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ABSTRACT

The present study attempted to analyze the mechanism of PCB-induced neurotoxicity with respect to the
PKC signaling. Since the developing neuron is particularly sensitive to PCB-induced neurotoxicity, we isolated
cerebellar granule cells derived from 7-day old SD rats and grew cells in culture for additional 7 days to mimic
PND-14 conditions. Only non-coplanar PCBs at a high dose showed a significant increase of total PKC activity
at [’H]PDBu binding assay, indicating that non-coplanar PCBs are more neuroactive than coplanar PCBs in
neuronal cells. PKC isoforms were immunoblotted with respective monoclonal antibodies. PKC-alpha and -
epsilon were activated with non-coplanar PCB exposure. The result suggests that coplanar PCBs have a PKC
pathway different from non-coplanar PCBs. Activation of PKC with exposure was dampened with treatment of
high molecular weight of chitosan. Chitoan (M.W.>> 1,000 kDa) inhibited the total activity of PKC induced by
the non-coplanar PCBs. Translocation of PKC isoforms was also inhibited by the high molecular weight of
chitosan. The study demonstrated that non-coplanar PCBs are more potent neurotoxic congeners than coplanar
PCBs and the alteration of PKC activities by PCB exposure can be blocked with the treatment of chitosan. The
results suggest a potential use of chitosan as a means of nutritional intervention to prevent the harmful effects
of pollutant-derived diseases.
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7t A<le] 50 AR o xEFHE2 Aot B4
A ALde WHOsF HZ Bwd v g
(WHO, 1996). 25-9] PCB ¥ tjo] &4l 71&L £
eterel AlepgAAE H2 2ud vt gle] o]F
sgEel AT A4 A7 Aee Aol 477t
ol ducke A4S LTHE WAl ol B
FEES dtzd 23 94 F 229 Hole)
7S AAHRA AN Az e, 71 F <452 Al
+% A Aol Fol AAFH gl Aoz ¥
= v} 9l}(Vreugdenhil er al., 1999). wrebr] vl
FAAA Zor = PCBFHY lactational and perinatal
exposureo]] w2 AlAote] A=A FiE
7V ARdE AEEER Qe 53] A7 A=
A} @ ubeke. early developmental ageol] 4243t
AL W 4 glormz AL dRpH A 54
°] markerg Ze doll W FAle] FFHI Q)
ol PCB: 98] FHel| e A Y3 Holrke
£+ B9 A= 45 A Hsdeo] $-
e =2 34 EA ol vl 4l Ak
A oA Fulge] E&ER WA b
PCBE At 4] Wb £A4EE Eof AAEEe] A
d4 AA=z de] AHgEgten FArel YA
A FozREE x4 #HPE Yo
£ BAelth(Safe, 1994). 3E AH 55 F3lod
PCBE #¥9 AN 328 9 AAGEAL]
FAE WHAA HAAHQ T el FelE
doyn sl AdA|Ze], 7| F A
A Ao x g F Hog AdA Ut F
3], olgjgt B4 o} eyt 24 2719 =%
I #AHo] ol AAMEL] o] LI o}
=E oole] T & GIFS F Aow U
A 91t} (Kodavanti et al., 1993; Kodavanti et al.,
1996; Yang and Kodavanti, 2001).

w2t ejbelu} ¥-4-F 53t PCBo| Ago] ¢
5 ol 3 Aol A)7]19] Fxd] H¥ PCB
o 17 FAHAEL oo PUY AT 275
L. XLolo|t}(Abraham et al., 1999). =3} PCB2] Al
5497148 T4 B46 el AWsT oE
ke o2 elAdE wUzEA udE 4 9l
AAA =] ML A GEA 27 A
el e B} gakeiA Hrlstan =Rl A%
ZAAAF)e d AF3 A olc}. 2 A7t
PCBoll 9J3 217N EuA maaA d=iA
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1. Algp 3 AT iAEF

