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The evaluation of developmental toxicity of chemicals
exposed occupationally using whole embryo culture

SHU-FEN ZHAO*, XIU-CHI ZHANG, LAN-FEN ZHANG, SHU-SEN ZHOU,
FAN ZHANG, QIU-FENG WANG, YU-LING WANG and YU-SHU BAO

Department of Occupational Health, School of Public Health, Beijing Medical University, Beijing, P.R. China

ABSTRACT  The purpose of this study was to employ the whole embryo culture (WEC) system to
evaluate the developmental toxicity of industrial chemicals. Five chemicals including lead, cadmium,
vinyl chloride, 1,2-dichloroethan, and carbon disulphide were tested in our laboratory both in vitro and
in vivo (except lead). In vitro studies showed that cadmium and lead were teratogenic in the rat; whilst
carbon disulphide, 1,2-dichloroethan and vinyl chloride mainly induced embryo growth retardation. The
in vitro effects on development of the five industrial chemicals were similar to the effects in vivo. The in
vitro effects were studied by three different exposure routes, direct exposure - chemicals added to the
culture medium; indirect exposure —serum prepared from treated rats then used as culture medium, and
pre-exposure — embryos treated maternally then explanted into control (untreated) culture medium.
Comparing these three different exposure routes suggests that the last exposure route is the most
effective when using WEC to evaluate developmental toxicity of industrial chemicals. The effects on
embryo development of culturing in sera prepared from subjects occupationally exposed to antineoplastic
drugs (ADs) was also tested by the WEC system. Embryos were cultured with human serum that was
thought to contain ADs or ADs' metabolic materials (serum taken from nurses routinely handling ADs),
to evaluate the effects of ADs on embryo development. Embryos (9.5-day) cultured with serum from 11
female nurses who had been handling ADs for 2-17 years in the oncology department all survived, but
showed slight growth retardation. Embryos cultured with serum from 30 healthy and unexposed people
served as controls and embryo development in their serum was normal.
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Introduction

The significance of environmental agents in the etiology of
congenital malformations has been recognized for many years.
Large numbers of chemicals are emitted into the environment
every year, and industrial chemicals are an important pollution
source. Our scientists have been devoting much attention to
studying the developmental toxicity of industrial chemicals, and
various teratogenicity tests have been designed for testing the
developmental toxicity of drugs and other agents. The traditional
teratogenicity test using the standard whole animal or segment ||
teratogenicity testis impracticable for the screening of the increas-
ingly large number of chemicals introduced into the environment
each year. The whole embryo culture (WEC) system was devel-
oped by New and his colleagues in Cambridge (New, 1978), with
advantages including rapidity, economics, and precise control of
experimental conditions. This technique has been utilized for
teratogen screening and the study of teratogenic mechanisms.

The teratogenic effects of cadmium (Cd) have been described
in a number of in vivo and in vitro studies (Klein et al., 1980;
Warner et al., 1984). Cadmium-induced malformations encom-
pass a broad spectrum of abnormalities including neural tube,
limb, craniofacial and skeletal defects. In one series of experi-
ments, serum was prepared from rats atintervals after injection of
cadmium chloride, and embryos showed various abnormalities
and growth retardation.

The embryo toxicity and teratogenicity of lead (Pb) in animals
have been reported by McClain and Becker (1975), Kimmel et al.,
(1980) and Beaudoin and Fisfer (1981), and embryo growth
retardation and malformations were found. Carbon disulphide
(CS,)is avolatile solvent; its mostimportant use in industry is in the
production of viscose rayon fibres. Itis also used, to some extent,
as a solvent in various industrial processes. The teratogenicity of

Abbreviations used in this paper: DCE, 1 2-dichloroethan: VCM, vinvl chloride
monomer; WEC, whole embrvo culture,
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TABLE 1

THE IN VIVO EFFECTS OF CADMIUM ON EMBRYONIC AND FETAL
DEVELOPMENT IN RATS

Cadmium doses

Parameters Control 2 mg/kg 4mg/kg 8 mag/kg
No. of litters 13 16 15 14
No. of carpora lutea 165 136 144 15
No. of implants® 14.3+0 44 11.6+0.76 12.9:0.72 13.7+0.61
No. of live fetuses® 13.4+0.54 9.7+1.03" 93+1.42* 73+1.63"**
Fetal death (%}* 65+1.8 15342.7*" 240+32** 396+38""
Fetal body weight ig)
male® 40401 42+01 4.2+01 29+03"*
female® 38401 39+0.1 3.8+01 29403**
Fetal crown-rump
Length (mm)
male® 36.0+0.3 36.2+05 35.9+06 31.4£15*"*
female * 35.0+03 355404 34.7:+06 31.0+16%°
External malformations 0/174(0) 0/155 (0) 3/139(2.2) 5/102(49*
0/61 (0} 2/5313.8) 2/48 14 2) 4/35(11.4)*

