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Table 5. Type I error (%) under heteroscedasticity. a? = 02 + y; x . ‘Proposed-W’ and ‘Proposed-T’ are

1
proposed test with or without Welch correction, respectively

Case Test : v=10 v=1 =2 v=3
Case 1 Proposed-W 54 59 5.6 57
Proposed-T 4.9 6.3 6.2 6.1
Regression 49 6.3 6.2 6.1
Case 2 Proposed-W 52 6.1 6.1 6.1
Proposed-T 49 7.0 7.6 78
Regression 5.0 8.0 82 8.5
Case 3 Proposed-W 4.9 6.4 6.2 6.4
Proposed-T 5.1 74 7.4 7.3
Regression 4.8 7.6 7.7 7.6

6.4. Robustness against variance heterogeneity

Variance heterogeneity will likely occur in real situations, and we therefore examine the robustness
of the proposed test against variance heterogeneity by considering the case in which within-group
variance o7 is as follows: ‘

o} =0+ pry (%)

The parameter -y takes values 1, 2, and 3. Simulation results are summarized in Table 5, where, even
though all tests appear to be liberal, the proposed test is the most robust one.

7. CASE STUDY

As a case study, we selected an ‘ovariectomized rodent uterotrophic assay’ containing seven groups
with six animals per group, examining the quantitative endpoint of uterine weight gain in response to
the estrogenicity of administered test chemicals. The dose setting was (da,ds) = (0.0, 0.0),
(10.0, 0.0), (20.0, 0.0), (0.0, 10.0), (0.0, 20.0), (5.0, 5.0), and (10.0,10.0), i.e. two simultaneous
administration groups were included. The major interest was whether or not the combined effect was
synergistic. The observed uterine weights were averaged over two simultaneous administration groups
and compared with the response for (da,ds) = (7.5, 7.5) estimated under the null hypothesis based
on the data from groups with individual chemical administration.

The observed mean response was y = 1606.4 with standdrd error V(y) = 59.4, and the estimated
response was y = 1450.0 with standard error V(y) = 39.7. The degrees of freedom using Welch
correction were 19, and therefore the one-sided p-value corresponding to the observed value
T =2.190 was p = 0.021. From these results we judged that the combined action was synergis-
tic—a judgment accepted as reasonable by researchers conducting this experiment.

8. CONCLUSION AND DISCUSSIONS

One issue elicited from endocrine disruptor studies is how to judge the occurrence of synergism among
chemicals. Here, we considered exchangeable cases in which two chemicals induce the same type of

response on animals.

Copyright © 2003 John Wiley & Sons, Ltd. Environmetrics 2003; 14: 213-222
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A linear model was assumed regarding the experiment data using a proper transformation of
response and/or doses of chemicals, with synergism being defined as the case in which there occurs a
higher response for simultancous administration of chemicals than the corresponding response
expected from the linear model without interaction. Based on this consideration, we proposed a
triangular design for an animal experiment and a statistical test for judging synergism.

Results of a simulation study indicate that the proposed test is not superior in power to the analysis
of variance test in the regression model with interaction, yet it is nevertheless robust against
heteroscedasticity for type I error. By applying the proposed test to actual experimental data, a
judgment was made that the combined effect of test chemicals was synergistic. Researchers who
conducted the experiment in question agreed this was a reasonable finding.

When considering the molecular mechanism of the receptor-ligand system, it is obvious that the
simplest in vitro system has only a slight possibility to produce a synergistic response because at the
ligand binding site the best ligand is always interfered with by a less potent ligand. The occurrence of
synergism is always speculated when the system is complex and has multiple signal pathways, most of
which are in a ‘black box’.

It is for this reason that a study aimed at detecting possible synergism will likely be an in vivo
eexperiment. And yet, such in vivo studies always have limitations in their size, sometimes due to (i) the
limited capacity of the animal facility, or (ii) manpower limitations. This affects the ability to complete
each process within a certain timeframe in order to minimize the circadian variables. The proposed
experimental design using a limited number of animals together with a robust statistical analysis
method is therefore expected to be useful to many researchers for detecting possible synergistic effects

in in vivo assays.

ACKNOWLEDGEMENT

This research was partly supported by a Grant-in-Aid for Scientific Research [(c)11680328] provided
by Japan Society for the Promotion of Science.

REFERENCES

Berenbaum MC. 1989. What is synergy? Pharmacological Reviews 41: 93-141.

Committee on hormonally active agents in the environment, board on environmental studies and toxicology, commission on life
sciences, National Research Council. 1999, Hormonally Active Agents in the Environment. National Academy Press:
Washington, DC.

Endocrine Disruptor Screening and Testing Advisory Committee (EDSTAC). 2001. Final Report. http://www.epa.gov/
oscpmont/oscpendo/hisorty/finalrpt.htm.

Gennings C, Schwarz P, Carter WH, Simmons JE. 1997. Detection of departures from additivity in mixtures of many chemicals
with a threshold model. Jour. Agri. Biol. Environ. Stat. 2: 198-211.

Hasegawa R, Yoshimura I, Imaida K, Ito N, Shirai T. 1996. Analysis of synergism in hepatocarcinogenesis based on
preneoplastic foci induction by 10 heterocyclic amines in the rat. Jpn Jour. Cancer Res. 87: 1125-1133.

Hewlett PS, Placket RL. 1959. A unified theory for quantal response to mixtures of drugs: noninteractive action. Biometrics 13
591-610. :

Kanno J, Onyon L, Haseman J, Fenner-Crisp P, Ashby J, Owens W. 2001. The OECD program to validate the rat uterotrophic
bioassay to screen compounds for in vivo estrogenic responses: Phase 1. Environmental Health Perspectives 109: 785-794.

Kodell RL, Pounds JG. 1990. Assessing the toxicity of mixtures of chemicals. In Stat. in Tox., Krewski D, Franklin C (eds).
Gordon and Breach Science Publishers, Chapter 26: 559-591.

Laska EM, Meisner M, Ang DI. 1997. Classification of the effectiveness of combination treatments. Stat. in Med. 16:
2211-2228. :

Laurence DR, Bennett PN. 1980. Clinical Pharmacology (Sth edn). Churchill Livingstone; 162-163.

Copyright © 2003 John Wiley & Sons, Ltd. Environmetrics 2003; 14: 213222

-193-



222 N. MATSUNAGA ET AL.

Machado SG, Robinson GA. 1994. A direct, general approach based on isobologram for assessing the joint action of drugs in
pre-clinical experiment. Stat. in Med. 13: 2289-2309.

Piegorsch WW, Bailer Al. 1997. Statistics for Environmental Biology and Toxicology. Chapman & Hall: London.

Reif AE. 1984. Synergism in carcinagenesis. Jour. National Cancer Inst. 73: 25-39.

Rothman KJ, Greenland S, Walker AM. 1980. Concept of interaction. Amer. Jour. Epidemiology 112: 467-470.

Roy P, Esteve J. 1998. Using relative risk models for estimating synergy between two risk factors. Stat. Med, 17: 1357-1373.

