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— Abstract —

Gene Expression Analysisin Basal Ganglia of M anganese-Exposed Rat Based on
cDNA Array

Chae Kwan Lee, Noh Sung Min, Deog-Hwan Moon, Jeong Ho Kim, Byung-Chul Son,
Dae-Hwan Kim, Chang-Hee Lee, Hwi-Dong Kim, Jung-Won Kim, Jong-Eun Kim,
Jin Hong Ahn, Chae-Un Lee

Institute of Industrial Medicine & Department of Occupational and Environmental Medicine,
Busan Paik Hospital, Inje University

Objectives: This study investigated the gene expression profile in basal ganglia of manganese-exposed
rats based on cDNA array analysis.

Methods: For cDNA array, 25 male Sprague-Dawley rats (250t 25 g) were intraperitoneally injected
with 25 mg/kg B.W./day of MnCl, (0.3 ml) for 10 days. For dose-related gene expression analysis, rats
were intraperitoneally injected with 0.2, 1.0, and 5.0 mg/kg B.W/day of MnCl, for 10 days. Control rats
were injected with an equal volume of saline. RNA samples were extracted from brain tissue and reverse-
transcribed in the presence of [0®2P]-dATP. Membrane sets of the Atlas Rat 1.2 array 11 and Toxicology
array 1.2 kit (Clontech, Palo Alto, CA) were hybridized with cDNA probe sets. Northern blot hybridiza-
tion method was employed to assess the dose-related gene expression.

Results: Fifty-two genes showed significant changes in expression of more than two-fold. Twenty-
eight were up-regulated and 24 were down-regulated in the manganese-exposed group compared to the
control. Among the 52 genes, 28 genes including nuclear factor 1-X1 (NF1-X1), neuroligin 2 and 3, mito-
chondrial stress-70 protein (MTHSP70), neurodegeneration-associated protein 1 (Neurodapl), multidrug
resistance protein (MDR), and endoplasmic reticulum stress protein 72 (ERP72), were reported for the
first time related to the manganese-induced neurotoxic-metabolism in the rat basal ganglia. According to
the dose-related gene expression analyses, MTHSP70, Neurodapl and ERP72 genes were up-regulated
compared to the control even in the group exposed to low manganese dose (0.2 mg/kg B.W./day).

Conclusions: Twenty-eight genes detected for the first time in this study were closely related to the
manganese-induced neurotoxic-metabolism in the rat basal ganglia and further study of these genes can
give some more useful information about the manganese metabolism.

Key Words: Basal ganglia, cDNA array, Dose-related gene expression, Manganese.
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u g

000 00 000 000 ooo oo, oooooo
0 0o obogo oo, oboo oo, bod boo
Oo0oo, 000, 000 O0@anning), 0000 OO
good obo boogob oob gbo, ooobo
0, 0000antiknoking)O 0000 (Kim et al,
1994; Park et al, 1991). 000000 OOOO OO
00 0000 000 000 000 Oooo oooo
gono oo, ood 0o oboo oo o oo ooo
00 00 OO0 U000 00000 (KIm et al, 1994;
Park et al., 1991; Lim et al, 1995). 19910 OO
000 0000 OO0 OO0 000 Oo0oO0 oooo
400 00 000 ooodgoPark et al, 1991) OO
(CO ArcYJO000 ODOO0O ODDOUODO OO OooOo O
000 000 00000 (Hong et al, 1998). 19970
20 120 000 OO0 O0OO0O0O0OO0 oOOo Ooo o
0 0o oob ooob ooobbob oo gbod
0000000000000 000 OoOO0OoDoog.

U0 0ob boobo gbboo obdog oooog odg
000 00 0 00 000 000 000 ooooo
gooo ooo, ood obod 0o good god
000 00 000 OoOooo. 0o ooo ooooo
g goobooo boo 0o oobb gobboooo
manganese superoxide dismutasell 000 OO O
00000 0000 (Keller et al, 1998), peroxynite
0000 0 0000 0000 0 oooo oo oogo
O DOO0O@poptosis) 0O0ODO, 000 OO0OO O
00 gamma-aminobutyric-acid (GABA)D 000
00000 OO OO0 00 00000 (Gwiazda et
al., 2002; Heron et al, 2001; Hirata, 2002;
Stredrick et al, 2004). 000 000 O0OOOO O
0000 000000 oo o0 o000 oooo.

0000000 0000 0O 000 O o0ooo oo
0 0000 00000 00 00 ooo 0 ooo o
0000 0000 OO0 0000 00 oooo ooo
0 o0od oo obdod ogbb 0 ooboo obooad
0O 000O. 00 cDNA array 000 OO0 O00O0OO
oo 0oood boboddb boo oobo obood
000 0O 000 000 0000 000 ooooo o
00 odood bg ooo obodo oboogo o
0000 0000 0o0oooooo.

0 odo0 obbod oo o0 oo ogob ooo
00 000 (substantia nigra)d 00O (striatuml)
U cDNA array U0 UO0O ODOODODOD OO OobDO O
000 000000 neural cell adhesion protein

BIG2, heavy neurofilament subunit O 50, 00O
0000 light neurofilament subunit, brain acyl-
CoA synthetase Il, heavy neurofilament subunit
0o00 000 00O boooooo ooodo ooo
00000 OO0 0O OO0 (Beak et al, 2004). OO
0 oo oo bl b0 oob oo bbood
000 OO0 000 00 o0o0.ooo oo ooo o
0000 00 00000 000 00000 Mutti et
al, 1996; Smargiassill Mutti, 1999). 00O 00O
00000 0000 luteinizing hormone releasing
hormone (LHRH)O 000 0O0O0OO O OOOO O
OO0 000 000 000 (Pine et al, 2005), 00 O
0000 000 00O 000 ODo0oO oo ooo
0 000 00000 000 00 (Takeda, 2003). O
00000000 OO0 Ooooooo oooooo
U0 ooo obod 0ob oobo, LtHRA O O0DOOO
0 00000 0000 000 o000 ooo ooo
U ooo.

