIXA3} TNF-¢ ¥ IFN-v £
Fojdk & NOS As|AIl NMMAE Fojg A oA
TUNEL 94 AlZ9] 471 dAs1A ZAEAHFig. 1B, D).

TUNEL g MEZe NEAEAL o F-E F91317] $et &
FAAE AAF 2A0E N EAEAL Dol Al xe] 8
Aol FHo] AL FHH G| et Fo] A=
A AEAEALY] 27S YeRHAtHFig. 2).
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WA Ee] AL S otRy] YA AxAS
TNF-o % IFN-v & §9% & AIZHE 2 w9 datsid
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Fig. 1. DNA breaks are detected by using the terminal deoxynucleotidyl-transferase-mediated dUDP biotin nick end-labeling (TUNEL)
method. Stimulation of cells with lipopolysaccharide (LPS)/tumor necrosis factor- « (TNF- o)/Interferon-v (IFN-v) for 24 hours (C) reveal
numerous TUNEL positive cells. The control PC12 cells (A), non-treated PC12 cells with N-monomethylargine (NMMA) (B), and the cells
co-incubated with LPS/TNF- o/IFN-v and NMMA (D) show a few TUNEL positive cells.
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Fig. 2. Electron microscopic photomicrograph illustrating the
apoptotic PC12 cell. The apoptotic cell shows chromatin con-
densation and fragmentation of nucleus (x 3,000).
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Fig. 3. Representative example of NO. accumulation in culture
media. The culture media of experimental group which treated
with lipopolysaccharide (LPS)/Tumor necrois factor-« (TNF-a)/
Interferon-v (IFN-v) reveal that the accumulation of NO, is definite
at 6 hours and increase until 48 hours after LPS/TNF-o/IFN-v stimu-
lation. C; control.

29 S 2439t A2} TNF-¢ 2 IFN-yE T3
AL 6A7F o] FHE dikstda o] AIRE L °l—E
| 57

d afe] 48A17F Folle HIAE U
ZAe JAFALE A AAEIA] gkth
(Fig. %) %35 X A/TNF-o/IFN-vE T35ty of7]d|
NOS XJEMM NMMAE A2s A datstda Aol
At daste AAE YERIUTH(Fig. 4).
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Fig. 4. The graph illustrates the effect of NOS inhibitor N-monom-
ethylargine (NMMA). The amount of NO:™ production is profoundly
decreased in lipopolysaccharide (LPS)/tumor necrois factor-«
(TNF- g)/Interferon-v (IFN-Y) and NMMA co-incubated group. C;
control, C+NMMA; PC12 cells are cultured in media for 24 hour
containing the 1 mM NMMA, T; PC12 cells are treated with LPS/
TNF-a/IFN-Y for 24 hour, T+NMMA; PC12 cells are treated with
LPS/TNF- &/IFN-Y for 24 hour with 1 mM NMMA.
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Fig. 5. Semi-quantitative analysis of inducible nitric oxide syn-
thase mMRNA expression in response to lipopolysaccharide
(LPS)/tumor necrois factor- « (TNF- ¢)/Interferon-v (IFN-v) in neu-
ronally differentiated PC12 cells. Agarose gel electrophoresis
(upper panel) and densitometric analysis (lower panel). s-actin is
taken as a standard in the reverse transcription-polymerase
chain reaction (RT-PCR) studies. iINOS mRNA arises at 3 hours,
peaks at 12 hours and declines until 48 hours after LPS/TNF- o/
IFN-v incubation.
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Fig. 6. Western blot analysis of inducible nitric oxide synthase
and neuronal nitric oxide synthase protein levels in response to
lipopolysaccharide (LPS)/tumor necrois factor- e (TNF- ¢)finterfer-
on-v (IFN-v) in neuronally differentiated PC12 cells. iINOS protein
arises at 3 hours, peaks at 24 hours after LPS/TNF- ¢/IFN-v incuba-
tion. and then declines (upper pannel). Both control and experi-
mental groups reveal the same levels of NNOS protein expression
(lower pannel).