Sakuma A. 1996. The World of Sakuma Akira. Scientist, Tokyo. 27-29 (in Japanese).

Saracct R. 1980. Interaction and synergism. Stat. Med. 17: 1357-1373.

Satterthwaite FE. 1946. An approximate distribution of estimates of variance components, Biometrics 2: 110-114.

Solicitation of Comments on Proposed Peer Review of Low-dose Issues for Endocrine Disruptors. 2001. http://ntpserver.
hiehs.nih.gov/htdocs/liason/LowDoseEndocrineFR . html; http://ntpserver.hiehs.nih.gov/htdocs/liason/EndocrineMtgDelay
FR.html.

Welch BL. 1938. The significance of the difference between two means when the population variances are unequal. Biometrika
29: 350-362.

Yamasaki K, Takeyoshi M, Yakabe Y, Sawaki M, Imatanaka N, Takatsuki M. 2002. Comparison of reporter gene assay and
immature rat uterotrophic assay of twenty-three chemicals. Toxicology 170: 21-30.

Copyright © 2003 John Wiley & Sons, Ltd. Environmetrics 2003; 14: 213-222

-194-



B ARZEMEES M (Jpn. . Neuropsychopharmacol.) 25 : 125-128 (2005) 125

(% 2L yROY LA-RIB(CFEYE LM - 778

Bisphenol-A Ot i & CBIIABREE 1T & 5 I PIERENR I B39 8

B £ w® BN R o Kk om &
" BRI AR A B E

(2005454 A 19 HEZE)

B A @k

B EE, ASWMBEAE¥PEORIREERICREITEEMBSIN TV S, FPF T bisphenol-A
(BPA) *HEMBLUBAMHKBE L vy RLBI 5TTBHRBI >LWTKRE L. BPA OREREYEAL
BEICHE-> T - /. BPA % 0.002, 0.5, 2mg/gof food DIBETREL 2HboEET v IR ETRERN
B0.002 B, BOSE, BB L L, BPAZIEE L control % BO# L L, ch oD <Y R%ZHWT morphine
(MRP) & 3 i3 methamphetamine (METH) O#HBHE LKL, ZO#E, MRP © METH K & » THHE
Eh 2HER L BPA ORREBS L OBAYEBRBE L v EEERa Nk, £/, CO0LI L B2HOBMAKRS
3D ZSAEEO mRNA i BOBEHEL THERICENLTW:, Thonlskd, FFHETESNL BPAE
icBiF 5 MRP & 5 i3 METH FH3HHMMZIE O34 dopamine D, ZAMED up-regulation —EIG LT 5 &
EZoND, —H, IhE TIKMEEIB VT dopamine Dy FRAEORIED B D v+ 7 ABRMEICB T 3 do-
pamine ZEMED & 7 F V&L ERS E, MRP OHMUE s HMms s LERELTVWS, £IT, BPAOD
fRIRE B £ CIRFMIREEIC £ 5 dopamine D: SFFOHEEC RIFTHBERI L. TOER, BPA OIGRE®
S URRIMREIC &L v, IAKICB )5 dopamine Ds SEFOEEEETHEL B T LERVWE L, LIEOHER
XV, AWFETES K BPABKEBE <Y 22 B 3 MRP PEH LA OB MMRETEROM®IE, AIsZkicsy
% dopamine D; SEEOHEEE TS & UK dopamine D, ZEME D up-regulation 24 - /- il # dopamine #EED

BSEETLE DS — S L T L B EEE SR A 3, T O L 5 12 BPA DRSS L CEAMEE I &L 2 NHER
~ADEER, BRESEBT AEYREOHEMNCT 3IEFICERCEEICRDIZEEAONS,
f— 1~ K : bisphenol-A, WHEELFYHE, dopamine, HEZHE, BHHRESHREEM

Bisphenol-A (&, phenol & acetone & DHFEARIGICL D
BEEN, FBYH—FKx— blE, =B+ vBIIEOE
BELTTI2F v 7 BORSABCEBEMEE SR
CERHENTWAS, T O bisphenol-A 3N X W BE I
BT EBMONTVE I Eh D, ZDREMDHE
BHELE SN TV A, Bisphenol-A O hR#HERICHT 3
BT D\ TId, bisphenol-A DIERHIBES » itk L
T, BB OREZINBEDORMBY HENHLT L L
P, WS v MBI ARTHOBLBBMES ATV S
(Farabollini et al, 2002; Kubo et al, 2001). F&H S b
bisphenol-A DRERIAL & RIS HERE K HER
KRETHEELEYREOEE» ORETL, HELTEL
(Suzuki et al, 2003; Mizuo et al, 2004a, 2004b). XTI,
bisphenol-A DRI S X URILLEHEE < v R B Y
% dopamine MHERICRIZTHEIC O VW CEMICRE L -
HREWET 5.

*ANRIGE M A HAMERHEEES, vy va [B&
B & 1TB)) (004ETH 23 B, 5D kB5
BEOTHTH 5.
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dopamine HERICRIFTHE
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Bisphenol-A % ddY Rt~ v x Off (BRERD) BA
L (BO: =2~ b+ o—Jb, B0.002-B2 : bisphenol-A 0.002~2
mg/g of food), IFIREMH SEIICES & TRE< Y 2 I