0 00000 OO0 000 ooo oooooo
cDNA arraydl 00 0000 000 OO0 OOO O
00 000 OO0 o000o00 000 ooooo oo
0 00000 00000 0O0.0 000 000 oo
0 000000 000 oOoo0 oobo oooo
0000 00 000 00000 0000 0 0 ooo
000 000 O00 OO0 0 oboooo.

gb o oo

1. 00 00

1) 0J00o oOd

0oo0oo0 o0 OoOoOo oo oo O 1500
Sprague-Dawley 00 0O0(25G 25 g) 25000 O
00000 000 00 Dooo ooooo. ooo o
0000 240261, 000 65%, 0000 OO0 140
0,00100000.00000 00000 000CO
0000 00 00ooo.

200000 Dooo

O O0(MnC}, Sigma-Aldrich Co, St. Louis, MO,
USAY] 000000 00 O OO0 00(.3mhd0
00 0000 000 00o0oo oopoo. oo o
000 0000 (Pecze et al, 2004; Takeda et al,
2003; Weber et al, 2002; Zheng et al, 1999)0
no-observed-adverse-effect-level (NOAEL) O
lowest-observed-adverse-effect-level (LOAEL)O
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0000 (Greger, 1998) cDNA arrayd 00O 25
mg/kg B.W./dayd 1000, 000 OO0 OO O0OO
o000 ooooo oo ooo, 0.2, 1.0, 5.0
mg/kg B.W./dayd 00 00 5000 1000 0000
0.000 U0 0O00OO0O 000 20—50 mg/kg
B.W./day O 300 00O OO O(Shukakidze et al,
2003), 000 OO0 OO0 50 mg/kg B.W./day O
OO0 400 00O OO0O0O0OEwingmann et al,
2004). 0 OO0O0OO OOOOO - LOAEL OOO O
0000 000 00000 ooooo ooo. ooo
00 0000 10000 OO ooooo. oo oo o
0000 0000 O00(Wwhole brain) OO0 O O
000000 000 000 000 o000 ooo o
000000000 000 oooon.

2. 00 00

HOOoooooooo
O00 00 0o0(AM 10:00)0, OO0 OOO OO
O o0o0oooo0Oooooo.

2) 0000000 oooo

00000 0o0o 10000 OO ooooboo, O
0000 00 OO0 0000 oO0oooo oo 3M O
000000000 O00000. 000 00000
OO0 Montes 0O OO0 O0ODO(Montes et al.,
2002). 000 OO0 1 ml0 HNG, OO0 0000
3000 0000 000 O Ooooooo.oooo o
000 0.1 NHNO, 0000 OD0O O O0ooOo oo
00000 (Flameless Atomic absorption spectrom-
etry; Perkin-Elmer, Wellesley, MA, USA)O 00O
ooo.

3) RNA OO

OO0 O 000 Tri-reagent (Sigma-Aldrich
Co., St. Louis, MO, USA) 0.1 g/mi0 OO 0O
homogenizer (Ingenieurburo Co., Etzenbach,
Germany) 0000 OO0 0000 OO OOOO
3000 O00000. Tri-Reagent 1/5 000 chlore
forn) OO0 O0O0O0O 1500 OO0 O 40, 13,500
rpn0 0 1500 00 0O00O0OO0. 0000 O OO0
0O 000000 isopropandl OO O O0O0O0O 153
0O 000,0040,13,500 rpmO00 1000 OO O
O0000. 00 00 0 0000 75% 0000 20 O
0000. 0000 0000 100 00 ooo o0 oo
00 formamide (Sigma-Aldrich) 00O diethyl
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pyrocarbonate (DEPC, Sigma-Aldrich) 000 O
OO0 O0OO0. mRNAO mRNA Isolation Kit
(Roche Molecular Biochemicals, Mannheim,
Germany)d O0O0O00O. OOO total RNADO
MRNAO 260 nmO 280 nmO 0O OOOO OOOO
o0ooO, 280nmd OO 260 nm OO0O0O OO0
1.6—2.00 0OOO cDNA array, RT-PCR O
Northern blot hybridizationd 00000 .

4) cDNA array 00

cDNA arrayldd Rat Toxicology array 1.2 Kit
(Clontech, East Meadow Circle, Palo Alto, CA,
USA)Y] Atlas Rat 1.2 array Il kit (Clontech)O
J0O0dd. ooOo total RNAO DNase O(Roche
Molecular Biochemicals)J 0000 genomic DNA
O 000 OO0 Bactin primerd 0000 RT-PCRI
0000 genomic DNA OO 000 OOD0O0O. OO
0 total RNA 20 pgd 0.5 ml micro-centrifuge
tubdd 0 7000 20, 5000 200 incubation O O
[6°P]-dATP (Amersharm Pharmacia Biotech AB,
Uppsala, Sweden), MMLYV reverse transcriptase
(Roche Molecular Biochemicals)l CDS (cDNA
synthesis) primer mixdd 0000 50000 2500
0000 00000 OO0 cDNA probedl O0OO0O
0. 000 probed Nucleospin Extraction Spin
Column (Amersharm Pharmacia Biotech)l 0O
OO0 000 O scintillation counterD cpnmd 0 OO
0000 0O 000 00 5x1C cpm OO0 OOOOO.
Atlas array membrane (Clontech Co.)O 0.5 mg
denaturated salmon sperm DNA (Sigma-Aldrich
Co.YJ OO0 ExpressHyb 68100 3000 pre-
hybridizationO OO . Probed 10X denaturing
solution (1 M NaOH, 10 mM EDTA)O 2X neu-
tralizing solution (1 M NaH,PO,, pH 7.0)0 680
OO0 0O 2000 1000 incubation O 0O
ExpressHyh 0000 68100 1800 hybridiza
tiorJ 0O . Hybridization 0 000 1(2X SSC, 1%
SDS)Y] 68100 3000 30, 00O 2(0.1X SSC,
0.5% SDS)0 68000 3000 10 0OO0OO.

