PO w :
B 4
- " “d N
! e
o
. - .
. . > )
T L R
i . M

Sal |
EIN

P
0

4

e

-
e

-

RERFRIEF

o
Fan

AKERES &

j‘ :

Matirag o,
i . EA

. t ST

0%

228



I M aaE |
(D) BESA F Y MREIMEROBRITEREIC I LIETR

— AT B TG —
.......... PET R e v ovoeoroorsnsans]
@) ERERE A S B v MRBERS~ Y RGETRRON, BRSO
MR BT B s v inns PETVEYR e s e vevsconsnnannns 6
(3) FIRIGHSEEIRER OE A T 512 &k B 54T~ ¥ AR P MR TR OLE)
.......... P YFee e v v eovenseresians]
II. rHEPEHE
1. - .
(1) BAESAD X FAKSIREIC & 5 HRITENRIE I/ 5 I & M E R
DE '
.......... EE Feeeceeeene3g
(2) BAESICBT BAEEL L A F A ABRORAIRE M TIIC RIS HE
.......... F st P 3

2. BEMOKBELOCHI FIULAEBIZL2FEFMYERFRE~DORE
e A ¥ nFAxA4 OGS0

.......... {Eﬁ?ﬂ‘ﬁ}%!ﬁ
3.
(1) EEBEKBRARRE~ Y XIZBT 2HFHA O KBERIILEHNA OREFH

Z1k

Time dependent changes of mercury distribution in the murine spinal



cord after exposure to low concentration mercury vapor

(2) MRIRHICET SERBEKBIRE (B ARKE. AFAKR) (HER
B AR ATFNLVKEB) OEBRORE (FREMARK)

(3) HRMBIUCEAMEREREA FLKBBREBIZLIZ A aFF2A KRB
BIXOUOBH AR XIZBIT %5 TIMPA(tissue inhibitor of
metalloproteinase 4) DOMBFIEAR ETORK - /TE

4. KREPHHNNIH R 2 0 LA~DOFEENEFE I 5 A BMRS HERFERR
BTN T A%

5. KB~OEEBRRE T 5 EHORZIMER FEATH—TEA—RIG
F) IZBTDHGE : BIBHH~ Y X & VWit oRs



EAFER AR ME (LFEWE Y 27 EEX)

RERTFEHE

FUEEIH IS O MR A OMEETIIEIC S g

— MR T 2 i —
EEMFESE BEOAER HEEARFERERELRVRS NRERESER

HREE

EE BAET FI s (Cd) RES, HEROMBRITIMEEICEELBIIET I L2 aEESR
HELZ, REER, REOROKZaF—FE2AY, 15 y AMcBWTITIRRBEEER L, ¥
ORI OWTHR L., TR, MiEELRERDT A ERNTIT - 2 2 8hEEEAER
KBWT, FRATERRKIZ»»DLT, Cd BEHOAIFEHREORD SN EESTEELE.
F—T 74— FRETIE, FAERARCENT, CABETEMNEREIHI R L TEBENS K
FWHMBH TR FEEIZREL o7

IO ORI, EERE LATEBESEN 1 ERIFEHNICERD OB Lo T S
TEERLED, MEERENEOONEAR (FATIREELR Do) 220 TORE
MTERNTIE, FRATHLHEEELEELRNLOO Cd OFEFEE S PP LELERERH -
PR EERERTD L, TERBRICOWT naive 2w 7 ARV TINBEORRET 5 LR
HabokBbhiz.

LI

BEESEICRWT, BEHO Cd BB X > THAZOITEMEICESRBYENE Z L iR
L7z, BEMBEHITI UL LIERREITHY, CAIZ X B3FE TSN T L ZFO R RT3
TEMHEETHE. FIC, MEEELR SI0EBCBWTITERSRICH Lz~ AL AEHET
FREO%, 14 » AICELAEATHEUITERRICHE LBAERICHBT 2 CdBREORENORSEE 4



R Py
Hik

R, BREFE, THRBROFERZ FRNEEORE LFEKRTH S, @RIZEET L, C57BL/6
2 (BER wt) BIOEORAFuFFRA /277928 (MTnull) RO~ 2A2RTE, 7
T URER LTIHEMEEIC, 77 FHERA L Y Cdloppm % AL 7= milliQ & A Wit HERN milliQ
REx, HEELIEILIOHE Rz -To4% 10 HE ; PNDI0. 23, H4AZERLEA
£ PNDO & L72) & T CAd M/ FEHEMAKIC & DEH 2 Htt, PND11 LR T ~TIHEFEMO milliQ
IZEI0 2, PND28 IZFERL, DURREEHRICEAT LRI 2. ok, ) v ¥ —H A R0EE LT
5, PND2zBWT, U o&—H A X% 6ITHIZT-.