Bl F/, BAR4IBEL O BEFHTEE

EBEET- ik, M~y X 2ERICHERLL. 9, £
e B FBIFERBRIC Y, KEBEY TS 3 mor
phine FFEIRBENIR I >V TR L 2. © D#E R, bisphenol-
A ORERES L CRAMBHERE v itV a v
o — LT RBIMSRE RS IWNEAEO morphine (1 mg/
kg, sc) JLE i & D, bisphenol-A @ FIBMKFFHIZ morphine
FERPH R OMERAZED S, IRIC, tilting cage T
%W, morphine (10 mg/kg, sc) HHEEFKEFHREEM I
DWTHE L. £ DR, bisophenol-A DIRRIE LU
SRLIEHEE < Y R IXBWT, morphine FREAREF)
{REMER 0 BEmAED St LLED T &5 5, bisphenol-
A DRRRE B & ORI LBEREE IC L Y, morphine D
BV RRBICELBES L, EEERD oKL
T 3 dopamine HER DML LHF| XL X
nTWB AR RE S h 5. Morphine i, MERIEES
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@ dopamine &I W 5 L T\ % y-aminobutyric acid
(GABA) ##& LicFHE 9 % p-opioid ZBREICIERHT B C
&T, BB 3 dopamine DHEEEE(BHET 5 & &8
Mo TW3 (Narita et al, 2001). % 2T, BE o3k,
bisphenol-A DRAIRHIH & UIBILLHEHBEE I L v, 1A
WEEICB T B p-opioid FEEOEEEL LSRRI & h
T2, E2% [PSIGTPyS binding assay ICREWVIRE L 7.
€ DR, bisphenol-A DiFRHAE L CIRFLBHESZ I
&0, BARESF:2SUTNIEHRERICB VT, mor-
phine FFE G-protein FHHEMERICEELELERED S
oz, PLEDO#E R 5, bisphenol-A DIREEH & O
FLEMBHEEE Ic L v, IERIBESE I 3 u-opioid ZAK
OBEEERLRFIEZRIINB VI Lo h Lo, &
EoWRE 5K, BEOVEITH 5 methamphetamine FHFHM
SR S i BREFEEFERIC > LT HEIBORN 21T -
7z. Methamphetamine {3, X8 %% dopamine ##£E5% O#IEE
BERICEDAE N, BEER L, dopamine OB EE % (B3
BILBHIBATVA, FORE T ¥ b o — LTI
REREILOVERED methamphetamine (0.5 mg/kg, sc)
SLE W & b, bisphenol-A D F B&FH 73 methamphet-
amine FHRMASI B O HEEHEY 51, & 5T metham-
phetamine (2mg/kg, sc) FHHHEHREEBREIERE OFH L
HEsBED ohi, F i, TOMMEEOFIEZ, dopamine
D, SEAEENIE TH 5 R(+)-7-chloro-8-hydroxy-3-methyl-
1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride
(SCH23390) DRILE I & v BLIMHIS e Eh b,
bisphenol-A D5 RS X CIZFLEBUEZE T L b, A&
i< B % dopamine Dy ZEFOKEEE/LF| &I s h
TOREFESRIBE N, ChEEMT B DI, [%S]
GTPyS binding assay = #\\, dopamine 5§ 5 G-protein /&
AR ZBE L/c. £ OR, bisphenol-A O igIREB
FURFIEBHRE - v R X 0B o B E S G
WGEREREIC B W T, dopamine FEFE G-protein FEHE(LIER
DEPTIEEMBED S, T D G-protein EMILIER IF
dopamine D RBEHEHE TH 5 sulpiride O BFF T304
&9, dopamine D, ZFEEHIEH % SCH23390 Dt
Bicky, avbra— gk SIS .
PIED T &5, bisphenol-A DEEREIE & CIBILIREY
BEicky, BIcBY 3 dopamine Di FREDKEEETT
EPFERIN, TOERE L CTREEEYICH T 3 B2
DILENG|ZRR SN B EHBTMDTHO M EE -1,

Bisphenol-A ¥ dopamine HERICRIZFTEED
BEESYICREET 2RE
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FBRicRET B EPRESNT VS (Saunders and
Mollgard, 1984), B&RE» SR H I T3 MK-AKES
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B, L=, D& DEEIC bisphenol-A DIEE %
B E, BURELE L TAE I bisphenol-A DS ~%
TeacipEans FE ForbrLoKE, ¥
# 513 bisphenol-A % J8 1R H1H & BRI 1F CBHEMIC
BE4 5 &ick b, MM dopamine HE R OME I B
ERIETCELEREGPICLI, & 51T, bisphenol-A 3%
BFEHLTRBEALEELZRBIBTVI LS b
(Cagen et al, 1999), RRIREAD SIZRLIHICB 1 5 bisphenol-
A OB IS TR I B A RIE T — R & 13 -
TWATRERNEZ SN 5,

—fRIC, MOFRZ BV CHEEEOMIEIIRRE, &
KHEEEBRHICROBACTONE I LAHOhcEhT
W5, 2D, FROMEERILALELLLEY, —
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F7REEOHEINCHES HER v b U — 7 OEIT, B4
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bisphenol-A DRERFI#IEIRFIY, BEBRY, FHEE
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HEFEFNLFEFAVT, morphine BREREFELERAB
L UHBIRIC > W TR L, FORE, avbro—n
B & MBI L T, bisphenol-A OB EERIBERRE L UE
FLEARR SRR < & morphine HFE B EBEEEH B L O
MR oBELEEIED SN, 30K, BIlNIEEE
iz ¥ & dopamine 35 % G-protein /EHALIEH & E# O
HRlcBwT, EELE®RIED SN, choDo En
5, M-I RRERRETH O, WEMIED LR
BLUMERX y b7 -7 OREBBRICHECERETH 55
EFNREE L OB B 5 bisphenol-A DISHEIREE &
PIERERICH L TERBERBERET DO EEZ 5N,
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Dopamine D; ZB&IE, ({44, calleja B & UIREEET
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WhEW, T-OH-DPAT i & 5 G-protein iEHE/LIEF % st
L7, ZOD#E, bisphenol-A DRREH & RIS
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Abstract: Tsutomu SUZUKI, Keisuke MIZUO, Kazuya MIYAGAWA and Minoru NARITA (Department of Toxicology, Hoshi University
School of Pharmacy and Pharmaceutical Sciences, 2-4-41 Ebara, Shinagawa-ku, Tokyo, 142-8501 Japan) Exposure to bisphenol-A affects the

rewarding system in mice. Jpn. J. Neuropsychopharmacol., 25: 125-128 (2005). '
Bisphenol-A has been extensively evaluated for toxicity in a variety of tests as the most common environmental endocrine disruptor. In the

present study, we found that prenatal and neonatal exposure to bisphenol-A affects the development of the central dopaminergic system in the
“mouse limbic area. Additionally, this treatment With bisphenol-A produced a down-regulation of dopamine D receptor and an up-regulation of
dopamine D, receptor function to activate G-protein in the mouse limbic forebrain, which is thought to play a critical role for rewarding effects
by drugs of abuse. We next investigated the relationship between the neurobehavioral toxicity and its exposure period. The exposure to
bisphenol-A during either organogenesis or lactation, but not implantation and parturition, significantly enhanced the morphine-induced
hyperlocomotion and rewarding effect. Furthermore, the exposure to bisphenol-A during either organogenesis or lactation also produced an up-
regulation of dopamine D receptor function to activate G-protein in the mouse limbic forebrain. These results indicate that either organogenesis
or lactation is more sensitive to the bisphenol-A-induced neuronal toxicity than any other periods. In conclusion, we found here that prenatal
and neonatal exposure to bisphenol-A can potentiate the central dopaminergic systems, resulting in the supersensitivity of the drugs of abuse-
induced rewarding effects and hyperlocomotion in the mouse. Furthermore, the organogenesis and lactation are the most important period to

cause the alteration of dopaminergic system by bisphenol-A exposure in the mouse.
Key words: Bisphenol-A, Endocrine disruptor, Dopamine, Rewarding effect, Hyperlocomotion

(Reprint requests should be sent to T. Suzuki)
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EE, BERIEETLIVO2DOLEYE
AWRVEVCEULZEREZRL, SOXH)%
YWE AW EULEDE BRESVEY) &
IEEh, TAAF4ATE2@BUCULRLADNS S
L E oz, AGWH ELEDE ORMENFR
WBELZDX, 1996ECY—TF - AVE—=U 56
PEEMEDRLERIZHRL TURDOILT
b, LhL, TOHRIRNICS, EEORS
WHS %2 AT ARRRPABILEMEDOHEE
FEoh Ty, HRSH CTHESYOLEKR
# & ORREEIEEDNTE 2. 19708 CHEE,