STELAANSS Z#+< iNOS
mRNA9| &&o] #2457 ¢kgirt v AAXH 2 TNF-a ¥
IFN-y & iAo Fojgh AP Fol & 3AZHEE INOS
mRNAZ} @59 on, o= 12417 & HYAE el
o] 7239l th(Fig. 5).

iINOS ©ilS #&317] 93 western blotting A3} 21X 2
3} TNF-¢ % IFN-yv & HjAo] T3t AL INOS Tl
o] 3AIZF ZRE A7) AZEIA 12417 B 24417 = 7S
S7FIAAL % HAshe s VERASITE oA o el A
+ INOS whjo] L& =] ¢F3keh INOS W] APA AFE
AHsl7] ske] nNOSe) 3+ western blottingS A8 5432
I A% gz A8 EFA nNOS7F w9l oy
AR Apol7h ATh EESk A7 At whE WElE el
WA e4keH(Fig. 6).
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ABAA FFAAANA AL NEAAE w2

2 F2 olwAZe A9 Az}
5] Wolw A EL} u)A ol A £
3t £579] C6 glioma cell line =
Fo A Halde AxHo} A&
| ZAFHL o o WE

2RI - 2RI - 27 9 4l

2 279 Wolw AT mAoluA ZoA INOS Wo] FE
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< T2 ol M| XA dojugr] o]Fo] A3 tlFe] NO+ 3
G 59 AAM E AEABAE AT A S 2 e
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EAL 7HRE AEFR ] 29X & PCI12 AEFE 4
3 AEZ Mgl TNF-e9 IFN-y, J22 JIAdS &%
afo] Majgalo] Fofsa o)F AXAAN FHEE INOSE
FAYEA 9o T3 INOS &) AAHE AL E
AYRAEAT L3 o9} FukEl PCI2 AIEQ] Al EAHAIY
& WA} INOSSH AEARALY JeA & F st

<
B A3 A A F/TNF-a/IFN-y ol 2|3 PC12 A|E2]
dabstd ol A WIS FES A 6217k A & ou)
Yakald A7t Ae FAEASH ol AZte] A
HAAp S7Vsto] 48A17ko] 7t Tl oF thERe] 30u)
o[’y Z7FEAE ol AHg W PCI2 AEXE Ul it
SHAAE AT F dg= U= Zlolth ol& C6 glioma
cell lined] ©1A1A(100 ng/mL), IFN-y (100 units/mL), 1
g2 TNF-¢ (10 ng/mL)E AHA&HE ] 30 uM 712k
nitrite7} A E T, A} wj S HolwA Eofl Aathas fks
7 IL-14 (10 ng/mL)E A2t & 24A17k0] 7 F350<
o 18 uM Fre] dakstdavt AE At e a1 A3
o} W3k ol o3t dAkalE 40 Al Hejsles
NOS9| FFE ela7] $15te] INOS mRNA S} T o] W
P4 FAst 1 A g2 M INOS mRNAY &
wlo] A3 SAEA ko), ¢AXH/TNF-a/IFN-v & F
3 PC12 Ml XA INOS mRNAE 3A17 SHE 2= o] 12

ol



PC12 MZZFO0lIA INOSEEI Tt MZAHA

AZVR AR Al
AlZF SRE UERL] AlRste] 24X 74744
A3tk Jol Wl nNOSE tlZdtd A3 BFolA &
Hoom dd Jro ErE Apolrt 31
012 d/TNF-a/IFN-y A2 Z#H
2 gk AatollE PC12 A Z o)A \i}t}ﬂ_%
% 8}1:}*7 Agﬂ%]:} 0]742 U]H]O]—jﬂ_k]]ﬁ-
oA Aol ofg] AEFRI AAE INOS W&o 12417k 24A17F
Atolel A E o] ErhE thE A4 YA E = JJr ]D}.M

£ AelA] INOSE Hao] A& o] F&= AKS AAA/
TNF-@/IFN-v A2 & 24X7kc]ol A ZA2pd }—E— TUNELZ
et s, AEZAEA P A EFTE @ASA S7EE R eH
ol MExe T3 AR stllA dMde] ot FRoE
SAF I N EI ] FFo] doju AFH] MEAEALY F
Hets 545 Ueplie A Elskith 122 NOS AsjA
ol NMMAE A#3tsls o PC12 AlxolA ditstda A4
—E;Ol AEsA A ERCH oo wpE} dsksha o] Aol
23Tk Ed 7h2 Al7kdo] @23 TUNEL AARIA Al
EAEAL H AxETE A 7“?45 e sk
webd B AFe] Az oA ¢xA TNF-o % IFN-y
AX og PC12 A2] MEAEALE o] dakshdi
7t #AdE & AR ol diEe] datstAs A
PC12 AlZollA wdd iNOSSH AHA #A) oS &
91tk Michael T. et alo] WHE3l vlof] oJ3pH, AAME &
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