2lu} x)eke. Sigma (St. Louis, MO)A}Fel|A] 3]
dtejem PKCO 334 -2 Transduction labora-
tory (Lexington, KY)ollA] [’HIPDBu: Amersham
(Santa Cruz, CA)AL| A F4)3lodet. o]l ddA F
E oo AM2-E PCBX: coplanar 3jejel PCB-77
(3,34, 4-tetraCB) & PCB-126 (3, 3’, 4,4/, 5-
pentaCB)¢} non-coplanar +z¢l PCB-105(2,3,3’,
4, 4 -pentaCB)¢} PCB-167 (2, 3, 4, 4", 5-hexaCB)+=
ACCU standard (RTP, USA) A} &o] AF2-5¢)v)

2. 35 2E A 7|EMU = F

PCBx DMSO¢] <] stock solutiong FH|gh
F A=z wigAule] DMSO7} 0.1% °]3l7t = =5
A3l 7| 2ALS 1% acetic acidell el 3
stock 8918 w9l om pHE 592 {4319}
71Eate 2 Atz AFFEH =¥ 2P0l
A3k PKC A2 PCBE 158 k& % o
Foi3iet.

3. x2S AMANM Z (cerebellar granule
cell) sl
A% 799 SDrate] 2¥E 2% ¥ typsin
He)stednt H2 Al Exxr} 1x10° cells/mL F A
g =) poly-L-lysinee @ j2]g 12-well culture
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plates)] 1.5mL2) cell suspensionS ¥ 3 37°C, 5
% CO, incubatorel| A} wjoF3lelet. Al=71 AFsk
& 24~ 48 hr A }A] non-neuronal cell®] A& o
Asl7] 218} cytosine arabinoside (5 pM)S 5o
81} (Kodavanti and Tilson, 1997). 747}t s <¥st &
W8] A EAE xEAZS

4. [*H] phorbol ester binding

12-well culture plateel] A} 77t wlfe M =S
Locke’s buffer2 A& 3g & AFYAEAZ 2 nM
PHIPDBug 43l Locke’s buffere s 1583F
wjoksieict. wiokll & AAsm gFHoz 335 A
g % 0.1M NaOH 1 mLz &% A7 o8 0.7
mL-E& 9mL2] Ultima goldol]l 4Je] scintillation spec-
troscopyE WHAFs%E &4 sl vl (Kodavanti et al.,
1996).

5. Cell fractionation

Cytosol#} membrane fractionA}o]¢] PKC isozy-
med B25hr) S8 e gEAe =22 A &
=] wi= ujoFA Zol| buffer A (protease inhibitor 3
&} PMSF, leupeptin, pepstatin}& ]2} }. Soni-
cation & 100,000 X goll Al 1A+ E¢t AARe|3)
o] Ar=2 cytosol fractionoz #2)dlx I B
buffer B2 3087t &3 & YAl Relsly 2o
& detergent-soluble membrane fraction® 2. |3}

At

6. Western blot

Protein kinase C (PKC) isozyme2] W32 &A3]
7] 9)ske] cellular fraction =¥ extractel] 3]
western blotg A A5k} cellular fraction®] sam-
pleS 12 % acrylamide gelol|l A} #7193 %3 3+ Bio-
rad9] transfer chamber& A}-4-3}e] nitrocellulose
papere]] 10 V& 30 o] Z A blotting3}3L block-
ing buffer2 1A17F $oF W-3-A12] ¥ 42+9) mon-
oclonal & polyclonal antibody® X33 v] &=
A%  INZ B WAL 28 AH 5
secondary IgG2 1A]7F 59 ¥k$-A]7]3 ECL sys-
tem& ARE8}e] Xeray filmel] FA 2] A7 2t =
247 % DSkt