KEOEAHEHLE LT L, 1, Itrichloro2, 2-

bis-(monochlorophenyl)ethane (DDT) %> Dtz
#1Ca 5 1, 1-dichloro-2, 2-bis-(p-chlorophenyl)
 ethylene (DDE) (CBREE S 7z B 7 = DAETE
SRR AR KN 0 K5I, 4 FYADH
JTI1319804E4% 4> Hnonylphenol SRE & & 2 6
Nb6O0—FORBEEERIBIUBTFRESZE
DEFEEEDNHEL 2> Tw5aY, bPEICB
Tb, MEFHFRERLLTAVWLRTWVS
tributyltin DBEFEIZ & Y 4 A= ¥ DHEEALIV &
FoEN, ZOEBRICKERBELSZTY
LI EDHEINTHAEY, 72, B hIBNWT

® HE & /5/Ifith” / EHEET/ KEBEHE" /AR "

2Rl MENRESRBHEEANE ORET I

Bisphenol-ADRE REA S & UHEFLER
1S 4RREE (C & B dopaminetFHiE{TEIE LRI

bR k7 £ BB CER S iz A iestrogen
T 5 diethylstilbestrol (DES) 7%, LD EFELR
WEBRENAZDERIEELILITHESN
TW5Y, Z0k) HHESWICBTLESRRE
DRENE NPT LR o T, 1995FE 0 HERKT
FE ONFUD  BULFWE IR T 5 REN
BEsh T, bHEEICBWTH 19984 IZER
BT ASA A B LY B DML 5 & 2 &K
L7, B, S BLEWE L, W
L SN HETEREE” L Vv o IR RNDR
BT TIREL, PREBERCOEEEZERS
TEEEASRIE E T WA, BE, polychlorinated
biphenyl (PCB) % & A 2 S EICETHEMN,
AT N-FAE, IQOETREESN - HES
DRMEEELDZ EFHREINTNDE), —7,
v F DAz B EERBIY % A\ RS

. BWTLPCBOBREIZ L > THRERICITERE

¥ELBZER, MAICHITSdopamineZ i3 U
D& T AR EEDEORIPROLONLZ L
PSR ERTWSEY, T2 VTRV
EBIZBWTH, PCBIGRIALY VOFEEITE
ICEEL 525 I EHRBINTNEY,
AW BLALEYE O—>Td 5 bisphenol-
Aik, phenol¥ acetone & DHFEARIGIZ & h A
SR, EICRYH—Kx— MR, ToR¥F UM
JEDER L LTTIAFy 7 BMOBRERIHE
BAMBERZERCECFERENLTWS, 2O

* Prenatal and neonatal exposure to bisphenol-A affects the central dopaminergic systems in mice.
% Minoru NARITA, Ph.D., Kazuya MIYAGAWA, Mariko TOMITA, Keisuke MIZUO, Ph.D. & Tsutomu SUZUK],
Ph.D.: BER A2 B ik 22 5 (S142-8501 REER& I XK 2-4-41) ; Department of Toxicology, Hoshi Uni-
versity School of Pharmacy and Pharmaceutical Science, Tokyo 142-8501, Japan.
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bisphenol-AlZ &I & D BHITHEMT 5 Z &t
HENTWBIENS, FOREMDOREEIW,
EL &N Tw5, Bisphenol-A® FR A 2 5
T A FEITDOWTIL, bisphenol-AD 5 IBEIEE
Ty MIBWT, BREOKRE SR EDORIZE
FAHUENERTLEI LR, BET Y MoBl

BUTEIDRIPHES N TWLWD, Uil

#%5, bisphenol-ADMEATE) LIS ) g iR A 12
RIZTHBIIOWTIHT LA LR STV R
WOPHIKTH 5.

ARTHE, RAZEESOBLHEZ D LI,
AW  BLIL S E T & % bisphenol-A® 4R
WHER, & < IZdopaminetdfERIC RITT B2
DWTHHT 5.

Bisphenol-AD g REA & & U2 2L1A
BMRERIC & B REEEYSR
HAERBERIC W T o

BIE, DAETIZE 3 AEWEH 02,
BHEREYORANEEBNBEELTVWE T L
PRAGHEMEL Lo TWAE, DL ik
FHREMOBRHEFERRICIRENZERO AL
5%, BAORENERIBEZ RIZTT LS
ELHMBATWD, ZXTEELE, 0L
RBRERRRO—D & L THSWAS  ELLEY
BoEnE%, <7 ADECbisphenolA% &
AL, BIEPOBAICEL I TREYY R I2E
R 5B Z & TYERL L 72bisphenol-ADJL B EI B & U°
RALNEHRE~ Y 2 (B0 . 2~ Fa—)b, B0.002-

B2 : bisphenol-A 0.002-2 mg/g of food) % Fi\»,
UER 2R HZEY) T S morphine B & Umeth-
amphetamineFFEBIES IR IS 2 28 IZo
WTIRET L7z, Z0#8, bisphenolADJEIEER
BLURAHEERER BV Y o —
VEE & BB L Tmorphine® & U'methamphet-
amineF 7 B 5 EBEEMEA B & BB E (5
TRAE) DFE LM 1), & 5121, metham-
- phetamine Fj/R & 5-F R B EHLR OEEATO X

HEEND T DD THES Mo 7 (D 2).
ZOEFEED OBBEERR S RBIC I
B ZE 0 S FIABZICIRET LT\ 3 REREGg
dopaminet#iERANE G LTV 5B 2 E A5 L
HHNTWAS, 22T, bisphenol-A®dopamine

6. 257

MHERICRITTHEII OV TEMICRET L7,
9, dopamineZFBADIEEL L2 R4 28
BT, [*S]GTPYS binding assay % F v, fHj4a%s
2 & UHER TS 5 RINLEERIC BT B dopamine -
FREG 5 V7 BEEAERICOWTIRE 2175
72& 2 A, bisphenolADJEIRER S & NS ILERS
HRER B Cidary bo— VEL LT
FE % dopamineiFH G ¥ > /87 BIEMALERA A
RMOLN(H3-A)., TLEESIE, 20
bisphenol-AD MBI & VIFSLEIIB MRS - &
% dopaminef§ % G ¥ > 78 7 BIEMEAL IR o HEty
& dopamineXBEY 7' ¥ 4 T L ORE R KR
5 BHET, #RMdopamine DI AN TH
% R(+)-7-Chloro-8-hydroxy-3-methyl-1-phenyl-2,
3, 4, 5-tetrahydro-1H-3-benzazepine (SCH23390)
7 & UNZ33IRM dopamine D22 i#sulpiride
2 RAWTHERRREIT-72(K3-B). #0&EE,
bisphenolAD A JEHE & NEILBIERER <
#B&.6 N -dopaminedEFE G ¥ > /37 BIEMALIE
MO, SCH233900BHIcL Y a > bu—
VEREFEREET CHIRI SR, LA LS,
sulpiride DBEF Tidbispheno- ADBMRZEIZ L »
TOERIEINE G ¥ v BiEHER O
BAPMBEIRLTHZ, ThbnZ Ehs,
bisphenol-AIEMERE I £ 5 dopamine S AE DKL
REJTHENL, FlZdopamine DiSBAEDOHERETLELD
HRTHREEIEZONE,. #2C, RIPCR
EEICHE, 2B Sdopamine DiZAAmRNA
DEBREBLZRETL/2EL 25, bisphenol-ADJEIE
BB L UBASEHREEICBNT, oy -
IVEE & B L Tdopamine D1 B{EAmRNAE O A
BEREMBED SN,