ITERRIL, &Y v F— L VMK 1T 2% 5 % 28T, T2 TOTHRRBRICBWTR—
OEFEERVIRL TRV, SR

8-9 I BV T B TS OFMHETHH4— 7> 7 4 —A ¥ (OPF), FEFEETSH
LR EHEREEAER (Passive Avoidance ; PA) %, ZZ CAADARIZHENRO LN 2K
2T, 14 y AICBWT A AQAE X, ZERFEBFIMETH HHEHAEKRE (Radial Maze)
PEBLE. COOBRIITTIRIFEEOHELZLEEYTHY, PAILBWTI, AADQAT
CAdRBHOFERFAERERL VL ->THEY, MTaull HTEOERLVRAETH- 7.
ATRIDX D REXRHRI -7, Radial Maze (Bidd X 5 A ADRE AVTERE) 2k
WL, HEBEEE OME (acquisition) BWTIL, ZHE - BREDELLICRDEMhoHR,
FEHEEEG LR, E?%EEUD’I*E%E’E'J:D‘E)TD-EX%:%J\LT:&\_5, MT null {23 T, Cd IR
BHORENIFRGHICHSTEREmEF L. OPF ZRBWTit, Cd o8B TX 2k
2. : '

S4EREIY, FU OPF, PAORBLEBL AW, 15 » A TEHBRPEBLI-FELHET S,

A ATiX, Radial Maze [Zf L72BRIZ, R 52T 2 0ERH o7 (4 A Cid Radial Maze i
TR L TRV B3, PiREREHIE SN TR 1T o I bbb b P08 ET L,
BERELT wt OIFREEEREL Lo ATFLABRCTLIER OB ENER LSRWIRElER
HEHH, ARZHONTRMRHIOT —& #RVvianwZ L e Lz, UTIRRRLERIE, £TA
A (n=4-8/8f) W OWTORETHS.

OPF : M 1Iz#FREZRLE. wtizBWT, CABREMILNEED 15 FOBEELR LN,
HEHBIZAEREITEEL R o, MTmll TR DX REEZRO LI o7 '



OPF of aged Cd-exposed mice
1000 e

in

e e

m
o0
Q
o

|

N
=]
=t

|

!

i

|

|

.Y
Q
o

distance moved per 2
S
o
|
'
|

o B : _.“;l"_ o o
wt-cont wt-Cd null-cont null-Cd

1. BAEH CAIRES~ 7 AONEE (15mos) ITBITF A4 —72 7 4 — REkE
TORBEERE (ftdh : 2 H5BoBE Elem])

PA:H2IZEREZFLE. HIZBWT, latency EAEIIB LN U ANBZIBETEET
DI EZFH TR LTV S, training (FIFHRIT) B 188 (FEMKIA) ORITTCIBREHT
FHEARRREVEMAH 28, FEEICIIES Do, BRIV U A, F0OEH
FZICEWHMEBER T a v 7 25, HEFEIRI TS, Retention ({RFF1T) i3 Training
DBVACEREL, FEARIZLTWNERZRIZZW DS ETORMBEL 25 Z LABEZ AT
5. FERIZIE wt TIRFEBFSRRI L TOARVAREESAE V. —F MTnull T latency 2305
(FELRZLTWZ Z L2 HarRoh, CIBBEETEOMEmAEN-T. L,
BEROAT Y FIZREL, Cd-strain & bIZFRHBIZIITERBREBH T 2o,