*Mean+SE; *p<0.05; **p<0.01; ***p<0.001. Figures in parentheses are
percentages

CS, is still a controversial issue. It has been reported in animals
only by Tabacova (1976), Tabacova efal. (1978) and a few other
authors (Bariljak et al., 1975). A significant increase in pre-
implantation loss and fetuses with external malformations was
observed. 1,2-dichloroethan (DCE) is a volatile liquid, and is
principally used in the synthesis of vinyl chloride. Vozovaya (1976)
exposed female rats to 1543 mg DCE/m?, for 4 h daily, 6 days/
week, for 4 months prior to mating, after which exposure was
continued. Pre-implantation losses were found to be 5 times
greater in treated animals than in the controls, though no fetal
abnormalities were reported. DCE was also administered to fe-
male albino rats at a concentration of 57+10 mg/m? in air, for 4 h
daily, 6 days/week, for 6 and 9 months. The rats were then mated

and exposure continued. A reduction in fertility was observed, the
weight of newborn rats was reduced, and prenatal mortality was
increased (Vozovaya and Malyarova, 1975). No abnormalities
were observed. Vinyl chloride monomer(VCM) is a carcinogen and
mutagen, however its teratogenicity has not been established in
animals. Using inhalation doses up to 2500 ppm VCM during
pregnancy no malformations were found (John etal., 1977; Ungvary,
1978).

Many ADs used in cancer treatment have been found to be
mutagenic, carcinogenic and teratogenic in laboratory animals.
Moreover, some ADs have been shown to be teratogenic in
pregnant women being treated with ADs (Sorsa et al, 1985;
McDiarmid and Egan, 1988; Skov etal., 1992). ADs have also been
reported to increase the number of chromosome aberrations,
sister chromatid exchanges, point mutations, micronuclei in
lymphocytes, and to increase urinary mutagenicity and thioether
excretion in nurses handling them (Oestreicher et al., 1990; Sardas
etal., 1991). Recently some epidemiological studies have shown
that nurses handling antineoplastic drugs face potential reproduc-
tive hazards (Hemminki et al., 1985; Selevan et al., 1985; Stlcker
et al., 1990; Zhao et al., 1993).

For a long time, many authors have suggested that the WEC
system could be used as a screening system for teratogens and
studying of teratogenic mechanisms, however, the application of
the WEC system to the screening of industrial chemicals has been
very limited.

There are about 56 million working women in China. They may
be exposed to occupational hazards, especially industrial chemi-
cals, whilst participating in occupational activities. An attempt has
been made to expand the WEC system to screen industrial
teratogens and to evaluate the developmental toxicity of industrial
chemicals.

The purpose of this study was to establish the WEC system,
employ it to detect the developmental toxicity of industrial chemi-
cals, and to explore whether cultured rat embryos in human serum
could be used to evaluate the teratogenic activity of serum taken

TABLE 2

EVALUATION OF EMBRYO DEVELOPMENT FOR EMBRYOS DIRECTLY EXPOSED TO CADMIUM

Group Serum Yolk sac Crown-rump Head length No. of Protein Marphologic
cadmium pug/ml  diameter (mmj)*® length {mm)* (mm)* somites® ug/embryo# score®
Control N= 14 0 441402 3.46+0.2 1.74+0.1 26.1+0.1 278.9+16.7 415403
Cd exposure N= 10 3.2 3.40+0.23** 2.43+0.2** 1.26+0.1** 185+2.3** 128.1+27.0%** 30.4+3.1***
*p<0.05; **p<0.01; ***p<0.001; *“Mean+SE
TABLE 3

TYPES OF MALFORMATIONS IN EMBRYOS DIRECTLY EXPOSED TO CADMIUM

Group No. normal embryos Complete rotation Closed posterior Somite Pericardical Anophthalmia
neuropore disturbance edema

N (%) N (%) N (%) N (%) N (%) N (%)

Control N= 14 14 (100) 14 (100) 14 (100) 0 (0) 0 10) 0 0

Cd exposure N=10 1 (10**) 1 (10**) 1 (10) 3 (30) 1 (10) 2 (20)