—7, dopamine D74k, @144, calleja
BB I UREE 4 COBBRRCEBEIZSAT
L5 END, BYKFELOBERSEESNT
Wh, BE, LEEIZBWVT, dopamine DyTE
HEEFRE~ 7 X (DsKO 7 R) Amorphine®
IR T B EI L2 ELThLY, 7
Z T, bisphenol-ADJGIREIS & Mg 3L BB 181408
FEH (2 B) Sdopamine DsZAKRDOBEEE(LIZD
WTIRET L. 7, REBREEERIZHEY,
BUANDARER 4RI 3517 5 dopamine Dy BANDE
BIZDWTRET L7z, #DOFE%, bisphenol-A?D
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i ?200 400
« £ 180] (A) -8 BO-saline & 3504 (B) o Bosaliva
e S 160- —@— B2-saline b e .
%E ” R o BoMEP gg 530(}_ —o— B2-saline
8 E R e B2MRP i = —a— BO-MAP
iR § 120] Egé 8250 —s— B2-MAP
& 1001 S 2200
80- g EJ43/150—
!2,;3 60- gy
£ 40 < 3100
=) h
& 20 d 50
s G
30 0 30 - 60 90 120 150 180 = 05T & T30 Teo oo 120 1o 180
Time aft;r drug injection (min) Time after drug injection (min)
Morphine (10 mg/kg s.c.) _ Methamphetamine (2 mg/kg s.c.)
g 400
® 8 3004
2 &
£ 8 250+
Kf%é %é 2004
oy .g 1501
2 5 1004
Q
g« '% 50
s _
g 0
A 15}
B0 B0OO2 BOS B2 = T s B
Saline Morphine (1 mg/kg, s.c.) Saline Methamphetamine (0.5 mg/kg, s.c.)
SCH23390 (0.003mg/kg, s..)

1 Bisphenol-ADBL R+ & V'S SLERE MM IS & 3 morphine (A) $ & U'methamphetamine (B) S5 B %
' EEH{EHEIEF & morphine (C) $ & U'methamphetamine (D) R MM R B ETF) (ST 3 #F
BisphenolAD 58135 & UG SLEAIEMBEIC X D, morphine(10mg/kg, s.c.) 5 B R EBHREER (A) B L
U'methamphetamine (2 mg/kg, s.c.) F% B R ESTHENEH (B) 0FE L MRS b7z, Bisphenol-AD IR
BrUELEESERERICLY, 2V b u— VETHBBIRHEYD 5k v HEOmorphine(C ; 1 mg/kg, s.c.)
B & U'methamphetamine (D ; 0.5mg/kg, s.c.) 125\ T, bisphenol-AD HERFH 2 HMHIRIZRHFRD oz,
< Omethamphetamine FR BRI EIL, dopamine DS A AP T 5 SCH23390(0.003mg/kg, s.c.) DRTLE
I X bl X7z, (A)Each point represents the mean activity counts for 10min with S.E.M. of 9~10mice. Fi30=
6.617, p<0.05 vs. B0 group : triangle. (B)Each point represents the mean activity counts for 10 min with S.E.M. of
9~ 10mice. F130=6.617, $<0.05 vs. BO group ; square. (C)Each column represents the mean place preference
score with S.E.M. of 6~ 10mice. *p<0.05, **p<0.01 vs. B0 group. (D) Each column represents the mean place
preference score with S.E.M. of 4~ 10mice. *p<0.05, **p<0.01 vs. B0 group, #»<0.05vs. B2-methamphetamine

group.

- BRIREDL X ORI MRERICB VT, Bmax LB, oYy bo— VBB L THFERR
EOBEERET, +7%bbdopamine D AEE LuRFEL([E4-D). ThODEET, wilklE
DIETAFED 5N/ (F 4-A~C). KiZ, [%S]- #4E 1512 B 1 B dopamine D22 E/EBNEEN-
- GTPyS binding assay|Z ¢ v dopamine DsZ &4 propylnorapomorphine (NPA) 5% G ¥ » /37 &
R % C & % 7-hydroxy-N, N-di-n-propyl-2-  1&M(LERZ, bisphenolADJRIRHIB & UL

* aminotetralin (7-OH-DPAT) wEBGE VI E HEEBRECL VBB ok, INH
EEICER 2RET L7, 204 R, bisphenol-A D & A5, bisphenolADJEIRIAE & UNIFFLED
DRIRE B X LA S MR B O B R iR BRI & ) dopamine DeSt AN HEEEHHER
B BT AT-OH-DPATHER G ¥ v /X7 EiEMHE BRI T A LN E R 07, —F, RI-

-801-



Psychiatry Mar. 2005

ﬁé 6500 | —% BO
?ég —o— B2
am 3 5500-
g
";ﬁf 8 4500
o B
g éI“L3500
g 7
o ,
g 2500-
g s
s %0 1 2 3 4
Number of administration
2 MethamphetaminefRI%5(C & 3 B3EENBE

TERICH ¥ 2 MRS AR 1 % 13 T bisphenol-A
RS L UL AR IERBEOTE ‘
Bisphenol-A& 1B EA B & NS FLEMEMBREIC L Y,
methamphetamine K% 517 & 2 #lMEEOEZ
2YERAFRE b7z, Each point represents the mean
total activity counts for 180min with S.E.M. of 9~
10mice. Fis¢=9.459, p<0.01 vs B0 group.

PCREEIZHEV: RURMEBERIEIR B & O aIiEER
I B} S dopamine DsFAEmMRNAD S

6 . 259

RET Lo 2%, bisphenolADBHREIZ L »
TOEELEIRE o7, ThHDER
£V, FRIREB LU Obisphenol-AlE MR
FIZBROFBARNFE, 527, dopamine
DsZBARDH S % Tok & & 5 TR MEATRE
SNz, ZOLHERELOWEIZLY, AS
Wi < BLALEY E T B 5 bisphenol-AD 5 B E B
LURIAHMEEBRES, PRAEER, L2
dopamine &R IZEEHN 2 BB BT+ L\
FEEICERBNEENES M E L o7,

Bisphenol-AD {E &R

Bisphenol-AidestrogentffE 2 F3 2 2 & A8
REENTWABW~18 54 dopamine D14
KD E{LF LT idestrogen responsive element
(ERE) BFET B L DAL E %D, estrogen
SLEZ & Y dopamine DA FEmRNAD up-regu-
lation PV EFZ ENE T EPHE XN TNE Y,
DI L6, bisphenol-ADREIEEAE L U,

@ 715 B0

60 1M B
g 50 -
2
3 404
g
£ 304
A
N 20 -

10 -

3x107 10 3x10% 10%
Dopamine (M)

(% Stimulation)

(B)
. . Dopamine (10M) Dopamine (105M)
Dopamine (10°M) 523390 (105M) +Sulpiride (105M)

