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spring hecome more mature, various kinds of
behavioral examinations are possible and be-
havioral deviation and neurological disorder
may be found. With aging, immunological
deficiency and generalized debilitation may be
observed and finally the individual may die
earlier than expected indicates as premature
death. Every item contains “D,” thus they are
called six D’s.

As the framework of a behavioral ter-
atology study, observations such as above were
proposed by Spyker. Behavioral teratology
tries to find effects of prenatal exposure not
only at the early stage of life but also over the
lifetime after development and aging.

Curvent framework of behavioval tevatology
stucdy: Eight D’s

However, six D's do not include very
important item for the life, reproduction.
Later Tanimura (Tanimura 1980) proposed
another D, Reproductive Debility. As the issues
concerning endocrine disrupting chemicals are
bheing argued, reproductive debility must be
seriously concerned. He also emphasized Birth

Defects that are found at hirth because of his
expertise, anatomy. Thus, current framework
of hehavioral teratology study can be shown as
Eight D’s (Fig. 1), although all the D’s in the
framework are not examined hy the actual
studies.

Subtle consequences: Important observation ilems
n the investigation

As emphasized by Spyker and colleagues,
subtle consequences are the important findings
of behavioral teratology (Spyker et al. 1972;
Zbinden 1981). Subtle consequences may mean,
1. so slight as to be difficult to detect or 2. not
immediately obvious. Therefore, birth defect
that is obvious at once may not be considered by
actual studies on behavioral teratology.
Abnormal development, behavioral deviation
and neurological disorder are items usually
examined in behavioral teratology studies.

Immunological deficiency, generalized
debilitation or premature death is not usually
considered, probably because immunological
deficiency may not be directly detected by the
behavioral methods. As for generalized
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debilitation and premature death, previous
experiments did not continue such long. Scien-
tists are forced into publishing their studies
quickly; they are unable to wait until experi-
mental animals age enough to evaluate debilita-
tion or to observe their death. Generalized
debilitation and premature death are two impor-
tant items, because an individual develops its
ahilities depending upon its age and accelerated
aging may deteriorate the abilities. If deterior-
ating earlier than normal aging, the individual
may not feel totally happy. Therefore,
evaluating the possible effect by animal is
important.

Findings in behavioral tevatology studies

A considerable number of investigations on
the effects of in utero methylmercury exposure
using animal experimental models have been
reported so far (see reviews by Shimai and
Satoh 1985; Watanabe and Satoh 1996). The
following were ohserved and reported; develop-
ment of reflexive behavior during lactational
period, swimming ability before and after wean-
ing, passive and active avoidance learing, maze
and water escape learning, operant learning,
sensory function, spontaneous activity, open
field test, susceptibility to convulsion and sei-
zure, and wltrasonic vocalization. Most of the
reports revealed retardation, impairment or
change, although some failed.

The observed effects ahove are classified as
follows according to the functional category
(Tablel, Shimai and Satoh 1985; Watanabe
and Satoh 1996). Sensory functions are diffi-
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cult to examine in animal experiments (Evans et
al. 1975; Rice and Gilbert 1995). Most of the
experiments examining this functional category
were done with primates on visual functions.
Although Elsner {1991) trained rats to press a
lever with predetermined forces and found
impaired performance in methylmercury
exposed rats. They had heen given methylmer-
cury during the period hetween 2 weeks before
conception and lactation at the concentrations
of 1.5 or 5.0 mg Hg/liter in drinking water. It
is also interesting that they were examined at
300 days old.

Each function is important for an individ-
ual animal to survive. Further, most of these
functions develop with age and deteriorate later
in the lifetime. It is important that these func-
tions develop under controlled conditions and in
the right order of time. If a function does not
develop at appropriate time, the individual may
have difficult time to survive. Therefore, in
behavioral teratology abnormality in ontogeny
of ontogenesis must be considered as well as
deficit of functions.

Examples of investigations

1. Development of righting reflex and
walking activity

As mentioned above, hehavioral teratology
study has tendency to examine the offspring
animal in early development stage. Satoh and
colleagues (Satch et al. 1985) examined the
effects on development of righting reflex and
walking activity by prenatal exposure. Preg-

Functional categories of behavioral teratology

Functions

Behavior and response

Motor development and functions
Cognitive functions
Motivation and arousal behavior

Social functions
Sensory functions

Reflexive behavior; Swimming ability
Maze, Avoidance, or Operant learning
Spontaneous or Open field activity;
Susceptibility to convulsion and seizure
Ultra sonic vocalization
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nant mice were injected with methylmercury at
the dose of 6.0 mg Hg/kg on gestational day 9.
They were allowed to litter and offspring mice
were examined postnatal days 1,3 and 8§ for
development of righting reflex and walking
activity. The average righting reflex scores of
methylmercury treated offspring were lower
than the control on postnatal days 1 and 3. On
postnatal day 8, however, no difference was
found between the two groups. The methyl-
mercury treated offspring showed similar
ontogenic pattern (score increases with age of
days) to the contro}, though the scores postnatal
dayson 1 and 3 were lower. Therefore methyl-
mercury treatment makes the progress slightly
being retarded. Similar findings were observed
for the score of walking activity.

