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Effect of Maternal Restraint Stress on
Fetal Development of ICR Mice
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Abstract: The present study was conducted to elucidate the susceptibility of embryos and
fetuses at different gestational stages to the maternal stress in mice. Groups of pregnant
ICR mice were subjected to daily 12-h restraint stress, taped in the supine position on a
plastic board, on gestational days (GD) 1-4, 5-8, 9—12 and 13—16, respectively. Caesarean
sections were performed on gestational day 18, and the fetuses were weighed and examined
for morphological defects. During the daily restraint for 4 days, the maternal body weights
markedly decreased. Although the body weights recovered gradually after termination of the
stress, the recovery was not full until the final stage of pregnancy. Interestingly, restraint
stress caused growth retardation of the fetuses, leading to a significant decrease in their
body weights, and increased early and late resorptions of embryos and fetuses according to
the stress periods. Although the preceding (GD1-4) and concurrent (GD5-8) stresses did
not affect embryonic implantation, restraint stress on GD9-12 caused cleft palate. Whereas
vertebral abnormalities, mainly bipartite ossification, were observed only in animals stressed
on GD5-8, abnormalities of sternebrae, exhibiting asymmetric or bipartite ossification, were
enhanced by the stress at all of the gestational stages. On the other hand, the incidence of
other malformations including renal malposition and costal abnormalities was not increased
by stress at any of the 4 stages. Taken together, the results suggest that intensive restraint
stress influences the maternal body weight resulting in growth retardation and increased
mortality of embryos and fetuses, in addition to gestational stage-specific ventricular dilatation,
cleft palate and sternal abnormalities.
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Introduction

It has been reported that maternal stress causes growth
retardation, cleft palate or resorption of fetuses in rodents
[3, 20, 32]. Increased production of glucocorticoids
during maternal stress mediating embryo-fetal toxicities
including cleft palate and skeletal malformations has
been proposed as a possible mechanism [4-6, 21], and
has been demonstrated that excess exposure to gluco-
corticoids retards fetal growth in animals and humans
[22, 25,30, 34]. Subsequent studies proposed placental
11B-hydroxysteroid dehydrogenase, which converts ac-
tive cortisol to inactive cortisone, as the mechanism
guarding fetuses from growth-retarding effects of ma-
ternal glucocorticoids [7, 35].

There are, however, species and strain differences in
the adrenocortical response to stress and in susceptibili-
ties to glucocorticoid-induced embryo-fetal toxicities
[15,17,18,27]. In general, mice have been found to be
more susceptible to stress- or glucocorticoid-induced
teratogenesis than rats [9, 15]. Furthermore, the presence
of glucocorticoid receptors on the embryonic palate was
correlated across mouse strains with differential suscep-
tibility to cleft palate induction [40].

In addition to the gestational period, the duration and
intensity of stress might be rate-limiting factors in the
induction of reproductive abnormalities, since implanta-
tion and organogenesis generally occur in rodents on
gestational days (GD) 5-6 and 615, respectively. Many
investigators have reported controversial results based
on their stress conditions [15], such as gestational period
(GD0-20), duration of stress (1.8 min—48 h) and stressors
(restraints, electric shock or feed/water deprivation).
These results led us to investigate the specific gestational
stage susceptibilities of fetuses to maternal stress in
mice.

Materials and Methods

Animals

Seven-week-old male and female ICR mice (28-30 g)
were purchased from Daehan Laboratory Animal Center,
Korea, and housed at the Laboratory Animal Research
Center of Chungbuk National University. The animals
(n=15 per group) were maintained at a constant tempera-

ture of 22 + 1°C, relative humidity of 55 + 10% and 12-h
light/dark cycle, and fed with standard rodent chow and
purified water.

All experimental procedures were carried out in ac-
cordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH
Publication No.85-23, revised in 1996), and the protocol
was approved by Institutional Animal Care and Use
Committee of Laboratory Animal Research Center,
Chungbuk National University, Korea.

Restraint stress

Female mice were mated with males (1 : 1) at 18:00,
and examined for vaginal plug on the following day at
08:00. Mating, if unsuccessful, was repeated for a maxi-
mum of 4 days. Successful mating was confirmed by
the presence of vaginal plug, and the following 24 h was
defined as GDO.

Pregnant mice were divided into 4 groups according
to the scheduled stress periods during gestation: GD1-4
(pre-implantation), GD5-8 (peri-implantation), GD9-12
(early organogenesis) and GD13-16 (late organogenesis
and development). The dams were subjected to restraint
stress by 12-h taping of 4 limbs to a plastic board in a
supine position [8, 21, 28, 29] under the 300 lux room
light (08:00-20:00) for 4 days. The 12-h taping restraint
stress was adopted for the present experiments because
restraint stress longer than 12 h is generally required for
the induction of malformation or resorption of fetuses
[15]. During restraint, animals had no access to food
and water. They were returned to their home cages after
stress performance. Body weights were recorded prior
to each stress trial. Since feed and water were inacces-
sible during restraint, all the mice, including animals in
the control group, were kept without feed and water for
12 h (08:00-20:00) everyday.

Caesarean section

The dams were sacrificed under deep ether anesthesia
on GD18. The numbers of total implantation sites on
the wall of uterus as well as live and resorbed or dead
fetuses were counted. Also, weights of placenta and
male and female live fetuses were recorded.