Passive Avoidance
15mos-old males perinatal exposure to Cd

300
O Training T

N
a
o=

200 B Retention

150

100

4]
o

latency for dark-entry [sec]

il [

wtcont wiCd nullcont nuliCd

o

E2. B4EH CdBHES~ v A0MERE (16mos) 1231 5 BEEERER (PA) (it
B BEET~BENT S E TR [#])

EE

gEHOTiY, BARO Cd MEALAR L ENERE Lt v 20N RIETHEETELT S
CEMTEAEBoT. KEL, HE®Sy Al (OPF, PA) 316 Ak (RM) TR
BRI OIE A R Thoteh, SEIEA ROV TREEZERTE TR Emb, BN
Cd DFFBEEH T TH D L BT 51T, TORRIT+HTHS. AFEOHIMET &1
(17257, BAEHIC Cd BEOS— FEMBLTHY, Zoas— Ao THgomT
izl 5 FETHS.

F 22T, OPF TIIFEHBIRAEEZED o0, wt Tk Cd BFEIC L DB RHEOH
mARD LR, fAREDOT—% (RHIITET) 2RTH, MEOENTRRIND. RIEHS
HOEXLIn#EDBZNWIF— b TCINLOHRZBRIDZIFPETSH .

PA IZ W TIIIFAERHIBWTEE S HI LT W, KRB TOER/T A FIIATEE & F—
TH Y, BHAEEA R TIIRHE - MER E B v 22, SR DL L7 (retention trial T® latency
BEMNoR) TehbELDBE, SEEOBRIIMGICLD2FEROELETRLTNS. 2



L, THABE-RIBE VS BEELPE T 2680, MEMRORBERES, b2V ITEFHIS~
DEZHEDONThMETLEZ LRI 0RONITHTHS, SHOBRNEETHSY.
MEABICIIABRICEO R 2728, wt LHBRLAEES, MTnull, #iC Cd BEHTIX
retention time ARVMARIAR Gz, ZOELBRE#ETO IR — FOMBRIGERTAFE
THDH, PALKTAHEFZENPENTE, MELEZ HIZ2o0nTiE, ERIzHTF L
LRLRO L0, TEEIED L~ Y, BREUAOCERLRELZ 2TV A L0 L Bbhb.
FIFEDOFHTIE, FMEZTRTARESENHH L L, MTnull 128V T, CAIREIMTE o
BERLTVWOAREENHDIZLO2 A2 EHB L TR,

2P, BRICEIFRS b, AEER, BES Cd BZ|OF/ - ak— NEERL, £#%3
y AR BI 2TEREOBERE 7. #HRI1Z, OPFICRBWT, ARATHRKEICL L Cd 328
HOBBENET LTV (2-way ANOVA), AR THIRE X AEBMEHERITSH - 7223, &
B TR2bo7e, PAIZBWTS, AADRKIZBWTC training trial @ latency NEREEEE> JHRE
HTholc, ZhoDHERIE, MEETELNEREREEPPERSTVED, Wb, %X
DHTEEPRO AT IT-B LTV,



BEAZBR RN E (LPHE ) 27 SR
IR

Effects of Low-dose Perinatal Cadmium Exposure on Tissue Zinc and Copper
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Introduction

In human pregnancy, matemal exposure to Cadmium {Cd) is associated with low birth weight (Kuhnert et al,,
1988; Freryet al., 1993) and possibly with an increased incidence of spontaneous abortion {Shiverick and Salafia,
1999). Cd has also been shown to produce a variety of adverse reproductive outcomes in exposed animals. Cd
administration to rodents impairs implantation (Balanski et al., 1982; Yu et al,, 1985), decreases litter size (Balanski et



al., 1982; Samarawickrama and Webb, 1981), produces resorptions (Samarawickrama and Webb, 1981; Machemer
and Lorke, 1981; Gale and Layton, 1980) and causes fetal or embryonic death (Ferm, 1971; Levin and Miller, 1980;
Rohreret al,, 1979) . Fetal growth retardation (Hastings et al., 1987; Ahokas et al,, 1980; Baranski et al., 1983;
Baranski, 1987) and congenital malformations (Gale and Ferm, 1973; Chemnoff, 1973; Barr, 1973) in the offspring of
exposed rats have been the most widely reported adverse reproductive effects.