5) Northern blot hybridization

mRNA (1—4 (g)0 1% agarose/2.2 M formalde-
hyde geld 0 50 vVO 300 OO 0O0O0OO OOO. O
000 O RNAO transfer kit (Trans Vac, Hoefer
Co., San Francisco, CA, USA)O 0000 0000
O (Schleicher O Schuell Inc., Keene, NH, USA)



oo O- cDNA array OO0 OO0 0O0O0O OO0 OO OoOOO0OO0O oooOoo oo

O 00 O, vacuum ovendd 8000 200 OO O

O0O00O. RNADO OO0 DOO0O00O hybridization

buffefl 60000 200 OO prehybridizatidn O
000 cDNA probe (1x 10° cpm/mliIY 0000 60
OO0 1800 OO hybridizationO O O .
Hybridization bufferd 000 50% deionized for-
mamide, 5X SSC (1XSSC: 0.15 M NaCl and
0.015 M sodium citrate), 5X Denhardt's solution
(1X Denhardt’s solution: 0.01% polyvinyl
pyrrolidone, 0.01% Ficoll and 0.01% BSA), 0.1%
SDS, 2 mg/ml salmon sperm DNADO O .
Hybridization 0 00000 000 0000 OOO
000000 0.1X SSC, 0.1% SDS 0000 5500
0 30 000 0O XOOO(X-OMAT, Eastman
Kodak Co., Rochester, NY, USA)OO 1—410 O
O000. 000 probél RT-PCRI OO0 cDNA
OO0 0000 oOligolabelling Kit (Amersham
Pharmacia Biotech.)d [0”P]-dCTP (Amersham
Pharmacia Biotech.)0 0000 O000O00O. OO0
cDNA probed Nick column (Amersham
Pharmacia Co.)00 0OO0OO0OOO. OO0 cDNA
probél 000 1x 10 cpmAg DOO0O0O.

6) Autoradiograph 0 OO0 0000 OO

000 000 Image-Analyzer 00000 XO O
0 00000 DO0O0O0D0. Image-Analyzer 0000
O PhosphorE 000 OO0 O0OOOO OO0 OO
0000 0000 0000 O Typhoon9400
(Amersharm Biosciences, Piscatway, NJ, USA)O
0 000 0O0O0. 000 00000 Image Quant
(version 5.0)000. XO 00O O0O0OOO hybridiza
tiord 000 OO0 000000 X-OMAT AR OO
(Eastman Kodak Co.)O0O -700 00 1—3] 00O O
0 0O XO 00 000(RGIHI, Fuji Co., Tokyo,
Japan)] O00000. cDNA arrayll] 0000 OO
0@5 mgd) 00 OO0 OO OO OO0O cDNA
array Joo0o00O 0000 array 000
Atlaseimag®’' Software (Clontech)l O0O0000.
000 00000 Atlaseimag®' Softwarél 000
array 000 0O0O0O0O OOOOO. Northern blot
hybridization 000 0000 O OO0 OO OO0
00 OO0 OO0 Adobe Photoshop (version 6.0)0
00000. 000 total RNA OO 00O B-actin O
0 0000000 o000, 0000 oo0oo o
ugd o ouoo oo 10 oo o bbog bod
0O 0ooooo.

3.00 00

OO0 000 SPSsS OO0O0(version 12.0)0 OO0
0O 0000 OO0 O0OO00D00 Kruskal-Wallis
one-way ANOVAD 0O00O0OO. 0O OO OOOO
Mann-Whitney U testd 00000 p OO
Bonferroni correctiond O0O0O0O 50 O OO0 OO0O
00 OO 0.005000,40 0O OO0 O0OOOO OO
0.0083 000 OUO0O OOOOOO OOODOO.

0 0

1. 000 00 0O

000 OO0 000 000 000 Table 10 O0O.
000 0000 000 00 ooooo oooog o
O 000000 5mgd 25 mg U000 OOO00OO
ooooobo. 00 0ooo0 booo oob ooo. oo o
000 00O 25mg ODOOD0OO OO 000 OO0 OO
o000 ooo.

2. 00000 00 oo

00000 00 000 000 o000 Table 20 O
U.000 boboog o0 ooo oooobo oo o
0 0000000 000 oo ooboo ooooo.

3. cDNA array OO

000 DO0O0OO0 000 000 O array kitO O
6710 O0O0O0O OO0 OO ODOOOWg-1) OO DO
ubO0 0ooodg 00O ooooo 20 000 oog o
U0 00 0000 260 O0OO0O0O 520 O0OOOO
(Table 3). 00O O OO0O0OOOO 00O OO0 OO
OO0 28000 OO0 0000 24000.000 OO
ogooooooo oooo ocoob ooo.ooo o
00000 000 Pubmed OO OO OOODO OO
uboo ooo ooooobooo oooob ooo o
OO0 0000 190 0000 28000 (Table 4).