2. Avoidance learning

With young adult offspring, two-way avoid-
ance can be conducted: An animal has to move
from a compartment of a shuttle box to another
compartment to avoid electric shock. The
animal is warned by sound before electric shock
is applied. The learning ahility is evaluated
how many trials are necessary to avoid electric
shock (moving to the safe compartment before
electric shock by hearing the sound). On ges-
tational day 8 or 15, methylmercury (4.0 or 6.4
mg Hg/kg) was given to maternal rats by gas-
tric intubations (Eccles and Amnau 1982).
When the offspring were 63 days old, acquisition
was evaluated in a shuttle box. The offspring
born to the treated mother needed more trials to
learn avoidance. The difference was more
distinct among the groups whose mother were
given methylmercury on gestational day 15 than
those given on gestational day 8. The control
offspring needed 50 trials to acquire avoidance
and the offspring born to the methylmercury
treated mothers needed more than 200 trials.
There is no difference between the two doses.
Among the offspring given methylmercury on
gestational day 8, the effect was not distin-
guished from the control.

The offspring were also examined later for
reacquisition. After acquisition was estab-
lished the same procedure is repeated without
electric shock and thus offspring soon leamn that
electric shock does not come and they do not
move and stay in the same compartment. This
is the extinction training. Then again electric
shock is applied and reacquisition is evaluated.
Learning deficit was clearly shown among the
offspring groups with prenatal methylmercury
exposure in a dose-dependent manner. The
control needed approximately 40 trials for reac-
quisition, while offspring treated with methyl-
mercury on gestational day 15 with 4.0 or 6.4 mg
Hg/kg of methylmercury needed 100 or 150
trials, respectively.

3. Maze learning test with methylmercury
exposure originated from marlin or tuna meat

In these experiments described above most-
ly methylmercury compounds were given. In
one experiment (Olson and Boush 1975), how-
ever, they gave marlin meat containing methyl-
mercury to maternal rats and found deficit of
the offspring in a maze test. Matemnal rats
were given one of the three diets from ges-
tational day () throughout the experiment.
Thus, first the maternal rats were exposed and
later after weaning offspring rats were exposed.
The diets were 1) rat chow for the control, 2)
marlin meat-+ rat chow to adjust methylmercur-
y concentration at 2 mg Hg/kg diet and 3) tuna
meat -+ rat chow -+ methylmercury hydroxide to
adjust methylmercury concentration at 2 mg
Hg/kg diet. Offspring rats of 60 day old were
examined in symmetrical mazes. It is interest-
ing that offspring given marlin meat diet
showed more errors than did the control, while
offspring rats given tuna meat did not show
more errors. Does methylmercury from differ-
ent sources affect differently, or tuna meat
possibly contained protective agent? No dif-
ference hbetween selenium concentrations in both
fish meats was reported.
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4. Differential reinforcement of high rate;
the lowest dose that produced prenatal methyl-
mercury effects experimentally

The doses of methylmercury were various
among experiments. They range roughly from
the tenth of mg to ten mg Hg/kg body weights
of maternal animals. Dosing regimens were
single or repeated injections or gastric intuba-
tions. Only a few experiments employed dos-
ing through diet (or drinking water).

The lowest dose that produced postnatal
effects of prenatal methylmercury exposure in
the animal experiment was, however, much
smaller (Musch et al. 1978; Bornhausen et al.
1980). The offspring showed deficit in operant
learning. In their experiment using the lowest
dose (Bornhausen et al. 1980) maternal rats were
given methylmercury chloride during ges-
tational day 6-9 by gastric intubations. The
doses were 0.004, 0.008 or 0.04 mg Hg/kg per
day. At 4 month old, offspring rats were
examined by an operant test called differential
reinforcement of high rate (DRH). In this test
schedule a rat is required to press a small lever
at a predetermined number of times within a
predetermined time interval to obtain a small
pellet of food. Thus, DRH2/1 means two lever
presses within one second. No difference was
found among the four different dose groups (0, 0.
004, 0.008 or 0.04 mg Hg/kg) for the success rate
of the DRH2/1 test. But as for the DRH4/2
and 8/4, which require more lever presses, per-
formance decreased in a dose-dependent man-
ner. It is noteworthy that the total dose given
to a mother rat is 0.16 mg Hg/kg at the highest
dose group. This experiment has shown the
lowest amount of methylmercury to produce
behavioral changes ever.