7. A=A

*ﬁéﬂrs’% EA A 2] Student’s r-testE
Argstg o p<0.05 $F o3lllM FoAdE A
At vt

A 3 o

1. Protein Kinase C2| &

CHIPDBug o]t PKCO AAX BA&
®A3 A} coplanar PCBe ¥]d] non-coplanar
PCB9) &4o] A veht A7ZAE W PKC 24
3 PCB: non-coplanar F-%7} neuroactivedt 33t
A Fz0& #9e13}g e} (Table 1). Coplanar F-3£8]
PCB-773} PCB-1260] H|3] non-coplanar PCB<l
PCB-105%} PCB-167¢|4] PKC translocationo] %
glo] Uehton o)efd Wil 1] g3 50
UMol A Jelgel PHIPDBug o) 43t AeFAql
PKC&4 &A uhy-2 PKCr} membrane fraction
oz AN AEE A AL 5 U]
PKCAHA AL FAsedH #4834 AH8Hx
ale} (Yang er al., 2003). Coplanar +-25 7}3
PCB-77¢] A% 50uMelA 15%2) Z715 el
gJom m oh= coplanar PCB]l PCB-1269) 7%
= 50uMelA 25% A=) Z71RF Jeligieh &
dioxins} fARF F+2& 713 PCB: 54§71t
(TEF)°] EgRgtx AAMZA A sHG7) 2}l
Z23 o4& 3= PKCO A & AL
o322 b Aoz vebgeh ¥ dioxint
A}3z7} ol non-coplanar 2% 7% PCB-106
3} -167¢ PKC &Ad & & el
PCB-1052] 7% 1uMelA RE] 242 2717k 1

Table 1. °*H] PDBu binding following the exposure of sub-
stances (% of control)

Dose (uM)
0.1 1 25 50
PCB-77 98+5 108£5 11249 115+10
PCB-126 102+4 115+6 1208 125+12
PCB-105 105+4 1254£12  145+13 185%15
PCB-167 1096 112+4 15611 19518




282 J. ENVIRON. TOXICOL.

Thb) Algtstel 322 Jelz Rl 27}
stglon] 50 uMo A= 2ulel] 77 4 e}
Welt. PCB-1678) A5 SOUM7EA §eF oI%
Al F7+E Jveligleon Fd 298] &4 F}
£ Vepisish ety AARM EAA ] B
7)&e] dej3l TEFeh= 98 3hol Al olof &
Aoz Aads PKC 84¢ tehiAl ¢ PCB-
1262] =42 7]&9 TEF /ide= Al o, o
o] %419 1089 lojvt HE WHEAY B
(Van den Berg and Birnbaum, 1998). 781} 2 <«
FAF o] BAo| AAM e AsAE7)z HE}
o H]X]& Fekd vlu]E ;.

2. PCB7} PKC isoformofl o|x|= &k

PHIPDBug o}-43 PKCEA &4 A9 &
Atk & 4 Qe 2ol ok PKCE 117 o)
o ol4AAE AT Sled olEe AL W ¥
) g Mz g elE YRl v
(Yang et al., 2003). PKC A Aje] Ao 2= AHEst
24 244 ¢ 4 9g 29 o agrae
olsisledl= A& Xz ok webd A=
A71AE olsly] HAsiME el ol AAA
W el eFgck

B o Fo|rlE Protein Kinase C isoforme] EA)
2 &2A3}7] $Y3}ed isoform Z+2+2] monoclonal
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Fig. 1. Translocation of PKC-alpha following PCB 50 uM
exposure. The average data from the triplicate ex-
periments were presented. *Significantly different
from control group by Student’s ¢-test (P <0.05).

1) PCB-77 2) PCB-126 3) PCB-105 4)PCB-167
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antibodyE AF&-3}e] cytosolic fractionell A mem-
brane fraction® 2 ©o]E5: HEE western blot&
o]43led BA 3T} o]AdAA & PKC-alphal
PCB-773} PCB-1269) 4] translocation& Ho]x] ¢
£ nbyd PCB-105%} PCB-167¢|A]3& membrane
fraction®] Ab&S B¢} (Fig. 1). PKC-epsilon?]
A= PKC-alphash S$AHE Hehs viehislch
PCB-773} PCB-126-2 translocation® H.o|A] ¢+
vl PCB-105%8 PCB-167-2 membrane faction®]
Zko) 2R = =7}3le] PKC-epsilono] ©l2- 217}
T 2HEAYE AT A (Fig. 2).