4. 00 OO OO0 OO0 OO (Dose-related
gene expression)

Table 4 0 000 2800 OO0O0O O O OO0OOO

000000 O mitochondrial stress-70 protein,
multidrug resistance protein, neurodegeneration-

355



oooooooo 0 170 0O 40 20050

Table 1. Mean weight of body and brain according to the manganese exposure level meant S.D.
Parameters Control 0.2mg 1.0mg 5.0mg 25.0mg
Body (9) 367.50+ 37.20 358.47+ 42.86 342.63+ 38.27 295,55+ 32.94%¢ 273.82+ 34.78%¢
Brain (g) 1.85+ 0.13 1.83+ 0.14 1.85+ 0.12 1.84+ 0.13 1.78+ 0.12

acompared to control group, Pcompared to 0.2 mg exposed group, Scompared to 1.0 mg exposed group.

p(<0.005) values were calculated by Bonferroni correction.

Table 2. Mean manganese concentration of blood and basal ganglia according to the manganese exposure level meant S.D.
Parameters Control 0.2mg 1.0 mg 5.0mg 25.0mg
Blood (O /00) 0.015+ 0.001 0.031+ 0.0032 0.135+ 0.011% 0.842+ 0.076°¢ 1.047+ 0.112%¢
Basal ganglia (O /g) 0.121+ 0.012 0.352+ 0.0322 0.757+ 0.073® 2,953+ 0.261%¢ 14.586+ 1.183%cd

acompared to control group, Pcompared to 0.2 mg, ‘compared to 1.0 mg,dcompared to 5.0 mg exposed group.

p(<0.005) value was calculated by Bonferroni correction.
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Fig. 1. Representative autoradiogram of cDNA expression
array. The Rat Toxicology array 1.2 membrane sets
were hybridized with cDNA probe sets reverse-tran-
scribed from the basal ganglia of manganese exposed rat
(B) and control (A).

associated protein 1, endoplasmic reticulum
stress protein 72, neuroligin 2, dopa/tyrosine sul-
fotransferase, dopamine receptor la, dopamine
receptor 2 0 80 UO0O0OOO OO0 OOOO OOO
000 000 ooooo.
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1) Mitochondrial stress-70 protein (MTHSP70)
Mitochondrial stress-70 protein (Table 1, No
110 0000 00 0000 000, 0ooooo o
Ooo00O 0oo0ooo oo o0.2,1.0,5.0mg 00000 O
0 4.12, 4.29, 5.560 000000, OO0 0OOO OO
godoooo ooob oobo obdo bogoo

(Fig. 2).

2) Multidrug resistance protein (MDRP)

Multidrug resistance protein (Table 1, No. 13)
0 0000 0000 000, 000000 0000 O
ooo og 0.2,1.0,5.0mg 000nOog 0oo 2.57,
5.12, 5.210 00000 (Fig. 2).

3) Neurodegeneration-associated protein 1
(Neurodap 1)

Neurodegeneration-associated protein 1 (Table
1, No.25)0 trafficking and targetting proteind
0 000, 000000 D000 oOOoobo OO 0.2,
1.0, 5.0 mg 00000 OO 2.95, 4.67, 6.250 O
ooood, 00 000 00 Ooo0ooo oooo O
000 000 00000 (Fg. 2).

4) Endoplasmic recticulm stress protein 72
(ERP72)

Endoplasmic recticulm stress protein 72 (Table
1, No. 3)0O 00O O 00O O OO0O0O OO O0OOO
000, 000000 0000 oooo oo o.2,
1.0,50mg 00000 00O 3.92, 6.41, 10.180 O
00000, 00 000 OO0 bO00oO0 oooo oo
00 000 00000 (Fig. 2).
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Table 3. List of genes showing changed expression in the manganese exposed group compared with the control

GenBank No. Gene/Protein Name Gene/Protein Classification 3old change
D26307 1 JunD proto-oncogen Oncogenes & tumor suppressors +2.13
M65008 2 Zinc finger transcriptional activator (NGFI-C) +2.22
AB012234 3 Nuclear factor [-X1 (NF1-X1) DNA polymerases, replication factors
& topoisomerases +5.46
M 14656 4 Osteopontin (ON) Matrix adhesion receptors -2.64
M20035 5 Prothymosine-alpha (PTMA) Other immune system protein -2.94
X14878 6 Thioredoxin -2.87
U41662 7 Neuroligin 2 Cell surface antigens; cell adhesion protein~ -7.65
u41663 8 Neuroligin 3 -341
M96375 9 Neurexin | beta (NRXN1-beta) -2.84
227118 10 Heat shock 70-kDa protein (HSP70) Heat shock proteins +3.06
S78556 11 Mitochondrial stress-70 protein (MTHSP70); Stress resporise proteins +10.03
75-kDa
M18330 12 Protein kinase C delta 296
(PKC-delta; PRKCD; PKCD)
X96394 13 Multidrug resistance protein (MDRP) Drug-resistance protein +11.25
Y 00404 14 Soluble superoxide dismutase 1 (SOD1) Other metabolism enzymes +4.21
X56600 15 Superoxide dismutase 2, mitochondria +4.26
X94371 16 Superoxide dismutase 3 +2.41
M60753 17 Membrane-bound soluble catechol-
O-methyltransferase -2.23
AF05528 18 Potential-sensitive polyspecific organic Intracellular transducers, effectors
cation transporter 3 & modulators 221
X59949 19 Nitric oxide synthase 1 +5.85
D17521 20 Chloride channel protein 3 (CLCN3; CLC3) Voltage-gated ion channels -2.07
267744 21 Chloride channel protein 7 (CLCN7; CLC7) -2.26
M91808 22 Sodium channel beta 1 subunit +2.10
JO3753 23 Brain calcium-transporting plasma membrane ATPase transporters 280
type ATPase
X05834 24 Fibronectin Extracellular matrix proteins -3.46
D32249 25 Neurodegeneration-associated protein 1 Other trafficking & targeting proteins +8.25
(Neurodap 1)
M 18668 26 Creatine kinase b Energy metabolism +2.13
X14209 27 Cytochrome c oxidase subunit 1V (COX4) -2.85
D10952 28 Cytochrome ¢ oxidase polypeptide Vb (COX5B) -3.68
M17086 29 CAMP-dependent protein kinase type | alpha Nucl eotide metabolism +2.64
regulatory subunit (PRKAR1A)
u38419 30 Dopaltyrosine sulfotransferase (DTST) Metabolism of cofactors, vitamins -6.84
& related substances
M86870 31 Endoplasmic reticulum stress protein 72 (ERP72) Post-translational modification protein; +12.24
other stress response proteins
X78167 32 Ribosomal protein L15 Ribosomal proteins +4.24
X51707 33 Ribosomal protein S19 (RPS19) +6.25
X51536 34 Ribosomal protein S3 (RPS3) +3.35
AF003523 35 BCL 2-associated death promoter (BAD) Bcl family proteins -3.59
U72350 36 BCL2-like protein 1 (BCL2L1); BCLX -3.24
M35077 37 Dopamine receptor 1A (D1A) Hormone receptor nuclear receptors -9.56
M36831 38 Dopamine receptor 2 (D2) -11.76