5. Postnatal effects of mercury vapor
exposure during gestation

Experiments investigating postnatal effects
of in utero exposure to mercury vapor are
scarce. One (Danielsson et al. 1993) of the few
studies is as follows: Maternal rats were

exposed to mercury vapor at 1.8 mg Hg® for 1
hour or 4 hours during gestational day 11-14
and 17-20. Spatial learning of offspring rats
was tested in a radial arm maze. Thistestisto
time the latency to obtain all the food pellets in
distal ends of the radial arms. Reentry to the
arm of which pellet was already taken was
counted as an error. Offspring rats with in
utero mercury.vapor exposure needed longer
time to get the pellets and made more errors.
This result indicates neurobehavioral effects of
prenatal exposure to mercury vapor in utero.

6. Interaction of methylmercury and mer-
CUry vapor co-eXposure

It is likely that people in real life are
exposed to various kinds of pollutants. As for
mercury, people may be exposed to methylmer-
cury by fish consumption and to mercury vapor
with dental amalgam. Therefore, an experi-
ment where animals were exposed to hoth
mercury vapor and methylmercury was done
(Fredriksson et al. 1996). The test procedure is
similar to the previous one. Maternal rats
were exposed to mercury vapor at 1.8 mg Hg’
for 15hour/day during gestational day 14-
19. They were also given methylmercury chlo-
ride at a daily dose of 2mg Hg/kg during
gestational day 6-9. Co-exposure to mercury
vapor and methylmercury caused longer time
and more errors in the radial maze test compar-
ing with single exposure to either methylmer-
CUry Or mercury vapor.

7. Postnatal effects of maternal stress and
methylmercury exposure during pregnancy

Whether postnatal development and behav-
ior are affected by interaction with maternal
stress was also examined (Colomina et al. 1997).
Pregnant mice were exposed to methylmercury
(1.6 mg Hg/kg/day) during gestational day 15-
18. Stress was given as immobilization in a
cylinder, 2 hours/day. However, no significant
interaction on developmental landmarks or
neurchehavioral development of offspring mice
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Factors that may influence the
effects of prenatal mercury expo-
sure

TABLE 2.

Species, strain and sex of experimental animals
Time of exposure during pregnancy

Heat exposure during pregnancy

Maternal behavior, Maternal care and Fostering

Nutrition, e.g. Selenium and Poly unsaturated
fatty acids

Environment after birth, e.g. Enriched environment
Behavioral examinations emploved

Age at examination

Miscellaneous

during lactational period was observed.

Factors  that wmay influence the postnatal be-
havioval effecls of prenatal mevcury exposure

Retardation of development of reflexes was
partly counteracted by co-administration of
selenium (Satoh et al. 1985). Moreover, off-
spring mice born to the dams fed with selenium
deficiency diet and given methylmercury injec-
tions during gestation were more severely
affected than the offspring of groups of
selenium deficiency alone or methylmercury
administration alone {Satoh et al. 1997).
Maternal heat exposure before methylmercury
administration during gestation did not enhance
the postnatal effects of methylmercury, though
heat exposure showed interactions (Yin et al.
1997). Since in the studies of behavioral ter-
atology, the main goal is to elucidate postnatal
effects of in utero exposure that does not cause
overt maternal, fetal or neonatal toxicities, the
doses become necessarily low. This also
means the effect is more easily influenced by
other factors and agents in the environment.
Therefore, recognition of these factors and
agents are important to evaluate experimental
results. In Table 2 factors to be considered are
listed.

Most behavioral evaluations were done
during lactational periods or at several tens

days of age. Few examined the effects at the
elderly, though aging is an important factor to
evaluate full spectrum of methylmercury tox-
icity.

Conclusions

This review shows that behavioral ter-
atology reveals subtle consequences of in utero
exposure to mercury vapor and methylmercury;
namely, behavioral teratology is sensitive to
detect postnatal effects of prenatal exposure to
mercury. However, some experiments, which
were not described here, failed to detect the
effects. In these experiments the doses used
were similar to those above mentioned. There-
fore, behavioral teratology is not always sensi-
tive. For example, the behavioral effects may
be masked by the age of examination.