The passage of maternally administered Cd to offspring is different depending on the developmental stage. Cd
administered to pregnant animals is possibly transferred to fetus via placenta, and to neonates through milk. At low to
moderate doses during pregnancy, the placenta acts to restrict the entry of Cd into the fetus (Sonawane et al., 1975;
Whelton et al., 1993). However, Cd can cross the placental barrier if the dose is sufficiently elevated (Sonawane et al,
1975). The transfer of Cd to milk is also restricted (Bhattacharyya, 1983; Pitrzak-Flis et al., 1978). Of the small
amount cadmium passed from the dams to offspring during gestation and lactation, the major portion has been shown
to be ransferred during lactation in mice (Whelton et al., 1993). Moreover, Cd level in the brain increases after
neonatal exposure to 50 ppm Cd (Gupta et al.,, 1993), which is different from the result of gestational exposure,
However, the entry of Cd to neonatal brain has not been fully elucidated at lower dose of Cd during lactation.

The mechanism of Cd-mediated fetotoxicity is not fully understood. However, there are some data suggesting
that toxic effects of Cd may be mediated by altered Zinc (Zn) and Copper (Cu) metabolisms (Baranski, 1986; Kuhnert
et al,, 1987; Sorell and Graziano, 1990; Suzuki et al., 1990). Adequate availability of both Zn and Cu is essential for
normal growth and development. Insufficient Zn avatlability in fetal or early postnatal life is teratogenic (Hurley and
Swenerton, 1966), retards growth (Sandstead et al., 1972; Beach et al., 1980) and alters cognitive function (Sandstead
etal., 1972). Fetal or neonatal Cu deficiency is also teratogenic (Keen et al,, 1982), reduced brain catecholamine levels
(Morgan and O’Dell, 1977; Feller and O’Dell, 1980) and decreases myelination in the central nervous system
(Dipaola et al., 1974; Zimmerman et al., 1976). Gestational exposure to oral Cd over 50 ppm in drinking water
resulted in decreased Zn and Cu content in fetal liver (Baranski, 1987; Sorell and Graziano, 1990; Sowa and Steibert,
1985; Roelfzema et al., 1988, 1989), brain (Baranski, 1987; Sowa and Steibert, 1985), kidney and intestine (Sowa and
Steibert, 1985), as well as in whole body (Pond and Walker, 1975; Petering et al., 1979} and in these tissues of
neonates (Baranski, 1986) or adult offspring (Baranski, 1986; Roelfzema et al., 1989). However, both increased
(Waalkes et al., 1982) and unaltered (Sowa et al., 1982) concentrations of Zn and Cu in the fetus have been reported
following maternal Cd exposure. Moreover, little is known about the effects of perinatal Cd exposure on offspring at
the level lower than those used in the previous studies.

Recently, estrogen-like activity of cadmium has been suggested by Garcia-morales ef af(Garcia-Morales et al.,
1994), who showed that Cd mimicked the effect of estrogens by decreasing the leve! of estrogen receptor mRNA and
transcription of the ER gene. In addition, female offspring, exposed in ureto to Cd, experienced an earlier onset of
puberty (indicated by an earlier vaginal opening) and an increase in the epithelial area and the number of terminal end
buds in the mammary glands {Johnson et al,, 2003). This showed that only two injections of Cd to dams at a dose of
0.5 or 5 pg/kg body weight can be enough to affect the reproductive organs of offspring. On the other hand, effects of
Zn and/or Cu conditions on sexual maturation and reproductive development have not been reported until now.

Therefore, this study aimed to investigate the effects of Cd at a dose of 1 or 16 ppm in drinking water during
pregnancy and early lactation period on the concentrations of Cd, Zn and Cu in the brain, kidney and liver of mouse
neonates. The doses were chosen because very few have examined the effects of Cd in the range exeeeding 10 ppm in
drinking water. In addition, we measured these metals at two time points (at birth and after ten days interval) to
describe the effects along the developmental stage. We also evaluated the effects of perinatal Cd exposure with these
doses on vaginal opening and estrus cycle for the first time,
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Materials and methods
Animals and treatments