@ The fold change was obtained by comparing signal intensities between control and manganese exposed in the cDNA expression
array. +: increased in manganese exposed group ; - decreased in manganese exposed group.
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Table 3. continued.

GenBank No. Gene/Protein Name Gene/Protein Classification 3-old change

L08490 39 Gamm&amn nobutyric-acid receptor alpha 1 Neurotransmitter receptors 216
subunit (GABA(A) receptor alpha 1; GABRA1)

X15468 40 Gamma-aminobutyric-acid receptor beta 3 206
subunit receptor (GABRB3)

AJO00556 41 Janus tyrosine-protein kinase 1 (JAK 1) Intracellular kinase network members +2.36

U13396 42 Janus tyrosine-protein kinase 2 (JAK?2) +2.23

M18331 43 Protein kinase C epsilon type (PKC-epsilon) -2.24

L01624 a4 Serum/glucocorticoid-regul ated serine / +2.20
threonine protein kinase (SGK)

D85509 45 Matrix metalloproteinase 3 (MT-MMP?3) Metalloproteinase +2.81

M60616 46 Matrix metalloproteinase 11 (MMP11) +3.14

AJ012603 47 A disintegrin and metalloproteinase domain 17~ +2.10

Jo0750 48 Metallothionein 1 (MT1) Functionally unclassified proteins +3.20

S65838 49 Metallothionein 3 (MT3) +2.46

M17698 50 Thymosin beta 10 (TMSB10; THYB10); PTMB10 -4.99

D38380 51 Siderophilin; beta-1-metal-bindin Extracellular transport/carrier proteins +4.04

M58040 52 Transferrin receptor +4.10

a Fold change was obtained by comparing signal intensities between control and manganese exposed in the cDNA expression array.
+: increased in manganese exposed group ; - decreased in manganese exposed group.

5) Neuroligin 2

Neuroligin 2 (Table 1, No. 7)00 adhesion recep-
tord 0 O0OD ODOO0OO OO0 DOoObO oooo g
0 0.2, 1.0,5.0mg 00000 OO 1.40, 2.85,
7.14) 00000 (Fig. 3).

6) Dopa/tyrosine sulfotransferase (DTST)

Dopa/tyrosine sulfotransferase(Table 1, No.
300 cofactord OO0 OO OO0 ODOOOO OO
00 oodo, 000000 Oooo oooo oo
0.2mg 000000 OO0 OOOO 1.0 mg OO
000 3.351 00000 (Fig. 3).

7) Dopamine receptor 1A (D1A)O Dopamine

receptor 2(D2)

Dopamine receptor 1A (Table 1, No. 37)0
Dopamine receptor 2 (No. 38)0 OOO O O OO
000 000, 000000 Dopamine receptor
D1AD 00O 0000 0000 00 0.2mg 0000
00 000 oooo 1.0, 5.0 mg0ooon oo
4.76, 6.670 OO0O0OO(Fig. 3). Dopamine recep-
tor 2 0000 OO0 OOOO OOOO DO 0.2,
1.0, 5.0 mg OOQO0OO OO 1.20, 2.32, 6.250 O
0000 (Fig. 3).
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U 0000 cDNA arrayll 0 ODODODO OOO O
00 0000 00000 0000 000 oooo 19
0 0000 280000,0 000000000 OO0
00 OO0 O00D0D00O gamma-aminobutyric-acid
(GABA), superoxide dismutase (SOD), metallo-
proteinase, metallothionein, transferrin OO 00O
0d ooboo oo gooood oooo oodgo o
O 0000 neurodegeneration associated protein,
endoplasmic reticulum stress protein, neuroligin
02100 00000O.

GABAO glutamatel 00 000000 OO0O O
000 0000 GABAD OOOOO, OO0OO gluta
matd] 00000 O0O0O0O(Calaza et al, 2003). O
0000 00000 GABAOOO O0OOOOO OO
0 OO0 (Gwiazda et al, 2002). GABA 0000 O
GABA(A)O OO0 O0O0OOOODOO postsyneptic
clustering 0000 OO0 O0O0O0O O0OOO. QOO
0 GABA(A) 0000 O0O0OOO OD0OODOO O OO
0O 000 000 Od(Eriksord Aschner, 2003;
Schweizer et al, 2003). 00O O O0O0O0O0O OOO
U oo ooddb oo ogb. b obo oboo od
0 000 OO0 00 GABA(A) o,fsubunit 0000



oo O- cDNA array 000 OO0 0O0O0O OO0 OO 0oOOO0O OoOOO0O OO

000 000000, 00000 0 000 0o oo
000 00 GABA(A) o,Bsubunit 0000 OO O
00 00000 000 000 O00oooOoo oooo
000 oooo.