**p<0.01. Figures in parentheses are percentages.




TABLE 4
TYPES OF MALFORMATIONS IN EMBRYOS PRE-EXPOSED TO
CADMIUM
Group Abnormal Axia Open Pericardial Anophthalmia
embryos rotation neuropores edema (%)

Control 00 0 (0} 00 00 010}
N= 14
2mgCd/kg 11(688)"" 5{31.3) 8 150.01*** 4(250) 2(18.2)
N=16
8 mg Cd/kg 8(88.9)** 6 166.7)"* B(BB.9)*** 4 (444)"* 6(66.7)"*"

N=9

*p<0.05; **p<0.01; ** *p<0.001. Figures in parentheses are percentages.

from nurses exposed occupationally to antineoplastic drugs. Five
industrial chemicals were tested: 2 potential teratogens in animals
(lead, cadmium), 2 compounds reported to have no teratogenic
effect on in utero development but showing developmental toxicity
(Vinyl chloride and 1,2-dichloroethan), and one suspected tera-
togen (carbon disulphide). We have compared the responses in
vivo (teratogenicity test) and in vitro (WEC system) for 5 com-
pounds (except lead) at our laboratory. Some industrial chemicals
are in the form of vapour or aerosol in the air of workplaces, and
they enter the maternal body through the respiratory tract, then
affect embryos. Therefore the actions of industrial chemicals on
embryos in culture were examined with various exposure routes,
especially the effects on subsequent embryo development in
culture of exposing pregnant rats to these chemicals. The effects
of chemicals at different concentrations (or doses), especially low
levels close to human exposure levels, on the development of
embryos were observed. Using the WEC system with human
serum to evaluate the effects on embryo development of occupa-
tional exposure to ADs was also explored.
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Results

The effects of cadmium (Cd) on embryonic development of rat
embryos in vitro and in vivo

In vivo effects of cadmium on growth and development of
embryos: pregnant rats on day 7, 9, 11 of gestation were injected
subcutaneously with CdCl, at doses of 0, 2, 4 and 8 mg/kg. On day
20 of gestation, all pregnant rats were killed. The results showed
that the incidence of fetal death in treated groups was significantly
higher than that of the controls. The fetal body weights and crown-
rump lengths were also significantly lower than those of controls,
and the incidence of external or internal malformations was signifi-
cantly increased in the high-level exposure group, compared with
controls. The types of malformation included gastroschisis, cleft
palate, polydactyly, small lungs, and nephredema (Table 1) (Zhou
et al., 1990).

In vitro effects of cadmium on growth and development of
embryos: effects of cadmium by different exposure routes were
studied on cultured embryos.

Direct exposure

Cadmium was added directly to the culture medium (Cd in
medium 3.2 ug/ml). 9.5-day rat embryos were treated for 30 min
with cadmium; all survived a 48-hour culture period (absence of an
embryonic heart beat was used as the criterion of death), but
showed high malformation rates and exhibited a variety of abnor-
malities (Tables 2,3). These responses were similar to those
observed in the pre-exposure route group (see below), except that
exencephaly was not observed in the direct exposure group.

Indirect exposure

Effect on embryo development of sera after a single administra-
tion of cadmium: an attempt was made to evaluate the teratogenic
activity of sera from rats exposed to cadmium. 9.5-day rat embryos
were cultured for 48 h in serum taken at various times (1, 12, 24 h

TABLES

EVALUATION OF EMBRYO DEVELOPMENT FOR EMBRYOS PRE-EXPOSED TO CADMIUM

Group No. embryos Yolk sac Crown-rump Head length No. of Protein/ Morphologic
diameter (mm)*® length (mm)* (mm)* somites® ugfembrvo' score®
Control 14 441402 3.46+0.20 1.74+0.1 26.1+0.1 278.9+16.7 415403
2 mg Cd/kg 16 421+0.9 2.85+0.18 ¢ 1.46+0.1 20.3+16"" 20394205 ** 36.3+2.1**
8 mg Cd/kg 9 3.71+0.1 3.01+0.26 1.36+0.1" 10.4+0.1 %" - 216+30%"*
*Mean+SE; *p<0.05; **p<0.01; ***p<0.001.
TABLE 6
EVALUATION OF EMBRYO DEVELOPMENT FOR EMBRYOS DIRECTLY EXPOSED TO LEAD (ug/ml)