3. Chitosan0| PKC&Ado|| o|x|= g%t

A7t 52] chiting Dopestale] 2 Fof u}
0] EA ) chitosane 7|5AEA g de] AMLE
T glen sFWdx A gz EAed.
Chitosan& &-#2H-g] Fom Rajepel wa} F2
Hdr =2 Aoz Adeyx lo}(Kitamura and Mori-
ta, 2005). ¥ <FolAjx chitosano] PCB9} &
BHedEAY] fAE d == Ad3le H
oldl Age sl=A usluxl sk HA el
A] chitosan 52 &L o443} the] &4l Fe
A5ee /M Aoz Bwa v gley A2
A) PCBY W AASA sael Wt Qe 2
A w7l gu gebd £ A gt

*
200 | wmmm Cytosol * ’
=3 Membrane ‘{— ﬁ

% of control

PCB

Fig. 2. Translocation of PKC-epsilon following PCB 50 uM
exposure. The average data from the triplicate ex-
periments were presented. *Significantly different
from control group by Student’s t-test (P <0.05).
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chitosan] ¥7} 8¢ 245} PCBS] A7 %
of wARl PKCS) ojibe SAT 4 Gt A% ¥
Mapa} shedet.

Chitosan®] 2x}eke] 1,000kDa o]Are] -ER}e]
4% PCBS) abe JAATIE Hgol TATE
% 4 gloleh. 53] A= PKCAE 1) PCB-
1059% 2]3F PKC 42 1,000kDa o)A ZtellA] &
A A=k go] vhebgton 67kDa, 28kDa ¥ o
& wARINE Pus) 64 WA Ae 9
= Aoz YePdti(Table 2). PCB-1679] &3
PKC 84 = PCB-1058 13 Hele noch
1,000kDa ©|4e] m2z} 42 FR3 A 24
& VEhd wbd 500kDa o)8he] BAlke| A= 50
UM PCB-167¢) 33& Akt v &=
(Table 3).

PKC isoformel] &} chitosan®] o33ke &3 3}r)
2)8}ed western blotAlel| 4] EA PKC isoformel] o
3} translocationd JA|F= A Z BEAMsigH
PKC-alpha®] 74-%- PCB-105% cytosol9] whuigko]
7Z}48h= HbH membraned] W Fr1sle
PCBe]| 93t #4-¢ Jepigick 22vt 1,000 kDa
o) Are] mBAlEFo 7 X AlelE translocatono]
A=) o] chitosano] &3 PKC isoformel] o &t 214
£ gGA|ge & 4 ¢Jo}(Fig. 3). PCB-167¢] 2Js)
PKC-epsilone- &2 9]Z4 o2 translocation ¥}
o}, 72} 1,000kDa o)4Fe] 183} chitosanel] 2]
3} o)2{3F PKC-epsilon?] translocation& A}

o (Fig. 4).

Chitosan®} THA} BAL A PKCe) A%
ot olz} EA3¥ PKC isoformel] gt EXx o
Ash= Aoz ekt chitosano] 27 2 ¢ E-2d)

Cytosol Membrane

PCB@M) O 25 50 O 25 50
PCB

only

PCB
+chitosan

Fig. 3. Western blot analysis of PKC-alpha following PCB-
105 exposure in presence or absence of chitosan
(Mw: 1,110 kDa).

Cytosol Membrane
PCB (uM) 0 25 50 O 25 50
] PCB
only
PCB
+chitosan

Fig. 4. Western blot analysis of PKC-epsilon following PCB-
167 exposure in presence or absence of chitosan
(Mw: 1,110 kDa).

Table 2. [°H] PDBu binding following PCB-105 exposure in presence of chitosan

Chitosan (kDa)
Dose (UM)
1,110 745 444 223 67 28
0.1 104%5 105£3 1003 1065 1042 1067
1 109+4 110£2 115+8 1206 125+6 120+9
25 112+6 122411 11810 122412 142 +15 14012
50 1184 13615 1389 135+15 175+12 18015
Table 3. [°H] PDBu binding following PCB-167 exposure in presence of chitosan
Chitosan (kDa)
Dose (UM)
1,110 745 444 223 67 28
0.1 108+7 106+4 1024 104+2 105+£6 108 +5
1 108+£3 121+14 121 £11 115+4 1137 1148
25 11311 125+8 142+13 15615 154+11 158+12
50 115+14 145+15 154+12 166121 17516 184+ 15
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93k AAHE] Ao @At ojH HeZE Fe]  chitosan®] TEA}F EA-o| o} mx A 4 )

5t 3-8 HAIET i &2 groz doulele Aol HE 7w o
E a7 A3 79 ¥ SDrat®] AMERE 3 AsdasAe) A sRsAE s 8T A