Forty female C57BY6] Jcl mice of initial body weight 17-22 g were purchased from a commercial breeder
{CLEA Japan, Inc.). After acclimatization for two weeks, female mice were mated with males (body weight 20-25 g)
of the same strain (1:1). The onset of pregnancy was confirmed by the presence of plug in the vagina (defined as
gestational day (GD) 0). Mating male mice were removed and 18 pregnant mice were housed individually in
disposable cages (CLEA Japan, Inc.) on sawdust bedding and had free access to chow with reduced amounts of
estrogen and phytoestrogen; 1783-estradiol was less than 0.05 pg/kg, genistein was less than 0.5 mg/ke, and
coumestrol was less than 1 mg/kg (NIHO7-PLD; based on an open formula of National Institute of Health, CLEA
Japan, Inc.). Rooms were kept at 23 4 2 °C with a cycle of 12 h of light and 12 h darkness; the lights came on at 0.700.

Pregnant mice were divided into three groups. The animals of the treatment groups received 1 (n=6) or 10
(n=6) ppm Cd as cadmium chloride in drinking water from GD 0 to postnatal day (PND) 10 (the day of birth was
defined as PND 0), respectively. The control group (n=6) received only distilled water. From PND 10, animals of all
groups were given distilled water to drink. Each cage was checked every moming for the presence of newboms and
the day of parturition, the number of living pups, the number of stillbom pups (defined as dead pup when we newly
found parturition), sex ratio and the body weights per litter were recorded, Pups were left with each dam until weaning
at PND 21. At weaning, the litterrnates were separated and housed by sex. Female offspring were housed individually
after vaginal opening. All pups were weighed every 10 days until PND70. We also checked the number of death
during this period.

All experimental protocols were approved by the Animal Care Committee of the Graduate School of Medicine
of the University of Tokyo.

Sexual maturétion _

After weaning, all female offspring (n=>5, 12 and 5 for control, 1 ppm and 10 ppm group, respectively, and
n=1-5/dam) were checked for vaginal opening every day. The day of and the body weight at vaginal opening were
recorded.

Beginning with PND 50, vaginal smears were taken daily for fifteen days, and estrus cycle was monitored, The
days from diestrus to metestrus was defined as the duration of one cycle. One cycle with more than six days was
defined as lenger cycle. if a set of smear from giver mouse did not show the order of
diestrus-proestrus-estrus-metestrus, this mouse was judged to be without cyclicity, Thus, individual female offspring
was classifled into one of the three categories; without cyclicity, longer duration of one cycle and normal eyclicity
{other than without cyclicity and longer duration of one cycle). Data with plural cycles per individual during the

observation period were averaged within the individual for statistical analysis.

Metal measurements

One male and one female pups from each litter were sacrificed at PND 0 and 10 under diethyl ether. Brain,
kidney and liver were removed and weighed. All dams were sacrificed at PND 21 likewise, then cerebrum,
cerebellum, brainstem, kidney and liver were removed and weighed. Samples were ashed with 60% nitric acid and
60% perchloric acid (2:1) at 110 °C for 5 h. Ashed samples were diluted with distilled water. Tissue Cd, Znand Cu
concentration was determined with a Inductively Coupled Plasma Mass Spectrometer (Hewlett Packard - 4500
ICP-MS, USA). Calibration curves werg made using [CP multi-element standard sohution for MS {MERCK,
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Germany), Three replicas were performed per sample. Relative standard deviation was less than 5%. As reference
material, standard reference material 1577b bovine liver (National Bureau of Standards) was analyzed together with
the samples. Results from the analysis of the reference materials were well within + 10% of the certified values.
Reagent blanks were processed with each set of samples. Detection limits for tissue were 2 ng/g for Cd, 35 ng/g for
Zn and 8 ng/g for Cu. Some samples were under detection limit on Cd measurement, and the values for those samples

were applied the half of the detection limit when statistical analysis was performed.

Statistical Analysis

Frequencies were analyzed with Pearson chi-square test. Values of averaged parameters were statistically
evaluated with a one-way ANOVA followed by Dunnett test. In comparison of the metal concentrations of offspring
between the two time points, Paired #test was used. P values less than 0.05 were considered statisticatly significant.