000000 ODO00O00O OO0 DO0O0 perox
ynitritél 00 000 00000 O00O. 000 O
00 000000 OO0 D000 Ooo oo oo
O(homeostasis) OO0O0O OO0 ODOOOOO OO

OO0 OO0OO0O0O(Chen et al, 2002; Colombrita et
al., 2003; Viggiano et al, 2003). Superoxide dis-
mutase (SOD)0 000000 OO0OO0O OO O0OO
0 000000 O00000@H,0,)0 0DO0000(Kao
et al, 2003; Viggiano et al, 2003). 0 OO0OO0O
SOD (manganese superoxide dismutase) 1, 2, 3
00 0000 OO0 0000 00 000 oooooo
00 00000 OO0 000 0000 Ooooooo o

Table4. List of new genesinvolved in the manganese-induced metabolism in the rat basal ganglia

GenBank No. Gene/Protein Name

Gene/Protein Classification

D26307
AB012234 3

[E

JunD proto-oncogen
Nuclear factor I-X1 (NF1-X1)

Oncogenes & tumor suppressors
DNA polymerases, replication factors
& topoisomerases

M 14656 4 Osteopontin(ON) Matrix adhesion receptors
M20035 5 Prothymosine-alpha (PTMA) Other immune system protein
X14878 6 Thioredoxin
U41662 7 Neuroligin 2 Cell surface antigens; cell adhesion protein
U41663 8 Neuroligin 3
M96375 9 Neurexin | beta (NRXN1-beta)
227118 10 Heat shock 70-kDa protein (HSP70) Heat shock proteins
S78556 11 Mitochondrial stress-70 protein .
Stress response proteins
(MTHSP70); 75-kDa
X9639%4 13 Multidrug resistance protein (MDRP) Drug-resistance protein
M60753 17 Membrane-bound soluble catechol -
O-methyltransferase
AF05528 18 Potential-sensitive polyspecific organic Intracellular transducers, effectors & modulators
cation transporter 3
D17521 20 Chloride channd protein 3 (CLCN3; CLC3) Voltage-gated ion channels
267744 21 Chloride channel protein 7 (CLCN7; CLC7)
M91808 22 Sodium channel beta 1 subunit
J03753 23 Brain calcium-transporting plasmamembrane  ATPase transporters
type ATPase
X05834 24 Fibronectin Extracellular matrix proteins
D32249 25 Neurodegeneration-associated protein 1 Trafficking & targeting proteins
(Neurodap 1)
M17086 29 CAMP-dependent protein kinasetype | alpha  Nucleotide metabolis
regulatory subunit (PRKAR1A)
M86870 31 Endoplasmic reticulum stress protein 72 Post-trandational modification protein;
(ERP72) stress response proteins
M35077 37 Dopamine receptor 1A (D1A) Hormone & nuclear receptors
M36831 38 Dopamine receptor 2 (D2)
AJO00556 41 Janus tyrosine-protein kinase 1 (JAK1) Intracellular kinase network members
U13396 42 Janus tyrosine-protein kinase 2 (JAK2)
M18331 43 Protein kinase C epsilon type (PKC-epsilon)
L01624 44 Serum/glucocorticoid-regulated serine
/threonine protein kinase (SGK)
M17698 50 Thymosin beta 10 (TMSB10; THYB10) Functionally unclassified proteins

; PTMB10
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O00.0 0O 000 OoO0Ob0O DOo0Oo0 oo0 nitric

oxide synthease (NOS) 0000 OO0 OO O0OO
0000000000000 000 ooo ooo
00000.sODO NOs 00 000 oOoOoo ooo
0000 000 000 000 000 superoxide OO0
O hydroxyl radical 00 000 00O OO OO0 O
00,000 000 000 O DNAD OO0 oo O
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Fig. 2. Dose-related expression of mitochondrial stress protein
70 (MTHSP70), multidrug resistance protein (MDRP),
neurodegeneration associated protein 1 (NDAP1) and

endoplasmic recticulm stress protein 72 (ERP72) genes

in the rat basal ganglia. (A) Northern blot analysis
mRNAs. mRNAs (1 ) were fractionated on a 1%
formaldehyde agarose gel, transferred to a nylon paper,
and hybridized with the [o¢®]dCTP-labeled cDNA
probes. The (-actin probe was hybridized to confirm

equal loading of the mMRNA samples. Arabic numbers

on the lane indicate the manganese exposed level/kg

B.W/day. C: control. (B) The Northern signals were

normalized relative to the B-actin mRNA levels, and

expressed as relative units over the C value of 1.0. The

experiments were repeated three times, and individual
values are expressed as the meant S.D. a, b and c on
the bar indicate the significantly difference (p<0.0083)
compared with control, 0.2 and 1.0 mg/kg B.W./day
exposed groups, respectively.
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00 000 OO0 0000 00 oooooo ogo
O (apoptosis) 00 0000 (Stohs et al, 2001). O
0000 OO0 0OO00O OO0 o000 BCL-assocl
ated death promoter (BAD)O BCL2-like protein
1 (BCLX) OO 0O0OO.BADO OO0OO ODOOOO,
BCLXO 0000 0O0O0O0O0O OO0 O0O(Datta et
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Fig. 3. Dose-related expression of neuroligin 2, dopa/tyrosin
sulfotransferase (DTST), dopamine receptor 1A (D1A)
and dopamine receptor 2 (D2) genes in the rat basal
gandia (A) Northern blot analysis mRNAs. mRNAs (1