Y2 Axs Fusl 90% o4 44 neurond B2 FE4E S Aoz dAdn

AA Bate] vl 4 e Vs Hugoez

A oz AR FHR A2 sHA HEES
AE W g e AT 4 e APE o
seon 447 ¥ Az 24 sugosy 4
A7l Fokst AAHA 2L AT 5 e
IS Husidch =4, & AN chEelAlx)
ore 2 AR A gEAL AASA JA
9 o8 9 EHox 4" S gk & A7
£ ulglez PCBO Fx-¥4 A (SAR:
structure-activity relationship)E ¥ 3l AlFE =
= 3 Fo EAR AA HENA g &
gHoe Mgshy Frekel Jo4 Wrlel wE
& AT 9 Jleid Aoz Ak
PCBHE SA1ERT ohel 2f Folz &4
sa glov] 53] ol eJo} Agke] B slal A
oz BFFc)(Eriksson, 1997). ¥4 A
sem e om 9 Azsae As olsh #
A9 71" 2 1Q7A, 3, +547 Al T
& PCB7} A4#7] Fxo =250 o vehie
HEA ¢l A=A} S o]} (Tilson and Kodavanti,
1997; Weisgla-Kuperus, 1998; Rahaman et al., 2001).
2eh} AFAA ot obaistel He 1A%
A NRe A d=iA QA gt ¥ 978 Fst
o] non-coplanar PCBE: AA7] A AlEolA
coplanar PCBel] H]3] PKC&Ael| o 723 3k
& 2t Ao fagel ¥ AxdM F2T A
AEAEAY ] Fa=Hie) T the] §Ald} £
AR 2z 9 24-& 7}RA 3L 9l coplanar PCBY|
ula) Ab fgAlsh Aol A e e
non-coplanar PCB: $Js)4 H7loll A A F71A] A
95e] got web 2 A7 A= o= PCB
o 54 Wt B ok AN BeHe] 23
9]+ TEF (Toxic equivalent factor)2] M=% 71d
o 47 Bene Gasiel o Az A2
A Hrlede) 3L s eA & Aoz A}
830 o}y HEAql I edEAd PCBI
ARAM 2 v|XE JFE doF AT B

4 £

PCB: %3] FHd g8 A glx Ho|Ass
23] Aoz 2o A el 24
 HEAdel #7408l PCBY] &2 A
A719] TxolA 74 Z 21AEAAE el o
of & ol Aoz A =&F HHAD
FREch 2 97 PCB7F A HAd v
| 93k o|s)sta, =3 PCBO F24 FAldl
2 zte714E& grgozr PCBY &E&Z4
A oo 7154 vigslua st w8 o]
5t BA 2 FEAY XS A Aad
A A=A s vlole FAEAL] 4§
7VsAe BAstzal sl £ Aol e Ay
2 ) Z (cerebellar granule cell) & APz A}
43151t} PCBxZo] wE A7AAM=ze] Asdd
AAWsE EA87] ¢l PKCY W#E 54
sl9dth PKCe] AA A< ¥4-2 HIPDBuz ¥4
3t A3} coplanar PCBo)] ¥]3] non-coplanar PCB£]
84 o] =4 tehl} non-coplanar 27} neuroac-
tivedl 3}ebA Fz9lE Felslg] or] western blot
73} PKC isoform 3oj|& PKC-alpha @ epsilon]
7% non-coplanar PCBellA] o 2 EHAlE 1Y
t}. o]2j gk PKCS] W3k AA7] A7 ZeAIA A
3AG7)2He] Wil @ o3-S mABR o]&
dupslAv Add 4 ole AL A o
kgt Eatge ZlEALE AHHddd. 2 A
1,000kDa o]Ake] 18R} 7)EALS] AS$- PCBol| 2
F AzAg 7)1z HIE JAE 5 AL 2N
o} 2 dF%= PCBY| A7 EA o] 725 54
et detd S s Be AASAY T2 &
ABAE olssl=d 71T B ot ek &
A3 wro]l 2 BAQl F|BAME o] &3 AMAdY o]
29 59 M PsAdE AlAERS

)

513,]
2
Z'\_
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Lol 2

2 7% 20033kl G EAdEm a2
Q7o elgr QpAFYh
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