5.6+1.5 ## 5310
[8.91].7%%*. #4# 76431

SCH23390 (10M) Sulpiride (10-M)

-82+18
-1.2%+3.0

20.7£3.5
223129 ###

BO 28.8%1.9
B2 48.9+2.3%x*

B3 Bisphenol-AD EH & & UIRILEIEMIRERIC & 5 (A)dopamineBR G 2 /808
AR T 285 L U(B) Z DHRICH T BdopamineSB{HY 721 TDEE
(A)BisphenolAMDJAIE# 5 & UEAMIBHBEEIC L 1, BIMDEESEIRIZ BT 2 dopamine
FREG 5 N BEEMEHOFE R EEARD SN, (B)BisphenolADIE RIS & O
HEMRE LY U S8 SNRIRGEEERIC BT 5 dopaminedh s G ¥ > /S 2 B4
TR D5fiddopamine DiFEAREHISE T 5 SCH23390DBEAC & b i S =45, dopamine
D2 B UHREHIE T D 5 sulpiride DPFAIC & o Tk S e 4 - 72, (A)Each column rep-
resents the mean with S.E.M. of 3 independent samples. *p<<0.05, **p<0.01, ***p< 0,001 vs.
B0 group. (B)Each value represents the mean with S.E.M. of 3 independent samples, ¥¥#p<
0.001 vs. BO group, ###p<0.001 vs. dopamine alone.
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6. 260
%150- (B) . BO
) & + B2
LE E
s}
g H S 1004
£ g €
. g BO 5 50-
[ BN =}
B2 3
m
0 ' 0
0 1 2 3 4 5 0 30
PHIPD128907 (mM) Bound (fmol/img)
50- (D)
(9] = BO
Bmax 40+
Kd aM o + B2
(fmol/mg of protein) (M) S 30-
&
BO 2824 £157 028004 gm_
B2 18.60 £ 0.22*  0.29 £ 0.03 |
R 104
Each value represents the mean with S.E.M. of o
3 samples. *p<0.05 vs. BO group
-10 T T T T T 1
-10 -9 -8 -7 -6 -5 -4
7-OH-DPAT (logM)

4 Bisphenol-ADBAREAS & CHEILERIRIERTEIC & 3 (A~C)dopamine DsZEKRICH T B ligand DIEEEED
Z{b & (D)dopamine DsBRBEFER G & L /N7 EFMILERICH T 228
(A~C)Bisphenol-AD 5 BHI B X U ALAI B MR EIC X b dopamine DsS B AEROEELETHED O
7z. (D)BisphenolADAIBHI B L UIFILIBMBREIC X 1, BIMGEESERIZ BT 5 7-OH-DPATHR G ¥
23y EEEALER OF R R IEMATIO b iz, (A~C)Each value represents the mean with S.E.M. of 3samples.
*$<0.05 vs. BO group. (D) F1174=30.45, $<<0.001 vs. BO group. Data are expressed as the mean + S.E.M. of 3

independent samples.

HEMEBREIC L ) O & S h/zdopamine Di%F
FEDupregulationtd, bisphenol-A®Destrogent$
ERICERLTWAWBESZEZ NG, L
L %75, bisphenol-A®estrogen® AR IZx4
AP R tkestrogen T 5 17B-estrodiol D
1/1,500TH» Y, #? estrogen & 131/100,000
BEIGEE RV, 20X ) 2EENS, EE
5 ibisphenolAD A% 5%, 17B-estradiolDFEIE
MBLUEAHBERE~ Y X (Low-BPA ;
bisphenol-A 3 ng/kg/day p.o., High-BPA :
bisphenol-A 200mg/kg/day p.o., 17B-estradiol :
17B-estradiol 3 ug/kg/day p.o.) #ER L, k7
RIS BRSO BIC OV TIRE 21T o
2. TOFER, 17B-estradiolDBRIBHAB & UL
HIBMBRER BT, bisphenolAD 5B
BIUKRIHMBEERER CHOONI LI %
morphineF FHEHRMZI R OBHMIIFRD LNLho
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L L7z, & 5icbisphenol-Atd, BRIt L
TIZIFEALEERRIZE RV LA TICH
HINTWEROZ Ehnd, BIEED SEILEAC
B1J S bisphenol-AD R 5 72 B FEAT D PR
RICEEBERIZT—RE R > T A EEDE

ibhb,

— &I, OFZICB W TR OHEE I
FEIRER, & ICBREREIICL o EBBEAT
bDRAZEVNHELNPIZEINTWS, FD7:-0,
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W, BEHEL, KR, A7 4 TOEE
HETHEKRKLTWS, —F, AGWH» ELE
YWEOFRMERIITT AREBIIOVWTOHE
WEND LI o oD T TN ETH 5B,

A B LRIVBED M Lk b2 o 7211
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Functional changes in dopamine D3 receptors
by prenatal and neonatal exposure to an
endocrine disruptor bisphenol-A in mice

| KEISUKE MIZUO, MINORU NARITA, TAKUYA YOSHIDA,
MICHIKO NARITA & TSUTOMU SUZUKI

Department of Toxicology, Hoshz University School of Pharmacy and Pharmaceutical Sciences,
Tokyo, Japan

Abstract :
Bisphenol-A (BPA), one of the most common environmental endocrine disrupters, has been evaluated

extensively for toxicity and carcinogenicity. However, little is still known about its action on the central nervous
. system (CNS). In the previous study, we found that prenatal and neonatal exposure to BPA markedly
enhanced the rewarding effect induced by morphine. Here we found that premztal and neonatal exposure to BPA
resulted in the attenuation of dopamine D3 receptor-mediated G-protein activation by 7-OH-DPAT inthe
mouse limbic forebrain. This treatment also caused a significant decrease in the B, .. value of FPHIPD128907,
a dopamine D3 receptor ligand, in this ared. Under these conditions, no change in dopamine D3 receptor
mRNA expression in the imbic forebrain and lower midbrain was observed by prenatal and neonatal exposure
to BPA. The present data provide further evidence that prenatal and neonatal exposure to BPA leads to the
reduction of functional dopamine D3 receptors without a_ﬂectmg the new synthesis of dopamine D3 receptors in
the mouse limbic forebram

process. In contrast, little is known about the
neuronal toxicity induced by BPA in the central
nervous system (CNS). More recently, we have
reported that prenatal and neonatal exposure to

- BPA enhances the methamphetamine-induced
rewarding effect- and.,central dopamine D1
receptor function in mice.?