Another problem of behavioral teratology
is the underlying mechanism(s) of behavioral
changes have not bheen fully investigated.
What is the mechanism of behavioral changes?
It may be alteration(s) in 1) developmental and
ontogenetic, 2) physiological and psychological,
3) neurochemical and pharmacological
function(s), or 4) histopathological changes.
Further studies including investigation into
mechanisms are necessary with the considera-
tions on possible “interactions” such as selenium
status and other environmental exposure and
with the efforts expanding of investigation
period over the lifetime of animals as indicated
by the framework, namely, “Eight D’s.”
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Saton, H. and Murata, K. Estimation of Daily Mevcury Intake from Seafood in
Japanese Women: Akita Cross-Sectional Study. Tohoku J. Exp. Med., 2003, 200 (2),
67-73—— We estimated daily mercury intakes from seafood in 154 mothers
residing in several cities and towns in Akita, Japan, to address the relationships
between the reference dose (RfD of 0.1 ug/kg body weight per day, derived by US
EPA) and daily mercury intakes, combined with hair mercury levels. The fre-
quency and volume of seafood ingested by them were examined using a food
frequency questionnaire (FFQ) with 25 kinds of full-scale pictures including fish
and shellfish items. Hair mercury concentrations in the mothers were also
determined. The geometric means in the mothers were 15.3 (2.65-48.4) ug/day for
daily mercury intakes from seafood, calculated on the basis of the references on
mercury contents, and 1.73 (0.49-5.82) ug/g for hair mercury concentrations. The
daily mercury intake was significantly correlated with hair mercury concentra-
tions (Spearman rank correlation coefficient 7,=0.335, »<0.001). No significant
differences in mercury intakes were found either between mothers residing in
fishing and non-fishing areas or bhetween those in cities and towns (p>0.05).
Assuming the methylmercury content rate of 759§ in seafood mercury and body
weight of 55 kg, the mothers were estimated to ingest methylmercury of 0.21 ug/
kg body weight per day. It is suggested that daily mercury intakes, calculated by
the FFQ), reflect hair mercury levels, and there is no interregional difference in the
daily mercury intake unless any special circumstance exists. Daily methylmer-
cury intake in more than 909 of Japanese women may exceed the R/D, and it
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therefore seems to be far from the present state of Japanese dietary lives.
daily mercury intake; seafood; food frequency questionnaire; reference dose;

methylmercury

© 2003 Tohoku University Medical Press

Humans are mainly exposed to methylmer-
cury from seafood and freshwater fish, and
poisoning incidents have also involved grain
treated with this substance as fungicide
(Kurland et al. 1959; Bakir et al. 1973). After
the first epidemic in Minamata, Japan, where
many fishermen and their families developed
methylmercury poisoning in the 1950s, the dis-
ease was dubbed Minamata disease (Igata 1993).
The cause was fish contaminated by drainage,
containing methylmercury, from a chemical
production plant. But, the main problem today
is the widespread occurrence of methylmercury
in fish and marine mammals, thus exposing
human populations with a high fish intake and
especially those who consume from high levels
of the food chains. Since the risk to children
from dietary methylmercury exposure is un-
clear, current advisories on fish consumption
issued by national and state authorities aim
mainly at pregnant women or women of repro-
ductive age groups (United Nations Environ.
ment Programme Chemicals 2002).

Risk assessment of methylmercury expo-
sure is an important public-health consideration
as a basis for preventive efforts (National
Research Council 2000). From data on the
Iraqi poisoning episode, Cox et al. (1989) esti-
mated the maternal hair mercury concentration
of approximately 10 ug/g as a safe level for
prenatal mercury exposure. Taking into
account uncertainty factors, the US Environ-
mental Protection Agency (1997) then proposed
a safe level (reference dose, RfD) for methyl-
mercury exposure at 0.1 ug/kg body weight per
day. However, since little information has
been developed concerning the daily mercury
intake in Japan (Shishido and Suzuki 1974), the
significance of the RfD remains unclear. For

et al. 1999).

this reason, we estimated the daily mercury
intake from seafood in Japanese women by
using a food frequency questionnaire (FFQ), to
address the relationships between the RfD and
dally mercury intakes, combined with hair
mercury concentrations.