) were fractionated on a 1% formal dehyde agarose
gel, transferred to a nylon membrane, and hybridized
with the [of?P]dCTP-labeled cDNA probes. The B-actin
probe was hybridized to confirm equal loading of the
MRNA samples. Arabic numbers on the lane indicate
the manganese exposed level/kg B.W/day. C: control.
(B) The Northern signals were normalized relative to the
B-actin mRNA levels, and expressed as relative units
over the C value of 1.0. The experiments were repeated
three times, and individual values are expressed as the
meant S.D. a b and c on the bar indicate the signifi-
cantly difference (p<0.0083) compared with control, 0.2
and 1.0 mg/kg B.W./day exposed groups, respectively.
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al, 2002; Ma et al, 1995). OO0 OO OOOO O
OO0 OO0 00O sobZd OoOdo(schrantz et al,
1999). 000 OO0OO OO0 O OO OO0 OO OO0
00 000 000 00 00 0000 o000 Bak,
Bax 0O (Huh et al, 2001; Matuszyk et al, 2001;
Schimmer et al, 2001; Sundararajin et al, 2001)
0000 OO0 000 0000 OO0 oboooo o
0000 000 00000 OO o000 0ooo oo
00,000 OO0 000 00 0000 ooo oo
0 000000 000 o0 o000 o0 ooo.

Metalloproteinase (MMP)O OO0 0O0O0O
remodeling 0000 O0O0O0O 0000 O OO O
0ooo 00 oo oo oo ooob o gd
00000 000 00O sobZy 00O ooo oo
0O 00000 DOO0OD0 000 O00(Ehang et al,
2002). 0 OOOOO MMP3 MMP11 O0O0O0O O
U0 00 obodb 0O 0O O0ob O Oob oboo od
000 OO0 00O0.000 00 0oOo ooo sob2
0 doob oob oo o oob ooodo MMP O
OO OO0 OO0 OO0 OO oxidative stressOl O
0 0doboddg oogd.

Metallothionein (MT)O OO0 OO O0O0OOO O
U0 odb bodb 00b bbo oboob .o od
000 0000 ooobo 0,00 0 00 00 oOoo
0 000 ODOOO(Coyle et al, 2001). O DOOOO
MT 10 30000 000 OO0 oOoo, 0oo oo
00 000 oob bog oo oob ooo o
O.MTOOOO OO 000 MMP O SODZ1 OO
000 oxidative stressd 0000 OO O0OO0O O
0 00O (Sato et al, 1995).

00000 000 0oooo MnzZo Mn30 OO0
O transferrind 0000 (Archilbaldd Tyree,
1987; Aschnerd Aschner, 1991) OO0 o2-
macroglobulinl 0000 (Morrow et al, 1967).
Mn20 Mn30000 o2-macroglobulin 0000
OO0 00 00000 000 00000 transferri
0000 00 00 0O 000 000 00 00 ooo
MnO OO 0O0OOO ODOOOO OOOO OO
(Morrow et al, 1967). Transferrin OO0O0O OO
0000 00000 0000 (Jefferies et al, 1984),
transferrinl 000 000 00000 O0O0OO0O O
000 (Aschnerd Aschner, 1990; AschnerO
Gannon, 1994). 0 0000 OO0 OO0 OO0 O
00000 transferine OO0O0 OO0 OO0 OOO
O0. Transferine OO0 O0O0OO OO OO0 OOO
g oo b oo ooob Oob oo o oooog o

0000 OO0 000 o000 00 ooo.

Dopamine 00 00000 OO0 OOO OO0OO.
Dopaminél 00000 tubero-infundibular neu-
rond]] 00O 0000 DOOODOOOD OO0 OO0
O (Elsholtz et al, 1991). 0 O0OOO0O OOO OO
0000 dopastyrosine sulfotransferase, dopamine
receptor la, dopamine receptor 2 0000 00O
00 0000, 00 00000 0 0000 ooo o
0 00000. 0000 00000 00 dopamine O
00 0000 norepinephrine 00O OOOO0O O
ooo0do0d0 000 OoOoOooO0o Oooooo
(Autissier et al, 1982). 00 0000 O OO0OO
000 000 OO0 dopa/tyrosin sulfotransferase 0
000 00 000 000 00 dopamine OO OO0
gooo oood. bodd obob oo oo bod
dopamingl 000 OO0 0OOOO OOOOO OOO
(Tran et al, 2002) 000 dopamine OO0 O0O0O
0 0000 000 000 0000. 000 dopamine
000 OO0 0000 dopamine receptor lal
dopamine receptor 2 0000 OO0 OO0OOO O
0 doboododoboboo,booooo od
000000 000 00000 ooooo ooo o
oo ooo o oo ood.