Results
Reproductive performance of the dams

The weight gain in dams during pregnancy was not different among groups. Table 1 shows the data on the
reproductive performance of the dams. All these parameters were not significantly different among groups. However,
the number of death after birth tended to increase in the Cd-treated groups.

Growth and sexual maturation of offspring

There were no significant differences in the body weight grain between groups both in male and female
offspring until PND 70.

Sexual maturation and function are shown in Table 2. Though there was no statistical difference, the vaginal
opening tended to be later than the control group by one and two days in 1and 10 ppm Cd group, respectively. Body
weight at vaginal opening did not differ between groups. Two female offspring in 10 ppm Cd group did not show
cyclicity, resulting in a significant difference in the frequency of offspring without cyclicity (p=0.024 by Pearson
chi-square test). We excluded these two offspring from analysis on the duration of one cycle. No significant difference

was found in the duration of one cycle between groups.

Metal concentrations in dams

Tissue concentrations of Cd in dams are shown in Fig. 1. Cd concentration in the kidney [F(2, 12)=0.14,
p<0.0001} and liver [F(2,12)=33.54, p<0.0001] was higher in 10 ppm Cd group compared with the other groups (Fig,
1A), while no between-group difference was found in the brain regions examined (cerebrum, cerebellum and

brainstem) (Fig, 1B). Neither Zn nor Cu concenirations in the examined tissues differed among the groups.

Metal concentrations in offspring

Fig. 2 shows the metal concentrations of the neonatal tissues on PND 0. Between-group difference in Cd
concentration was significant in the brain [F(2, 27)=5.62, p=0.009] and marginally significant in the liver (Fig. 2A).
Zn concentration in the kidney [F(2, 30)=3.49, p=0.043] and the liver [F(2,29y=4.48, p=0.019] was different among
groups, while it was not in the brain (Fig. 2B). Cu concentrations in the tissues of offspring did not differ among
groups (Fig. 2C).

Fig, 3 shows the metal concentrations of offspring at PND 10. Difference in Cd concentration was found in the
kidney [F(2, 17)=4.03, p=0.036] and liver [F(2,17)=3.78, p=0.049], and the difference was marginal in the brain (Fig.
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3A). No between-group difference in Zn concentrations were found in the tissues examined (Fig. 3B). Cu
concentration in the kidney [F(2,17=4.02, p=0.037] and the liver [F(2, 17)73.80, p=0.043] showed the difference
among groups (Fig. 3C). In the liver, Cu concentration was significantly lower in the offspring of 10 ppm group than
control. No such difference among the groups was found in the brain. Neither sex differences in the concentrations of
these metals were recognized.

Changes of the metal concentrations were recognized in the neonatal tissues between PNDO and PND10. In the
brain, Cd and Cu concentrations were significantly decreased from PNDO to PND10 in control group (p=0.032 and
p=0.023, respectively) but not in the Cd-treated groups, while Zn concentrations were decreased in all three groups
(»=0.014, p=0.002 and p=0.042 for control, Cd 1 ppm and 10 ppm group, respectively). In the kidney, only the Cd
concentration in the control group was decreased (p=0.035). In the liver, Zn concentration was significantly decreased
only in the control group (p=0.005), whereas Cu concentrations were decreased in all the groups (p=0.005, p~0.014
and p=0.022 for control, Cd 1 ppm and 10 ppm group, respectively).

Discussion

In the present study, perinatal exposure to low-dose Cd increased Cd concentrations in the brain of offspring
brain at PNDO, as well as the kidney and the liver at PND10. The Cd exposure also increased hepatic and renal Zn
concentrations in the offspring at PNDO, a novel finding suggesting the effect of Cd may not be solely leading to the
deficiency of this trace elements as shown with many reports employing higher doses of Cd. Cu concentration in Cd
exposed offspring was higher in the kidney and lower in the liver. Furthermore, we suggest the possibility that the
onset of puberty can be delayed in female offspring by the Cd exposure, and this is the first report to show the effect of
perinatal Cd exposure on estrus cycle of female offspring.