MATERIALS AND METHODS

This research was carried out as a part of
the Akita cross-sectional study on the effects of
prenatal methylmercury exposure on child neur-
odevelopment. Prior to this, the study protocol
was approved by the ethical review committee
at the Akita University School of Medicine.
The nature of the procedures used in the present
study was explained to the parents at eight
elementary schools, and mothers and the 7-year-
old children were invited for this study during
the period of July-September in 2002. The
children at 7 years of age were chosen in accor-
dance with the preceding study on the risk
assessment of methylmercury exposure (Murata
The participating subjects, from
whom informed consent was obtained, were 154
mothers at 35.7+4.2 (range, 25~48) years of age,
and the children, residing in two cities and three
towns of Akita Prefecture, Japan. Four of the
eight schools, which the children went to, were
located in near the fishing harbor. Hair sam-
ples were obtained, by cutting strands of hair
close to the scalp, from the occipital area in all
mothers and children. The hair length was
generally about 10 ¢cm, ranged from 1 to 30 cm.
And, total mercury in aliquots of dried hair
samples (15 to 20 mg), cut into small pieces (<2
mm) with scissors after being washed well with
detergent and rinsed two times with acetone,
was determined by the cold vapor -atomic
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absorption spectrophotometry method at the
National Institute for Minamata Disease (Akagi
and Nishimura 1991).

Detailed survey on the frequency and vol-
ume of seafood ingested in a year was conduct-
ed by a trained interviewer at the schools or
civic centers where examinations on child neur-
odevelopment were also done, showing 25 kinds
of full-scale pictures including fish, shellfish and
seaweed items (e.g., tuna, swordfish, skipjack
tuna, codfish, flatfish, mackerel, sardine, sea
bream, whale, salmon, eel, crab, prawn, octopus,
squid, oyster, sea urchin, fish paste, shellfish,
seaweed, and etc.) to each mother, hbased upon
the FFQ (Nakal et al. 2003), ie, a modified
version of Date et al. (1996). Then, the total
mercury intake from seafood (ug/year) was
estimated on the basis of the previous references
on mercury concentrations in seafood
(Yamamoto et al. 1990; Nakagawa et al. 1997),
and daily mercury intake was calculated divid-
ing by 365 days. Also, questionnaires on hair-
dyed and artificial hair waving were collected
from the mothers.

The significance of the relationships
between daily mercury intake and hair mercury
concentrations was analyzed by the Spearman
rank correlation coefficient (7). The Wilcox-
on signed rank test was used to evaluate the
difference in the hair mercury concentration
between the mother and child. The two-way
analysis of variance by the SS model of type II
was available for evaluation of the interregional
differences (i.e, between cities and towns, and
between fishing and non-fishing areas). All
analyses were performed using the Statistical
Package for the Biosciences (SPBS V9.5)
(Murata and Yano 2002).

RESULTS

The geometric mean of daily mercury
intakes, calculated from the 154 mothers, was
15.3 (range, 2.65~48.4) ug/day. The geometric
means of hair mercury levels were 1.73 (range, 0.
49~5.82) ug/g in the mothers and 1.64 (range, 0.

45~6.32) ug/g in the children, but there was no
significant difference in the hair mercury con-
centration between the mother and child (p> 0.
05). The daily mercury intake was significant-
ly correlated with hair mercury concentrations
in the mothers and children (Fig.1). Also,
maternal hair mercury was significantly cor-
related with child’s hair mercury (7.=0.291, p<
0.001). On the other hand, no significant differ-
ences in the daily mercury intake or hair mer-
cury concentrations were found either between
mothers residing in cities and towns or between
those in fishing and non-fishing areas (Table 1
and Fig.1). There were no significant correla-
tions between their ages and either the daily
mercury intake or hair mercury concentrations
(7s= —0.011~0.013, p>0.05).

As the average and standard deviation (sp.)
values of hody weight were 54.6 and 9.55 kg in
16 353 women aged 30-44 years, residing in
Akita Prefecture (2002's data of the Akita
Prefectural Center of Health Care), body weight
of 55 kg for mothers was used to convert daily
ingested dose (ug/day) to that per body weight
(ug/kg body weight per day). Assuming the
methylmercury content rate of 759% in seafood
mercury (Notification of the Environmental
Hygiene Bureau, Ministry of Health and Wel-
fare on July 23rd, 1973), the mothers were
speculated to ingest methylmercury of 0.21 ug/
kg body weight per day (geometric mean), as
shown in Table 2.

A significant difference in the hair mercury
level was seen between the 47 mothers with
artificial hair waving (mean+sp., 1.70+0.95
1g/g) and 107 mothers without (2.1040.98 ug/
g); this difference was statistically significant
(p=0.011) when controlling for daily mercury
intake. On the other hand, the hair mercury
level did not differ significantly between the 120
mothers with dyed hair (1.95+1.03 xg/g) and 34
mothers without (2.074+0.78 ug/g).

DISCUSSION
This study showed that the daily dietary
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Daily mercury intake from seafood (ug/day)

Fig.1. Relationships between the daily mercury intake and hair mercury concentrations in 154
mothers and the children in Akita, Japan. 7, O and @ indicate the Spearman rank correlation
coefficient, and subjects residing in fishing and non-fishing areas, respectively.