Group No. Yolk sac Crown-rump Head length No. of Protein/ DNA

embryos diameter (mm)* length{imm)* (mm)* somites® ug/embryo® ng/embryo®
Control 20 489+012 3.25+0.06 1.79+0.06 26.00+0.40 240.98+7.83 25.07+0.87
30.68 20 4.43+009*" 3.31+0.09 1.71+£0.06 22.00+0.78 ** 176.32+5.06 17.97+1.00 **
62.88 20 3.90+0.16 ** 27514016 ** 1.38+0.09 ** 19.50+0.41 ** 98.43+743 "% 12.25:0.66 **
88.64 20 3.21+0.10** 2.29+009** 1.03+0.06 ** 15.25+1.14 ** 52.20+464 ** 883+083 **

*Mean+SE; *p<0.05; **p<0.01; ***p<0.001.
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TABLE 7

EVALUATION OF EMBRYO DEVELOPMENT FOR EMBRYOS PRE-EXPOSED TO LEAD (50 mg/kg)

Group No. embryos Yolk sac Crown-rump Head length No. of Protein/ DNA
diameter (mm)* length (mmj® (mm)* somites” ug/embryo® pg/embryo®
Control 20 4.96+0.03 3.56+0.05 1.95+0.03 29.240.48 322.449.17 32.76+1.19
Pb exposure 20 4,22+0.03 3.40+0.05 1.87+0.04 24 540.65" 221.8412.81* 20.05+1.08**
*Mean+SE; *p<0.05; **p<0.01
TABLE 8

EVALUATION OF EMBRYO DEVELOPMENT FOR EMBRYOQS PRE-EXPOSED TO CS,

Group No. embryos Yolk sac Crown-rump Head length Na. of Protein/ Moarphologic
diameter (mm)* length (mm)* (mm)® somites® ug/embryo® score®

Control 17 4.35+0.09 3.18+0.08 1.48+0.06 23.6+0.3 219.3+£19.8 42.8405

100 mg/m? 10 3.97+0.17** 2684012 1.21+0.09* 20.3+0.5* 78:3412.8%F 3P Ta] G**

*Mean+SE; *p<0.05; **p<0.01; ***p<0.001.

after dosing) from treated rats (Cd 2 mg/kg). The results demon-
strated that embryo growth was affected and the effect was
different in serum from animals treated with cadmium at various
times. The cadmium in serum was measured; concentrations were
different at different times after exposure, and were 1.98 mg/ml,
0.14 mg/ml, 0.08 mg/ml, 0.06 mg/ml at 1, 4, 8, 12 h, respectively.
Serum cadmium reached the highest levels at about 1 h after
injection and thereafter declined rapidly within 4 h, and was not
detectable 24 h after administration. All embryos cultured for 48 h
in serum taken 1 h after cadmium administration failed to thrive.
Embryos in serum taken 8 or 12 h after cadmium administration
survived, but were smaller and contained less protein than con-
trols. In serum, from rats treated 24 h prior to serum preparation,
embryos appeared morphologically normal but contained reduced
amounts of protein. When tissue sections were examined, two
embryos exhibited abnormal eye development including anoph-
thalmia (in two cases).

Pre-exposure

Pregnant rats were injected on day 8.5 subcutaneously with 2
mg/kg and 8 mg/kg Cd, respectively, then embryos were explanted
onday 9.5 into serum taken from untreated rats and cultured for 48
h. The results showed a high malformation rate and a variety of
abnormalities in embryos from treated rats (Table 4). These
defects included failure to complete axial rotation, anophthalmia,
open neuropores and pericardial edema. When compared to
controls, development of these embryos was retarded, and the yolk
sac diameters, head lengths, and crown-rump lengths were signifi-
cantly decreased. Furthermore, total embryonic morphological
scores were lower, and embryo protein was significantly reduced.
The effects showed a dose-response relationship (Table 5).

The effects of lead (Pb) on the development of embryos in vitro
Direct exposure

9.5-day ratembryos were cultured for 48 h in medium containing
final concentrations of 0, 30.68, 62.88 or 88.64 pg/ml Pb*. All

embryos survived a 48 hour culture period, but showed significant
decreases in visceral yolk sac circulations, yolk sac diameters,
crown-rump lengths, and head lengths. The development of somites,
limb buds and branchial bars was inhibited, and protein and DNA
synthesis were reduced. A dose-response relationship was found.
Developmental abnormalities such as open neural tubes, failure of
axial rotation, and malformations of brain and heart were observed
(Table 6) (Zhang et al., 1992).

Pre-exposure

Pregnant rats received an intraperitoneal injection of lead ac-
etate (50 mg/kg) on the 9.5th day of gestation. After 24 h, embryos
(10.5 day) were explanted into serum prepared from untreated
rats, and cultured for 24 h. On the next day, all embryos had
survived, but showed significant decreases in yolk sac diameter,
number of somites, growth of limb buds, and protein and DNA
synthesis. Malformations such as open neural tubes and failure of
axial rotation were observed (Table 7) (Zhang et al., 1992).