Introducton

Recently, the general public has received alarm-
ing reports regarding the reproductive and health
hazards of endocrine-disrupting chemicals in the
environment. It has been reported that adminis-
tration of bisphenol-A (BPA) to pregnant mice on’
gestation days at a dose that is within the range

typical of the environmental exposure of human
produces significant changes in the postnatal
growth rate and brings on early puberty in these
mice.? These results imply that BPA may cause
the unpleasant toxicity in the developmental

The dopamine D3 receptor cloned by Sokoloff
and colleagues has been characterized exten-
sively.> The dopamine D3 receptor shows a
distinct distribution in limbic areas of the brain,
including the nucleus accumbens and olfactory
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tubercle.® Several pharmacological studies with
dopamine D3 receptor-preferring agonists such
as  7-hydroxy-N,N-di-n-propyl-2-aminotetralin
(7-OH-DPAT) suggest that the dopamine D3
receptor regulates the inhibitory effect to produce
hyperlocomotion in rodents.*® In addition, we
found that the morphine-induced rewarding
effect and hyperlocomotion were markedly en-
hanced in mice. lacking dopamine D3 receptor
gene.® These findings suggest that the dopamine
D3 receptor plays a critical role in the psychoef-
fective functions of dopamine neurotransmission.

The present study was then designed to
investigate the changes in the function of dopa-
mine D3 receptors by prenatal and neonatal
exposure to BPA in mice,

Materials and method

The present study was conducted in accordance
with the Guiding Principles for the Care and Use
of Laboratory Animals, Hoshi University, as
adopted by the Committee on Animal Research
of Hoshi University, which is accredited by the
Ministry of Education, Culture, Sports, Science
and Technology of Japan. All efforts were made
to minimize the number of animals used and their
suffering.

Animals

All experiments were performed using male ddY
mice (8—12 weeks old) that had been exposed
prenatally and neonatally to BPA. Prenatal and
neonatal BPA exposure was conducted as de-
scribed previously.® Adult female mice were
chronically treated with BPA-admixed powder
food containing 0 (BO) and 2 (B2) mg BPA/g of
food from mating to weaning. Their pups were
prenatally (about 3 weeks) and neonatally (about
2 weeks) exposed to the respective concentration
of BPA from their mothers. During the treatment
with BPA, animals did not show either weight
loss or disrupted maternal behaviours.

Membrane preparations

In the membrane preparation, mice were killed by
decapitation and the limbic forebrain was then
dissected as described previously.” The limbic
forebrain was rapidly excised at 4°C, and the
tissues were homogenized using a Potter-Elveh-
jem tissue grinder with a Teflon pestle in 20

with 5ml of an

volumes (w/v) of ice-cold Tris-Mg?* buffer
containing 50 mM Tris-Hcl (pH 7.4), 5 mM
MgCl; and 1 mM EGTA for the [*>S]GTPyS
binding assay. The homogenate was centrifuged
at 4°C for '10 min at 48,000 g. The pellet was
resuspended in ice-cold Tris buffer or
[>SIGTPyS binding assay buffer containing
50 mM Tris-HCl (pH 7.4), 5mM MgCl,,
1 mM EGTA, and 100 mM NaCl and centri-
fuged at 4°C for 10 min at 48,000 g. The
resultant pellet was resuspended in ice-cold Tris
buffer or [*°S]GTPyS binding assay buffer and
stored at —70°C until used.

P2S]GTPyS binding assay

The membrane homogenate (3-8 ug protein/
assay) was incubated at 25°C for 2 h in 1 ml of
assay buffer with 10 uM 7-OH-DPAT or a
dopamine D, receptor agonist N-propylnorapo-
morphine (NPA), 30 uM guanosine-5'-diphos-
phate (GDP) and 50 pM [**S)GTPyS (specific
activity, 1000 Ci/mmol; Amersham, Arlington
Heights, IL). The reaction was terminated by
filiration wusing a Brandle cell harvester and
Whatman GF/B glass filters presoaked in
50 mM Tris-HCI (pH 7.4) and 5 mM MgCl; at
4°C for 2 h. Filters were then washed three times
ice~cold Tris-HCl buffer
(pH 7.4), transferred to scintllaton counting
vials containing 0.5 ml of Soluene-350 and 4 ml
of Hionic Fluor, equilibrated for 12 h and the
radioactivity in the samples was determined with a
liquid scintillation analyser, Non-specific binding
was measured in the presence of 10 uM unlabeled
GTPyS. Comparable results were obtained from
at least three independent sets of experiments.

Dopamine D3 receptor binding assay

The dopamine D3 receptor binding assays were
carried out in duplicate with [P°H] PD128907
(specific actvity, 111 Ci/mmol; Amersham, Ar-
lington Heights, IL) at 0.039 to 5 nM in a final
volume of 1.0 ml which contained 50 mM Tris-
HCI buffer (pH 7.4), 100 uM guanosine-5'-[f,y-
imido]triphosphate (Gpp(NH)p) and 0.1 ml) of
the homogenated membrane fraction. The amount
of membrane proteins used in each assay was in the
range of 90 to 140 pg, as determined by the method
of Bradford.® The test tubes were incubated for 2 h
at 25°C. The specific binding was defined as the
difference in bindings observed in the absence and
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presence of 10 uM unlabeled PD128907. The
incubation was terminated by collecting the mem-
branes on Whatman GF/B filters using a Brandel
cell harvester. The filters were then washed three
times with 5 ml Tris-HCI buffer (pH 7.4) at 4°C
and transferred to scintillation vials, Then, 0.5 ml
of Soluene-350 (Packard Instrument Company,
Inc, Meriden, CT) and 4 ml of Hionic Fluor
Cocktail (Packard Instrument Company) were
added to the vials, After a 12 h equilibration
" period, the radioactivity in the samples was
determined in liquid scintillation analyzer.

RT-PCR assay
Total RNA in the limbic forebrain and lower

midbrain were extracted using SV Total RNA
Isolation System (Promega, Madison, WI). To
prepare first strand cDNA, 1-ug of RNA was
incubated in 100 ul of buffer containing 10 mM
DTT, 2.5 mM MgCl,, dANTP mix, 200 U of
reverse transcriptase II (Gibco-BRL, " Grand
Island, NY) and 0.1 mM oligo (dt);2_15 (Gib-
co-BRL). The dopamine DD receptor was ampli-
fied in a 50 ul PCR solution containing 0.8 mM
MgCl,, dNTP mix and DNA polymerase with
synthesized primers: a sense primer of dopamine
D3 receptor, which is at positon 391-407 (5'-

21

GCA GTG GTC ATG CCA GTT CAC TAT
CAG-3") of the receptor, and an antisense primer
at position 498 to 526 (5'-CCT GTT GTG TTG
AAA CCA AAG AGG AGA GG-3"), which were
designed according to sequence Accession nos
U26915 in GenBankTM.

Samples were heated to 94°C for 2 min, 55°C
for 2 min and 72°C for 3 min, and cycled 35
times through 94°C for 1 min, 55°C for 2 min
and 72°C for 3 min. The final incubation was
72°C for 7 min. The mixture was run on 1%
agarose gel electrophoresis with the indicated
markers and primers of the internal standard
GADPH. Three independent experiments were
performed in this study. Semi-quantitation of the
intensity of the bands for dopamine D3 receptor/
GADPH was conducted by using a NIH image.

Results

The attenuation of dopamine D3 receptor-mediated
G-protein activation in mice prenatally and
neonatally exposed to BPA

The dopamine D3 receptor agonist 7-OH-DPAT
(0.001-10 pm) produced a concentration-depen-
dent increase in [*°S]GTPyS binding to mem-
branes obtained from the limbic forebrain
including the nucleus accumbens of B0 mice.