Cd concentration in the brain of Cd-exposed offspring was significantly higher than that of control at PNDQ,
and had a higher tendency at PND10. The latter agreed with several previous studies showing the increased levels of
Cd in the brain of offspring after neonatal exposure (Gupta et al., 1993; Choudhuri et al., 1996; Valois and Webster,
1987; Wong and Klaassen, 1980, 1982). However, studies employing a wide range of dose (up to 180 ppm in
drinking water) and varying exposure paradigms have not found elevated levels of Cd in the fetal brain (Baranski,
1987; Sowa and Steibert, 1985; Murthy et al., 1986). This is explained by the placental barrier to restrict the entry of
Cd to the fetus (Senawane et al., 1975). Cd enters the brain most freely right from birth with entry decreasing until
access is basically restricted around PND21 (Hastings and Miller, 1998). This can be accounted for, in some part, by
the formation of a well-developed blood-brain barrier with age. Lucis er a/. (Lucis et al., 1972) reported that Cd
penetrates the blood barrier with more ease in fetal rats than in adults. Considering together, our result suggests that
although the transfer of Cd from mother to offspring via placenta is restricted, Cd can stili cross the placenta and
accumulate in the brain at birth even at low level. Even though the development of blood-brain barrier with age isa
factor for the increased exclusion of Cd (Hastings and Miller, 1998), brain Cd leve! at PND10 was still higher due to
an immature blood-brain barrier.

Cd concentrations in the kidney and the liver of offspring did not differ among groups at PNDO, which is
consistent with the previous study using 5 ppm Cd in drinking water during gestation (Sorell and Graziano, 1990).
However, when dams were given 50-180 ppm Cd in drinking water during gestation, fetal liver at GD20 showed the
higher concentration of Cd (Baranski, 1987; Sorell and Graziano, 1530 ; Roelfzema et al., 1989). On the other hand,
Cd concentrations in these tissues were higher in Cd-exposed groups at PND10. Although Cd transfer via milk has
reported to be low in mice and rats (Lucis et al., 1972), the present study showed the importance of lactational transfer
of Cd at such low level; this is consistent with the results of preceding studies (Whelton et al., 1993; Petersson et al,,



2000).

Zn concentrations in the kidney and in the liver were higher in 10 ppm Cd group than control at PNDO. This
result was inconsistent with the previous studies dosing over 50 ppm Cd, which reported decreased Zn and Cu content
in fetal kidney (Sowa and Steibert, 1985) and liver (Baranski, 1987; Sorell and Graziano, 1990; Sowa and Steibert,
1985; Roelfzema et al., 1988). In rats, the maternal Cd exposure produced a decrease in fetal hepatic metallothionein
(MT) levels with decrease in Zn level/concentration (Waalkes and Bell, 1980; Sasser et al., 1985). On the other hand,
hepatic Zn increases in the rabbit fetus following matemal Cd exposure, where simultaneous increase in MT was
observed (Waalkes et al., 1982). Although we have not determined whether the increase in Zn concentration in
neonatai organs were related with the induction of MT, this result for the first time suggested that the response of mice
were similar to that of rabbits. Although the fundamental cause of such species difference is not known, this should be
clarified with further researches. Furthermore, Zn concentration in the liver of control offspring decreased from PND{
to 10. Previous studies also found the decrease in hepatic Zn concentration with age after birth in rodents (Reis et al,,
1991). On the other hand, Zn concentrations in the liver of exposed offspring did not change during this period,
suggesting that matemnal low-dose Cd exposure promotes Zn retention in the liver of offspring.

Cd accumulation did not affect the Zn and Cu concentrations in the kidney and liver of the dams. This is
inconsistent with some of the previous studies using higher Cd doses (i.e., 50-200 ppm Cd in drinking water), in
which increases in hepatic and/or renal Zn (Sorell and Graziano, 1990; Pond and Walker, 1975; Chmielnicka and
Sowa, 1996) or Cu (Chmielnicka and Sowa, 1996} concentration have been noted in pregnant rats. On the other hand,
as discussed above, the increased Zn concentrations in the kidney and the liver of offspring were observed in the
absence of significant Cd accumulation in these tissues at PNDO. Christley and Webster (Christley and Webster, 1983)
demonstrated that Cd does not necessarily have to be present in tissue at detectable levels to produce toxicity.
Furthermore, studies involving Cd exposure during gestation usually demonstrated alterations in essential trace metals
even though there was no increase in Cd (Hastings and Miller, 1998). Therefore, it is suggested that undetectable
difference of Cd level between the Cd-exposed and control groups might affect Zn metabolism in the kidney and the
liver of the neonates, and/or that alteration of Zn metabolism by Cd are more sensitive in fetuses/neonates than adults.