The effects of CS,on growth and development of embryos in vivo

In our laboratory, teratogenicity tests were made on Wistar
rals and Kun Ming mice. The results showed that when preg-
nant rats and mice were exposed to CS, at concentration of 10
or 100 mg/m?® throughout gestation, no teratogenic effects were
found. However some embryo toxicity such as delayed skeletal
ossification and pericardia hemorrhage of newborns was ob-
served in the 100 mg/m?® exposure group (Wang and Bao, 1988).

The effects of CS, on development of rat embryos in vitro

Pre-exposure

Pregnant rats were exposed to carbon disulphide(100 mg/m?3, 4
h/day) onday 7 and day 8 of gestation and embryos explanted from
them at 9.5 days into serum taken from untreated rats. The
embryos were cultured for 44 h. The results showed that in the
exposure group, yolk sac diameters, crown-rump lengths, head
lengths, and embryo protein contents were reduced, and somite,



limb bud and bronchial bar formation were inhibited. The incidence
of failure to complete axial rotation (50%) was significantly higher
thantorcontrols (5.9%). The incidence of open posterior neuropores
in exposed embryos was higherthan for controls, but the difference
was not statistically significant. The results suggested that the
effects of carbon disulphide on cultured embryos were similar to
those in vivo; embryonic toxicity was found but no significant
teratogenicity exhibited (Table 8).

The effects of DCE on the growth and development of em-
bryos in vivo

Rats were exposed to DCE at concentrations of 0, 24.8+0.7 and
207.6+10.2 mg/m?, for 6 h per day from two weeks before mating
and throughout gestation. On day 20 of gestation, all pregnant rats
were Killed by cervical dislocation. The results showed that the
incidence of pre-implantation loss in the group exposed to DCE at
a concentration of 207.6 mg/m? (31.0%) was significantly higher
than in the control group (10.2%), (p<0.05) and the male pup
weights in the exposure group (3.9 g) were significantly lower than
for the control group (4.4 g), (p<0.05). Gross skeletal, and visceral
malformations were not found (Zhao et al., 1984, 1989).

The in vitro effects of DCE pre-exposure

Pregnant rats on day 7 and day 8 of gestation were exposed to
DCE at concentration of 25 and 250 mg/m? respectively, for 4 h
daily. Then embryos were explanted on day 9.5 into serum taken
from untreated rats, and cultured for 44 h. The results showed that
embryo development was retarded; yolk sac diameters, head
lengths, crown-rump lengths, and protein contents were signifi-
cantly lower in the 250 mg/m® DCE exposure group than in
controls. The embryos in the high-exposure group appeared
grossly normal, but open posterior neuropores were found (21.4%
vs 5.9% in controls). No difference was found between the group
exposed to 25 mg/m? DCE and the controls (Table 9).

The effects of VCM on growth and development of embryos in
vivo

Teratogenicity tests of VCMin rats and mice were made. On day
20 of gestation, pregnant rats were killed (pregnant mice were
killed on day 18 of gestation). No teratogenic effects were found in
rats or mice when exposed to 5,000 ppm VCM during pregnancy.
However, a slight embryo toxicity manifested as subcutaneous
bleeding, or delayed ossification of the skeleton was observed in
the pups of mice and rats exposed to 5,000 ppm VCM (Bao et al.,
1979).

In order to screen potential teratogens, another test of VCW
exposure in vivo was undertaken. Pregnant rats were exposed to
VCMby inhalation on day 7 to day 10 of gestation at concentrations
of 0, 50 ppm and 500 ppm. Rats were killed on gestation day 11.5,
and the embryos were observed and evaluated using a morpho-
logical scoring system (Brown and Fabro, 1981). The results
showedthat embryonic morphological scores, crown-rump lengths,
head lengths and embryo protein contents were significantly lower
than those of controls in both the exposure groups (p<0.05). No
teratogenic effect was found (Table 10) (Zhang et al., 1993).

VCM exposure in vitro
Pre-exposure: pregnantrats were exposedto VCMonday 7 and
day 8 of gestation, at concentrations of 0, 50, 500 ppm respectively.
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Theirembryos (9.5 day) were then explanted into serum prepared
from untreated rats, and cultured for 48 h. The results were similar
to those observed in vivo (Zhang et al., 1993).