A: Mercury level (ug/g) in maternal hair, 7.=0.335, » <0.001.
B: Mercury level (¢g/g) in child’s hair, 7=0.161, »<0.047.

Tapie 1. Residence-specific wmercury concentrations and daily mercury inlakes in
154 wmothers and the childven in Akita, Japan (mumber of samples,

meanzS.D.)
Non-fishing areas Fishing areas

Mother’s hair (ug/g)?

Cities 56, 1.92+0.90 26, 1.90+1.22

Towns 35, 2.17+1.07 37, 1.95+0.87
Child’s hair (ug/g)®

Cities 56, 1.99+1.21 26, 1.761+-0.98

Towns 35, 1.90+0.94 37, 196+1.24
Mother’s daily intake (ug/day)

Cities 56, 19.0+9.9 26, 17.0+104

Towns 35, 159+7.0 37, 17.0+ 9.0

3R =0.567 (p=0.638); "F'=0.263 (»p=0.852); “I"=0.875 (p=0.455).
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TasiLe 2. Distribution of dailly wmethylmercury
intakes (ug/kg body weight per day),
estimated from 154 wmothers in Akila,
Japan, under the assumption that body
weight of wmother was 55 kg, and
methylmeycury-mercury vatio in seafood

was 0.75

Daily intake Number of mothers Proportion (%)

=01 13 8.4
0.2 95 35.7
<03 50 325
=04 19 123
=05 6 39
>05 11 72

intake of mercury (median 15.9 ug/day),
examined by one interviewer using the FFQ,
was significantly associated with hair mercury
concentrations, especially in the mothers
(median 1.8 xg/g). Shishido and Suzuki (1974)
measured the contents of total and organic
mercury from dishes of five daily diets, and the
daily intakes ranged from 3.3 to 70.9 ug for total
mercury and from 2.7 to 70.0 ug for organic
mercury. According to the Faroe Islands Pro-
spective Study, an average total mercury intake
per person over age 14 could be calculated to be
about 36 ug/day based on the data from the
questionnaire study and mercury concentrations
in whale and cod, and maternal hair mercury
concentrations in the cohort showed a median
of 45 ug/g (Grandjean et al. 1992; Weihe and
Grandjean 1994). Concerning an interference of
recall bias (that is, an inevitable problem on the
FFQ), another study of the FFQ with 122 food
items has reported that the correlation coeffi-
cients between nutrients estimated by the first
and second tests conducted at an interval of one
week (i.e., reproducibility) ranged from 0.64 for
vegetable protein to 0.78 for calcium (Date et al.
1996). Therefore, this method with the FFQ is
suggested to provide a useful approach for
estimating daily mercury intake.

In the mothers of the present study, the
daily methylmercury intake was calculated to

be 0.21 ug/kg body weight per day, under the
assumption that the methylmercury content was
75% of seafood mercury. Probably, children
would also ingest a similar level of methylmer-
cury, because there was no significant difference
in the hair mercury level between the mother
and child. The US Environmental Protection
Agency (1997) described that the dose of 1.1 ug/
kg body weight per day was the total daily
quantity of methylmercury that was ingested by
a 60 kg individual to maintain a hair concentra-
tion of 11 ug/g. Despite the different calcula-
tion process, this closely resembles our outcome
in the relation of daily methylmercury intake to
hair mercury concentration. If the above
assumption is correct, daily methylmercury
intake in more than 9095 of Japanese women
and children may exceed the R/D of 0.1 ug/kg
body weight per day (US Environmental Protec-
tion Agency 1997; National Research Council
2000). For that reason, the RfD does not seem
to be suitable for Japanese dietary lives, espe-
cially with respect to the achievement of the
object. For the establishment of a reference
dose of the daily methylmercury intake for
Japanese, risk assessment of methylmercury
exposure should be carried out in a Japanese
cohort, like the Seychelles Child Development
Study (Davidson et al. 1998) and the Faroe
Islands Prospective Study (Grandjean et al.
1997). Moreover, additional study is required
to determine the methylmercury concentration
contained in each of fish, shellfish and seaweed
directly.