Finally, we found a tendency that the day of vaginal opening was later in female offspring bom to Cd-treated
dams, Furthermore, two female offspring of the 10 ppm Cd group did not show estrus cyclicity at all. Salvatori et al.
(Salvatori et al., 2004) also showed a delay of vaginal opening in rats prenataly exposed to Cd. On the other hand, an
earlier onset of vaginat opening was reported in rats with much lower dose (Johnson et al., 2003). This suggests that
Cd has estrogen-like activity, because in utero exposure to estrogens or estrogen-like substances causes early onset of
puberty (Hilakivi-Clarke et al., 1997; Rothschild ef al,, 1988). However, female rats prenataly exposed to genistein
had delayed puberty onset, and those exposed to diethylstillbestrol had atypical vaginal cycles (Levy et al,, 1995).
They suggested that prenatal exposire to estrogen-like substances including genistein nﬁght cause a delay in puberty
onset by an inhibitory or androgenizing effect on the hypothalamo-hypophysial axis, which controls estrogen
production leading fo initiate vaginal opening. Moreover, distupted estrus cycle and anovulation were shown to be
characteristic responses to estrogen exposure in rodents during critical periods of neuroendocrine differentiation
(earlier than 5 to 10 days of age) (Gellert, 1978). Therefore, our data supported the notion that perinatal low-dose Cd
exposure would perturb the reproductive-endocrine function. In this study, we could not find the clear relations
between vaginal opening/estrus cycle and Zn/Cu concentrations,
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Table 1.Effect of Cd exposure to the dams during pregnancy and early
lactation period on reproductive performance

Control 1 ppm Cd 10 ppm Cd
Period of gestation (days) 19.7+0.5 18.8 £0.2 21.1+1.1

Litter size 58+1.1 7.7+£0.5 58+0.7
Sex ratio (males to females 1.29+£0.25 1.02+039 1.00+0.52
Birth weight (g) 1.303 £0.016 1.298+0.009 1.300+0.018
Livebirth {n) 35 46 34
Stillbirth (n) 3 2 1
Death after birth (n) 6 11 13

Values are expressed as mean + SE for period of gestation, litter size, sex
ratio and birth weight.
n=6 for control, n=6 for 1 ppm Cd group and n=6 for 10 ppm Cd group.

Table 2.Effect of Cd exposure to the dams during pregnancy and early Iactatlon period on
sexual maturation and function of female offspring.

Control 1 ppm Cd 10 ppm Cd
Day of vaginal opening (PND) 302+1.2 31.4x0.7 324+1.2
Body weight at vaginal opening (g) 15.00£0.10 1541+£0.28 15.52+0.49
Duration of one cycle (days}) 523+032 572050 529+049
Estrous cycle
No. of offspring with normal cyclicity | 3 10 2
No. of offspring with longer cycle (n) . 2 2 1
No. of offspring without cyclicity (n) 0 0 2%

Values are expressed as mean = SE for day of vaginal opening, body weight at vagmal
opening and duration of one cycle.

n=5 for control, n=12 for 1 ppm Cd group and n=>5 for 10 ppm Cd group.

*, p<0.05 compared with control
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Fig 1. Effect of Cd exposure to the dams during pregnancy and early lactaion perios on Cd
concentration in the kidney, the liver (A) and the brain (B) of dams.
Data are expressed as mean = SE.

*; p<0.0001 compared with control.
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Fig 2. Effect of Cd exposure to the dams during pregnancy and early lactation period on
Cd (A), Zn (B) and Cu (C) concentrations in tissues of offspring at PNDO.

Data are expressed as mean = SE.

#; p<0.05 different from each other by one-way ANOVA

*; p<0.05 compared with control