The effects on embryonic development of occupational ex-
posure to Antineoplastic drugs (ADs)

Culture of rat embryos on human serum

Head-fold-stage (9.5 day) rat embryos were cultured for 48 h
in human serum supplemented with glucose (3 mg/ml serum) and
10% rat serum. Comparison of embryo developmentin rat serum
and in human serum showed that growth and development were
similar in the two sera, and there was no growth retardation or
abnormal development. Apart from the DNA contents of the
embryos, there were no statistically significant differences be-
tween the two groups (Table 11).

9.5 day rat embryos were cultured for 48 h in serum from
nurses. The results showed embryo growth retardation, reduced
protein contents, and somite numbers, and branchial-bar forma-
tion was inhibited. Morphological scores of embryos were re-
duced in the serum of nurses occupationally exposed to ADs,
compared with controls (p<0.05) (Table 12).

Discussion

Whilstthe value of the WEC systemin the study of mechanisms
of normal and abnormal development may be undisputed,
its potential value in screening for teratogenic agents or the
evaluation of the developmental toxicity of industrial chemicals
has been reported rarely. In this review, an attempt has been
made to demonstrate the broad application of WEC. We have
compared the effects in vivo and in vitro for 5 distinct industrial
chemicals and have found that the in vitro effects were similar to
those in vivo.

The teratogenic effects of cadmium have been reported previ-
ously using similar whole embryo culture techniques (Klein et al.,
1980; Record ef al., 1982). In our research, one series of experi-
mental sera was prepared from rats at intervals after injection of
cadmium chloride. Embryos treated with the sera showed various
abnormalities, including failure of closure of the fore-and mid
brain, and retarded growth. The effects on the embryos showed
dose-response relationships which may be due to the differences
in cadmium concentrations in sera taken at different times. The
cadmium concentration in serum from treated rats was measured.

Kimmel et al. (1980) examined the effects of lead (Pb) on the
growth and development of embryos. Rat were exposed to Pb-
acetate for 6-7 weeks, then mated and exposed continually
throughout gestation and lactation. Their offspring showed de-
layed vaginal opening in the 50 and 250 ppm groups, and
significant growth retardation 1 to 3 weeks after exposure. McClain
and Becker (1975) reported that single doses of 25-70 mg/kg of
lead nitrate administered (iv) to pregnant rats on day 9 of gesta-
tion, caused a urorectocaudal syndrome of malformations and
skeletal anomalies.

In our study, using the WEC system, embryos were directly
exposedto Pbinthe medium, orthe embryos were taken from pre-
treated pregnant rats. The results showed that although all
embryos survived for 24 h in culture, growth retardation and
developmental malformations in the brain and heart were ob-



280 S-F. Zhao et al.

TABLE 9

EVALUATION OF EMBRYO DEVELOPMENT FOR EMBRYOS PRE-EXPOSED TO DCE

Group No. embryos Yolk sac Crown-rump Head No. of Protein/ Morphologic
diameter (mm)* length (mm)* length (mm)* somites® ug/embryo® score®
Control 17 4.36+0.09 3.18+0.08 1.48+0.06 23.6+0.3 219.3+19.8 42.840.5
25 mg/kg 12 4.96+0.22 3.2140.10 1.60+0.05 24.2+0.4 269.5+23.9 40.0+0.4%
250 mg/kg 14 3.47+0.18*** 2.48+0.11%** 1.16+£0.07*** 20.0+0.9*** 124.3+205*" 384+1.1%F

*Mean+SE; *p<0.05; **p<0.01; ***p<0.001.

served, and a dose-response relationship was found. Our study
shows that cadmium and lead are potential teratogens.

The teratogenic effects of CS, in animals have been reported
only by Tabacova (Tabacova, 1976; Tabacova et al., 1978) and
a few other authors. Tabacova demonstrated that when pregnant
Albino strain rats were exposed to CS, at concentrations of 50,
100 and 200 mg/kg throughout gestation for 8 h per day, signifi-
cant increases in preimplantation loss and externally malformed
fetuses resulted.

In our laboratory, no significant teratogenic effects of CS,were
found in vivo (Wang and Bao, 1988). Using the WEC system, it
was found that in the exposure group, the yolk sac diameters,
crown-rump lengths, head lengths, and embryo protein contents
were reduced, and somite, limb bud and branchial bar formation
were inhibited. The incidence of failure to complete axial rotation
was significantly higher in controls. Embryos with open posterior
neuropores had fewer somites (<22 somites), though the differ-
ence was not statistically significant compared with controls. The
result suggested that the effects of CS, on embryos in vitro were
similar to the effects in vivo (Zhao et al., 1992). CS, was found to
be embryotoxic, but not teratogenic.