0 0000 000 00000 OO0 2800 OO0
o0 0 0dbbddgd bbooobb Oobb ooo
OO0 0000 neuroligin 2, 3, neurexin 1-betall O
O0. NeuroliginD 000 subtypél OO 00000
OO0 0 0000 000 subtype 2, 30 OO0 OOO
OO0 0000 000000 (Bolliger et al, 2001;
Ichtichenko et al, 1996). Neuroligin(l neurexin
beta, postsynaptic scaffolding protein (PSD-95)
0 000 000 00000 0000 (Ichtichenko et
al, 1996; Ullrich et al, 1995; Ushkaryov et al,
1992). Neurexin 00000 OO0 OO0 OOO O
000 OO0 ODOOO00Ullrich et al, 1995;
Ushkaryov et al, 1992) neuroliginD 00 0000
000 ODOoOO(Misslefd Sudhof. 1998). O OOO
neuroligind c-00 0O00O0 PSD-95/D1g/Z0-1
(PDz-95) 00000 OOOO0 OOOOO OO OO
0O 000 O0000(Kornau et al., 1997). OO0 O
00000 PSD-9% neuroligin OO0 00000 O
000 0000 0000 @MHunt et al, 1996). 000
neuroliginl 00000 0000 OO0 O0OOO O
00 0000 00000 U0oo0d. 0 Ooooo ooo
0 OO cDNA array kit O neuroligin 2, 30
PSD-95, neurexin 00O 00 0O0OOO OO0,
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neuroligin 2, 30 neuroxin-bet@d0 00O OO OO
goooo oob oo b0 ogoboboo. oog g
00 00O OO0 000 OO0 neuroliginl neurexin 0
000 OO0 000 000 00 ooO0 oooo ooo
000 000 0000 o0ob oooo.

0 0000 0000 000 OO0 ooooo ooo
00 80 OU0O0O OO0 OO0 O0O0OO OO0 ooo
000000 O 000 mitichondrial stress-70 pro-
tein (MTHSP70), neurodegeneration associated
protein (Neurodap 1), endoplasmic reticulum
stress protein(ERP72) 0000 OO 0O0O(0.2 mg
000)o 00 000000 o000 o000 ooooo.
Mitochondrial stress-70 proteinl] Heat shock pro-
teind0 000, 000000 TCA cyclel OO0OO
00000d, oxidative stressU0 O OO0 O0OO0O0O
0 0000 (Mitsumoto et al, 2002). OO O OO0
0O 0000 0000 000 ps3000no c-ooo o
000 0000 000 oOoooWadhwa et al,
2002). Neurodegeneration associated proteind [
0000 OO0 OO0 DOO postsynaptic density
(PSD) 000 OODOO O ODODOODOOO OO0 OO
O OO0 (Nakayama et al, 1995). 000 endoplas
mic reticulum stress proteind 000 00000 O
00 DOO00O0(Srinivasan et al, 1993).

cDNA arrayl 000 0O0OO 0O0O0O OOO OOO
000 000oO0000 00 ooooo ooooo o
U0 ooobo 0odb oub oobbo oooog g
0000 000 00 0 0oobo ooo oo, ooo o
gbood oonbD oboood oo oo gbod oo
000 00000 U000 Oo0o0o ooo ooo o
g0 oob oo b ooo oo ggb . b ogoo
O oxidative stress, 0O0O0O0 O O0OO 00O O
U0 ooobdo o0 oooob oo obobooo. d
00000 00 00000 0000 ooo ooo o
U0 boo gdobo o ob boo boo oo gd
000 OO0 U0 0000 o0 0 0O ooo ooo
000 000 000 0O 00 o000.000 000
00 000 000 oo0obo0o ooo oboooo o
000 O00OO0 o000 00 neuroligin, neurexin
l-beta 000 OO0 OO OO0 OO0 OO DOOO
000000 000 000 000 O 00 000 00

000 O0O0OO0O. 000 O O Neurodegeneration-

associated protein 1, dopamine receptor 0 280 O
000 00000 0000 OO0 oo oo oo o
000000 00o000.
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g O

0O0: 000 000000 000 Oo0oo ooo o
U0 oobbd oobb obb oboboo obo o
00000 00000 ooo.

O0: 00000 000 oooOo od Sprague-
Dawley 00 O00(25G 25 g) 25000 OJOOOOO,
OO0 0000 ODOO0O0OD0O No-Observed-Adverse-
Effect-Level (NOAEL) O Lowest-Observed-
Adverse-Effect-Level (LOAEL)O O0O0O0O, cDNA
array] 25 mg/kg B.W. 000 1000, 00 OO0
00000 000 000(0.0), 0.2, 1.0, 5.0 mg/kg
B.WJIO 1000 O0OO0O0OO. 000 OO0OO OO O
U0 0boboobogo boobo. cDNA Arrayd
Atlas Rat 1.2 array IlI0 Toxicology array 1.2
cDNA expression array kit O0O000O0O. 00 OO
0 OO0 OO0 DOO Northern blot hybridization
0000 oOoooo.

O0O: 000 ODU0O0O0O0O0OO Rat Toxicology array
1.2 kit 000 0000 0O 4240, 000 Atlas
Rat 1.2 array Il kitD 000 0000 O 247100
000 67100 O0O0O0O OO OO0OO, 0000 OO
00 00 00000 20 000 000 OO0 OO O
000 Rat Toxicology array 1.2 kit O 320,
Atlas Rat 1.2 array Il kitD O 2000 000 520
000o00. 00 0 0000000 o0o ooo oo
OO0 28000 0O0O0O OOOO 24000. 000
nuclear factor 1-X1 (NF1-X1), neuroligin 2, 3,
mitochondrial stress-70 protein (MTHSP70) O 19
0 0000 280 00000 O0O0O0O OO0 OO OO0
U0 ooooodooo oboo oo 0od od gd
000.280 0000 OO0 O0OO0OO OO0 oOOo
00 800 OO0 OO0 OO0 OO mitochondrial
stress-70 protein (MTHSP 70), neurodegenera-
tion-associated protein 1 (Neurodap 1), endoplas-
mic reticulum stress protein 72 (ERP72) 0000
0.2 mg/kg B.W./day 000000 000 000 O
oooo.

00: 0 0000 OO0 oo oooobo ooo 28
00 00000 000 0O 0000 0oo0 ooooo
oD ouob ob o b oboooo.
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