Hair mercury concentrations in the
mothers of Akita were hbelow the safe limit (10
ug/g) of the International Programme on Chem-
ical Safety (1990), and the mothers with artifi-
cial hair waving had lower hair mercury con-
centrations than did those without. Our study
population consisted of 82 mothers in cities and
72 mothers in towns. Also, 666 137 persons
resided in cities and 517 870 resided in towns in
Akita Prefecture in March 2001, which were
almost similar to our study population with
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regard of the residential distribution.
Yasutake et al. (2003) examined total mercury
levels of 1666 female hair samples collected
from five districts of Japan, presenting that the
geometric mean was 1.43 ug/g, and that the
geometric mean in each district varied from 1.23
to 2.50 ug/g. Similar mercury levels in Japan
have been reported by some researchers
(Wakisaka et al. 1990; Sakamoto et al. 1993).
In this way, although these hair mercury levels
may have been somewhat underestimated due
to artificial hair waving (Yamamoto and Suzuki
1978; Yasutake et al. 2003), our data appear to
reflect current mean values in Japanese women.

Any significant difference in the daily
mercury intake or maternal hair mercury level
was not observed either between fishing and
non-fishing areas or between cities and towns in
Akita Prefecture (Table 1), although hair mer-
cury levels in Chiba were significantly elevated
when compared to those in Minamata,
Kumamoto, Wakayama and Tottori (Yasutake
et al. 2003); while, the authors did not describe
any reason. In the time of the epidemic out-
break of methylmercury poisoning in
Minamata, fishermen used to barter fish and
shellfish for rice in the territorial society, in-
dependent of monetary economy. However,
according to the rumor that intake of fish
caught from Minamata Bay caused a peculiar
disease, most of people except fishermen and
their families did hardly eat fish contaminated
by methylmercury, and patients with Minamata
disease increased mainly in fishing villages (Doi
1994). In contrast, we can purchase all types of
commodities including fish and shellfish every-
where because of infiltration of monetary econ-
omy and development of the distribution sys-
tem. Thus, the absence of interregional differ-
ences in the daily mercury intake may have
been attributable to the equalization of dietary
lives.

In conclusion, the daily intake of dietary
methylmercury from seafood in Japanese
women was estimated to be between 0.09 and

0.53 ug/kg body weight per day (ie, 5 and 95
percentiles). The actual intake may exceed the
above estimate, because the current content rate
of methylmercury in seafood mercury is sug-
gested to be more than 0.75 (Kehrig et al. 1998).
Anyway, since they are changeable through
various circumstances, a continuous monitoring
of methylmercury is necessary.
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Med., 2004, 202 (3), 227-237 —— Several birth cohort studies have shown adverse
effects of perinatal exposures to methylmercury (MeHg) and environmentally per-
sistent organic pollutants (POPs). These chemicals are ingested mainly through fish
consumption, but little is known about the hazardous effects in Japanese, whose fish
consumption is high. The present study, the Tohoku Study of Child Development,
was designed to examine the effects of perinatal exposures to MeHg, polychlorinated
biphenyls (PCB), dioxins, pesticides, and other chemicals in Japanese children. Six
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hundred eighty-seven pregnant women were participated in this study with their writ-
ten informed consent. Maternal peripheral blood, cord blood, cord tissue, placenta,
and breast milk samples were collected for chemical analysis. Maternal hair was
also taken for MeHg analysis. Infants born at full term were assessed by neurobe-
havioral tests: the Brazelton Neonatal Behavioral Assessment Scale at three days
old, the Kyoto Scale of Psychological Development and the Bayley Scales of Infant
Development at 7 and 18 months old, and the Fagan Test of Infant Intelligence at 7
months old. The children will be continuously followed up to ages 6-7 years. Mater-
nal food intake frequency, maternal 1Q, socioeconomic status, and home environment
were assessed as covariates. The results of this cohort study will allow us to evaluate
associations between the neurobehavioral development of children and perinatal ex-
posures to MeHg and environmentally POPs in Japan. cohort; development;
dioxin; methylmercury; polychlorinated biphenyls

© 2004 Tohoku University Medical Press

The neurobehavioral effects of prenatal
exposures to methylmercury (MeHg) -and envi-
ronmentally persistent organic pollutants (POPs)
including polychlorinated biphenyls (PCBs),
dioxins, and pesticides are of great concern
worldwide (Nakai and Satoh 2002). It was shown
that prenatal MeHg exposure causes the delay
of development of cognitive functions in Faroe
Islands (Grandjean et al. 1997), Madeira Islands
(Murata et al. 1999), and New Zealand (Kjellstorm
et al. 1986), although studies conducted in the
Seychelles showed the absence of toxic effects
of prenatal exposures to MeHg (Davidson et al.
1998). Several epidemiological studies have
also shown the evidence of the adverse effects
of perinatal PCB exposure on neurodevelop-
ment. Cohort studies in North Carolina (Rogan
et al. 1986), Michigan (Jacobson et al. 1985,
1990), NewYork (Darvill et al. 2000, Stewart et
al. 2000), The Netherlands (Patandin et al. 1999;
Vreugdenhil et al. 2002), Germany (Winneke
et al. 1998; Walkowiak et al. 2001), and Faroe
Islands (Grandjean et al. 2001) demonstrated
negative associations between perinatal PCB ex-
posure and cognitive functions in children.