John et al. (1977) exposed rodents and rabbits to different
concentrations of VCM at 50 to 2500 ppm during organogenesis
and found no adverse fetal effects. Ungvary (1978) exposed rats
to 1500 ppm VCM during pregnancy and produced increased fetal
mortality but no malformations. In this study, teratogenicity of
VCM was not found either in 11.5-day embryos or in 20-day
fetuses. The effects of DCE on embryonic development were
tested bothin our laboratory and by Vozovaya (1976) and Vozovaya
and Malyarova (1975). The responses were similar; the result
showed that DCE is embryotoxic but no teratogenic. Our study
showed that the effects of five industrial chemicals on embryos in
vitro were similar to those in vivo, and suggests that WEC may
prove an effective method of evaluating the effects of such
chemicals.

Some industrial chemicals are in the form of vapour or aerosol
in the air of workplaces, and enter the maternal body through the
respiratory tract, then affect the embryo. The effects of industrial
chemicals on in vitro embryos were therefore examined by vari-
ous exposure routes. We designed three different routes of
exposure: directly adding chemicals to the culture medium, using
serum from rats given industrial chemicals, and explanting em-
bryos from treated pregnant rats into serum taken from untreated
rats. The response in each case was similar. The exposure route
of treating pregnant rats with chemicals and then explanting their
embryos into serum taken from untreated rats provides a com-
plete model of the "embryo/placenta/mother” unit .

Control 9

In order to screen potential teratogens, we observed directly
11.5-day embryos that had been exposed in vivo (VCM), which
provides a rapid test-method for evaluation of the development
toxicity of industrial chemicals.

Using the WEC system to evaluate the developmental toxicity
of industrial chemicals, some differences in embryonic response
may be related to differences in exposure time, concentration
(dose) and animal strains. The evaluation of the teratogenic
activity of serum could be affected by the time of preparation of
serum since chemical levels in serum may decline rapidly.

When we evaluate the developmental toxicity of chemicals in
WEC, we should distinguish embryo growth retardation from
malformation using the method reported by Steele et al. (1983).
In our study, although incomplete axial rotation and open
neuropores were found in embryos exposed to CS,, DCE and
VCM, they also had less somites. The evaluation of the effects of
chemicals should be made at different concentrations (doses),
especially at low levels to which humans may be exposed.

Comparing the results of this study in vitroand in vivo, it seems
that the susceptibility of embryos in vitrois greater than in vivo. For
example, pregnant rats exposed to Cd at concentration of 2 mg/
kg, did not have malformed embryos. However, when embryos
were explanted from pregnant rats injected with 2 mg/kg Cd and
cultured, a high malformation rate was found.

We have also shown that head-fold-stage (9.5 day) rat embryos
cultured in human serum may be used as a methed of monitoring
the effects on development of exposure to antineoplastic drugs.

Materials and Methods
Animals

Wistar rats were provided by the Animal Centre of Beijing Medical
University. Males and virgin females were housed together overnight, and

TABLE 10

THE EFFECTS ON EMBRYO DEVELOPMENT /N VIVO OF EXPOSING
PREGNANT RATS TO VCM

Group No. of Head Protein Morphologic

VCM embryos length (mm)*® ug/embryo® score”

500 ppm 18 192+004 =*=* 229.321+11.47 %% 39.9+0.4"**

50 pprm 10 2.16+0.05 20040+8.14 **=* 439+1.0
2.14+0.04 313.76+8.72 42.0+0.5

*Mean+SE; *p<0.05; **p<0.01; ***p<0.001.
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TABLE 11

MORPHOLOGICAL FINDINGS ON 9.5-DAY RAT EMBRYOS CULTURED IN HUMAN SERUM AND IN RAT SERUM FOR 48 h

Group Yolk sac Crown-rump Head length Na. of Protein/ Branchial DNA

diameter (mm)* length{mm)® (mm)* somite® ug/embryo® bar® ng/embryo®
Rat serum 5.87+0.07 4.21+0.08 1.85+0.03 26.10+0.20 27293+11.88 3.0+0.0 22.88+1.03
N= 31
Human serum 5.98+0.05 4.09+40.05 1.90+0.02 26.11+0.13 282.27+5.63 2.9+0.03 20.30+0.33*
N= 93
*Mean+SE; *p<0.05.