50-
40-
[}
2 30-
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75
X 104
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-10 T T 1 T T 1
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Figure 1. Comparison of the stimalation of °S] GTPyS binding by dopamine Ds receptor agonist 7-OH-DPAT to membranes

of the limbic forebrain obtained frorn control (BO; square) and BPA-treated (B2: triangle) mice. Membranes were incubated with

[PIGTPYS (50 pM) and GDP (30 uM) with 7-OH-DPAT (10~°—10~3 M). The values are expressed as percentage
increase of the value in B0 mice. Data are expressed as the mean + SEM of three independent samples.
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Figure 2. Decrease of dopamine D3 receptor density in the limbic forebrain obrained from mice prenatally and neonatally expos
to BPA. Saturation binding (4) and Scatchard analysis (B) were performed by recepior binding assay using PHJPD1289¢
Membranes were incubated with [3H]PD128907 (0.039-5.0 nm) and Gop(NH)p (100 um).

The key finding of the present study was that the
stimulation of [*°S] GTPyS binding induced by 7-
OH-DPAT was attenuated markedly in B2 mice
(F1, 174=30.45, p < 0.001; Fig. 1). Under these
conditions, the G-protein activation induced by
the selective dopamine D, receptor agonist N-
propylnorapomorphine in the limbic forebrain
was not affected by prenatal and neonatal
exposure to BPA (only 3% increase; figure not
shown).

-810-

Decrease of dopamine D3 receptor density in the
limbic forebrain obtained from mice prenatally and
neonatally exposed to BPA

To evaluate the populaton of dopamir
D3 receptors in the mouse brain, we performe
the saturation-binding analysis using [°E
PD128907. The saturation-binding curve an
Scatchard analysis of [*H]PD128907 are show
in Fig. 2. The By, and apparent K4 value ar
shown in Table 1. We found that prenatal an
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Figure 3. No changes in the expression of dopamine D3 receptor mRNAs in the (A) limbic forebrain and (B) lower midbrain

obtained from B0 and B2 mice. Upper panel: represemtative reverse wranscription-polymerase chain reaction for dopamine D3

receptor mRINAs in the limbic forebrain and lower midbrain obtained from BO and B2 mice. Lower panel: no changes in the

expression of dopamine D3 receptor mRINAs in the limbic forebrain and lower midbrain obtained from B2 mice (hatched bar)

compared to hat from B0 mice (open bar). The values are expressed as a percentage of the value in BO mice. Each column
represents the mean + SEM of three independent sawmples.

Table 1, Dopamine Dj receptor density and affinity performed
by FHIPD128907 binding 1o the mouse brain membrane
preparation from control (BO) and bisphenol A treated (B2)

mice
Bmax
(fmol/mg of protein) Kd M)
BO 28.24 + 1.57 0.28 + 0.04
B2 18.60 -+ 0.22*% 0.29 4+ 0.03

Each value represents the mnean with SEM of three
samples. *p < 0.05 vs. BO group

neonatal exposure to BPA caused the decrease of
dopamine D3 receptor density in the mouse
limbic forebrain.
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No change in the expression of dopamine D3 receptor
mRNAs in the imbic forebrain and lower midbrain
obtained from mice prenatally and neonatally exposed
to BPA ’ '

We also found that the expression of dopamine
D3 receptor mRNA in the limbic forebrain and
lower midbrain was not affected by prenatal and
neonatal exposure to BPA (Fig. 3).

Discussion

In the previous study, we demonstrated that
prenatal and neonatal exposure to BPA enhanced
the methamphetamine-induced rewarding effect
associated with the moderate upregulation of
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central dopamine D1 receptor function in mice.?
In the present study, we found that the stimula-
tion of [*>’S]JGTPyS binding induced by 7-OH-
DPAT was markedly attenuated in B2 mice.
Under these conditions, the G-protein activation
induced by the selective dopamine D, receptor
agonist N-propylnorapomorphine in the limbic
forebrain was not affected by prenatal exposure to
BPA.

To evaluate the population of dopamine D3
receptors in the membrane surface of the mouse
brain, we performed a saturation-binding analysis
using [°’H]PD128907. In the present study, the
density of dopamine D3 receptor was significantly
decreased by chronic exposure to BPA. In
addition, we found that the expression of dopa-
mine D3 receptor mRNA in the limbic forebrain
was not affected by prenatal and neonatal
exposure to BPA., These findings suggest that
chronic exposure to BPA caused the increase in
dopamine D3 receptor turnover without any
changes in newly synthesized receptors.

The dopamine D3 receptor is highly distrib-
uted in the nucleus accumbens, the terminal sites
of the mesolimbic dopaminergic system.?° This
can be supported by the present finding that the
dopamine D3 receptor expression was predomi-
nantly observed in the limbic forebrain. The
limbic system-selective expression of the dopa-
mine D3 receptor has led to particular interest in
this receptor as a potential mediator of some of the
psychoeffective functions of dopamine neuro-
transmission.}®~!® In the previous study, we
demonstrated that the dopamine D3 receptor
knockout mice exhibit the enhancement of
morphine-induced rewarding effect and hyper-
locomotion.” Furthermore, prenatal and neonatal
exposure to BPA enhances the morphine-induced
rewarding effect and hyperlocomotion without
direct changes in the p-opioid receptor function,**
Thus, these findings provide the possibility that
the dramatic suppression of postsynaptic dopa-
mine D receptor function in the nucleus accum-
bens may be, at least in part, involved in the
enhancement of ‘morphine-induced rewarding
effect followed by chronic exposure to BPA,

~ The desensitization of G-protein-coupled re-
ceptors is mediated by the phosphorylation of
serine and threonine residues within the intracel-
lular domains of receptors.!” Both second mes-
senger-dependent kinases, such as protein kinase
A and protein kinase C, and G-protein-coupled
receptor kinases (GRKs) have been shown to

contribute to the desensitization and internaliza-
tion of activated dopamine receptors. 5~ '8 I; hag
been reported recently that dopamine D3 recep-
tor desensitization can be regulated by GRK3,1?
In the present study, we clearly observed the
increase in dopamine D3 receptor turnover
without any changes in newly synthesized recep-
tors after chronic treatment with BPA. Taken

- together, a hypothesis would be advanced that,

although further study is required, prenatal and .
neonatal exposure to BPA may lead to the
changes in activities of these kinases associated
with the turnover of dopamine D3 receptors.

In conclusion, the present study suggests that
chronic exposure to BPA causes the inhibition
of dopamine D3 receptor-mediated G-protein
activation associated with the decrease in its
receptor density in the limbic forebrain of mice.
This phenomenon may, at least in part, con-
tribute to the enhancement of morphine-in-
duced rewarding effect by chronic exposure to
BPA in mice. Public attention and research
efforts are being driven by an understanding of
the ever-increasing problems and magnitude of
substance abuse. Our findings warn that pre-
natal and neonatal exposure to BPA in females
may predispose their children to the psycholo-
gical- dependence of morphine.
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