MeHg and POPs constitute a group of per-
sistent environmental chemicals. Due to their
hydrophobic nature and resistance towards me-
tabolism, they are found in every level of the food

chain. Consequently, these chemicals accumulate

- in humans mostly through the consumption of

food, particularly that of fish and shellfish origins.
Indeed, the consumption of fish and shellfish is the
major route of dioxin exposure (>80% of all food
sources) in Japan (Ministry of Health, Labour and
Welfare 2002). From the nutritional perspective,
fish is usually recommended for pregnant women
because it is rich in some nutrients such as n-3
polyunsaturated fatty acids (PUFA) essential for
the perinatal growth of the brain. Therefore, from
the perspective of risk assessment, the above
health hazard issues are particularly of importance
in fish-eating populations.

In this report we present a protocol of
our cohort study, the Tohoku Study of Child
Development, on the effects of perinatal expo-
sures to MeHg and POPs on neurobehavioral
development among Japanese children. We hy-
pothesize that the prenatal/postnatal exposures to
the above chemicals delay or disturb the normal
growth and neurobehavioral development of
children. Exposure assessment includes measure-
ments of multiple chemicals that may potentially
affect the child development. Health risk of chil-
dren was mainly evaluated by neurobehavioral
tests. In studies designed to examine neurobehav-
ioral development, multiple confounding factors
including food intake habit, home environment,
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TaBLE 1. Inclusion criteria for the Tohoku study

Mother

1. Absence of thyroid dysfunction, mental and psychological diseases, hepatitis, immune
deficiency, malignant tumor, diabetes mellitus requiring antidiabetic agents, and any other
severe diseases that may affect the normal growth of fetus

W

No in vitro fertilization
Japanese as the mother tongue
Written consent

ok

Infant

No severe preeclampsia and severe gestational diabetes mellitus

1. Absence of congenital anomalies or severe diseases
2. Singleton birth at term from 36 to 42 weeks of gestation
3. Body weight of more than 2400 g, and when the term was 36 weeks of gestation, body weight

of more than 2500 g

socioeconomic status, and others must be consid-
ered. These issues that must be considered in a
study design are reported.

Study design

Recruitment of cohort. Healthy pregnant
women were recruited with their informed
consent at obstetrical wards of two hospitals in
Sendai. To establish an optimal study population,
only infants born at term (36 to 42 weeks of ges-
tation) without congenital anomalies or diseases
are included. Pregnancy and delivery should have
been completed without overt signs of serious
illness or complications. The inclusion criteria
are shown in Table 1. The study protocol was ap-
proved by the Medical Ethics Committee of the
Tohoku University Graduate School of Medicine.

Sample collections. The hair samples were
collected from the mothers after delivery. Most
epidemiological studies on MeHg exposure have
used mercury concentration in hair to estimate
the body burden (WHO 1990). Since hair growth
rate 1s independent of gender or racial differences
(Cernichiari et al. 1995), by assuming a constant
rate of hair growth equal to 1.1 cm per month (Cox
et al. 1989), it is possible to generate a profile of
MeHg exposure based on the mercury concentra-
tions in serial segments of scalp hair. The hair

- samples were cut next to the scalp, in the nape

area, with stainless steel scissors. The samples
were placed in a plastic bag and kept in a desicca-
tor until analysis.

Since most commercially available plastic
and glass materials are possibly contaminated
with a significant amount of chemicals such as
POPs, all glassware used for sample collection
and storage was treated by heating at 400°C in a
chemically clean chamber to exclude the possible
contamination with PCBs and dioxins. All other
materials were confirmed to be clean before use.

Blood samples were collected from mothers
at 28 weeks of pregnancy. For blood collection,
a vacuum system heparin tube confirmed to be
without contamination was used to collect periph-
eral blood (30 ml), and centrifuged within 4 hours
for 20 minutes at 3000 rpm; plasma and whole
blood were stored at —80°C until analysis.

A blood sample (more than 50 ml) from the
umbilical cord was collected into a bottle using
heparin as the anticoagulant after the delivery.
Placenta and cord tissues were also collected after
the delivery. Since the placenta is a large organ,
which is a heterogeneous mixture of placental
cells and decidual tissues containing maternal and
fetal blood, representative samples of placenta
were obtained as follows: the placenta was divid-
ed into 20-30 pieces that were randomly separated