TABLE 12

MORPHOLOGICAL FINDINGS ON 9.5-DAY RAT EMBRYOS CULTURED IN SERA FROM NURSES AND IN CONTROL SERA

Group No. of embryos Yolk sac Crown-rump
diameter (mm)* length (mm)*

Nurse serum 41 5.78+0.08 4.09+0.08

Control 93 4.09+0.05

5984005

*Mean+SE; *p<0.05; **p<0.01.

the females were checked for the presence of vaginal plugs at 9:00 am. The
plug day was defined as day 0 of pregnancy (0.5 day at noon).

In vivo studies

Pregnant rats were randomly assigned to experimental groups, and
exposed to various doses of industrial chemicals. On day 20 (Cd, CS,,
VCM) or 11.5 (VCM) of gestation, all pregnant rats were killed by cervical
dislocation (pregnant mice were killed on day 18). The uteri were removed
and implantation sites, resorptions and dead fetuses were recorded. Live
fetuses were sexed, weighed, and examined under a dissecting micro-
scope for the presence of external anomalies. About half of the fetuses
were fixed in 95% ethanol, cleared in 1% KOH, and stained with alizarin red
S for skeletal examination. The remaining half of the fetuses from each
group were fixed in Bouin's fluid and examined by microdissection for
internal soft tissue abnormalities.

In vitro studies

Embryos were explanted in the morning at 9.5 or 10.5 days of gestation
with Reichert's membrane torn open, but the visceral yolk sac and ectopla-
cental cone were left infact. The embryos were cultured at 37°C for 44-48
h in rotating 30-ml glass-stoppered bottles. The culture medium was pure
rat serum centrifuged immediately after withdrawal from the doner, and
heat inactivated (30 min at 56°C) before use (New, 1978). Each culture
bottle contained 3 embryos in 4 ml of serum and was gassed with a mixture
consisting of 5%0,/5% CO,/90%N,, 20%0,/5% C0O2/75%N, and 40%0,/
5% CO,/55% N, at different culture times (0, 24 and 36 h, respectively).

Chemicals

Five chemicals were tested in this study. They were cadmium (Cd), lead
(Pb), carbon disulphide (CS,), 1,2-dichloroethan (DCE) and vinyl chloride
monomer (VCM). Embryos were exposed to the chemicals by three different
routes: (1) Direct exposure — embryos explanted from untreated rats were
cultured with chemicals added directly to the medium, to study the develop-
mental toxicity of direct exposure. (2) Indirect exposure —embryos explanted
from untreated rats were cultured in serum taken from treated rats, to study
the developmental toxicity of chemicals in sera from exposed donors. (3) Pre-
exposure — embryos explanted from treated rats were cultured with control

Head No. of Protein Branchial
length (mm)* somite® Lg/embryo® Bar®

1.85+0.05 24.15+0.49*%* 242.37+10.29** 2.73+0.08*

1.90+0.02 282.27+5.53 2.91+0.03

26.11+0.13

(untreated) medium to study the developmental toxicity of chemicals pre-
exposed. These three different exposure routes were compared.

Treatment with human serum

Allhuman serum samples were analyzed for glucose concentration by
the glucose oxidase method, and were adjusted to a final concentration
of 3 mg/ml. In addition, human serum was prepared as a culture medium
by the procedures used for preparing rat serum, including immediate
centrifugation after withdrawal, heatinactivation for 30 min at 56°C, sterile
filtration through an Millipore filter, and supplementation with streptomy-
cin sulfate (0.66 mg/ml) and penicillin G potassium (0.0006 mg/ml).
Human serum samples were obtained from 12 male subjects, and 18
female subjects, aged 20 to 36. Control subjects were in good health, not
taking medication and not exposed to chemicals known to affect repro-
ductive functions. Nurse serum samples were obtained from eleven
female health nurses, working in oncology departments, and aged 21-42
years. The nurses had been handling ADs for 2-17 years.

Assessment of embryos

At the end of the culture period, embryos were examined under a
dissecting microscope for abnormalities. Yolk sac diameters, crown-rump
lengths, head lengths, and protein contents (by the Lowry method, 1951) and
DNA contents (Labarca and Paigen, 1980) of embryos were measured.
Cadmium analyses on sera were carried out by atomic absorption spectro-
photometry. Assessment of the development of the embryos was also made
using the morphological scoring systems of Brown and Fabro (1981) for rat
serum as medium, and that of Klug et al. (1985) for human serum as medium.

Statistical analysis

Quantitative data are given as the mean plus/minus standard for each
experimental group. The statistical significance of observed differences
was evaluated by using Student's t test for quantitative, and by % for
enumeration data.
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