After examination of live fetuses for the external
anomalies, approximately one-half of the live fetuses



EFFECT OF MATERNAL STRESS ON FETAL DEVELOPMENT 21

were fixed in Bouin’s solution for 1 week, and examined
for the visceral abnormalities [24]. The remaining fe-
tuses were fixed in 95% ethyl alcohol, cleared with 1%
KOH, stained with Alizarin red S, and examined for the

skeletal malformations and variations [37].

Data analysis

Data obtained are expressed as the mean + SD or
proportion (%) of total number. Statistical analyses were
performed by comparing the treatment groups with the
vehicle control group using SAS software [33].
Continuous data variables such as maternal body weight,
fetal body weight and placental weight were subjected
to one-way analysis of variance (ANOVA), and Scheffe’s
multiple comparison test was conducted when analytic
results were significant. The numbers of total implanta-
tions, and live and dead fetuses were statistically
evaluated using the Kruskal-Wallis non-parametric
ANOVA, followed by the Mann-Whitney U test when
appropriate. Incidence data such as external, visceral
and skeletal abnormalities were compared using the
Fisher’s exact probability test. Differences were con-
sidered statistically significant when P<0.05.

Results

Maternal toxicity

Restraint for 12 h caused a decrease in maternal body
weights, leading to significant weight loss after 4 days
of repeated stress (Fig. 1). The body weight loss recov-
ered gradually after termination of the stress. However,

65

60 -

55 -

Body weight, g
w B~ O~
[8)] o o o

| I | T

w
o
I

N
(¢}
I

N
o

6 8 10 12 14 16 18
Day of gestation

Fig. 1. Effect of restraint stress on maternal body weights. @,
control (no stress); M, stress on days 1-4; A, stress on
days 5-8; ¥, stress on days 9—12; 4, stress on days 13-16.
*Significantly different from control (P<0.05).

most of the animals in the stressed groups had not fully
recovered their body weights by the final day of gestation
(GD18). Especially, the body weights of animals stressed
on GD13-16 remained significantly low until the day of
Caesarean section.

Restraint stress at all of the gestational stages did not
affect embryonic implantation, which was confirmed by
Caesarean section, and placental weights (Table 1).
However, fetal death including resorption tended to in-

Table 1. Effect of restraint stress on reproductive findings

Stress on gestational days

Treatment Control
1-4 5-8 9-12 13-16

Pregnant dams 13 13 12 14 13
Implantation 14.0 £ 1.7 152+24 13.3+0.5 13.9+0.9 13.8+2.3
Placental weight (g) 0.09 £0.01 0.10 £0.01 0.09 £ 0.00 0.09 £0.01 0.09 £0.02
Live fetuses 13.7+1.7 13.8 £3.7 12.5+£0.6 120+ 1.9 11.0+2.3
Early resorption 0.15+£0.38 0.92 £0.64*  0.50 +0.67 0.36 +0.63 0.46 £ 0.66
Late resorption 0.15+£0.38 0.38 £0.51 0.33 £0.49 1.43 £0.94*  2.23 £ 1.36*
Death 0 0.08 £0.28 0 0.14 £0.36 0.15+£0.38
Resorption and death (%) 2.2+45 9.1+£6.3 6.3+6.3 13.9+9.1%* 20.6 = 11.0*
Body weights (g) Male 1.47+£0.14 1.19+£0.18*  1.34 £0.07 1.31 £0.08%  1.22+£0.13*

Female 1.39 £ 0.12 1.14 £0.18*  1.29 £0.05 1.25+£0.13%  1.22 +£0.14*

*Significantly different from control (P<0.05).
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Table 2. Effect of restraint stress on fetal visceral abnormalities

Stress on gestational days

Treatment Control
1-4 5-8 9-12 13-16
No. of litters examined 13 13 12 14 13
No. of litters affected (%) 2 (15.4) 2 (15.4) 541.7)* 7 (50.0)* 3(23.1)
No. of fetuses examined 92 91 77 84 76
No. of fetuses malformed 5 (5%) 2 (2%) 10 (13%)* 15 (18%)* 4 (5%)
Ventricular dilatation 0 (0%) 0 (0%) 5 (6%)* 0 (0%) 0 (0%)
Cleft palate 0 (0%) 0 (0%) 0 (0%) 8 (10%)* 0 (0%)
Renal malposition 5 (5%) 2 (2%) 6 (8%) 10 (12%) 4 (5%)
*Significantly different from control (P<0.05).
Table 3. Effect of restraint stress on fetal skeletal abnormalities
Treatment Control Stress on gestational days
1-4 5-8 9-12 13-16
No. of litters examined 13 13 12 14 13
No. of litters affected (%) 4 (30.8) 8 (61.5)* 9 (75.0)* 8 (57.1)* 7 (53.8)*
No. of fetuses examined 86 88 73 84 66
No. of fetuses malformed 14 (16%) 32 (36%)* 28 (38%)* 26 (31%)* 20 (30%)*
Extra ribs 10 (12%) 7 (8%) 12 (16%) 12 (14%) 5 (8%)
Vertebral abnormalities 0 (0%) 0 (0%) 6 (8%)* 0 (0%) 0 (0%)
Sternal abnormalities 8 (9%) 29 33%)* 15 21%)* 20 24%)* 17 (26%)*
*Significantly different from control (P<0.05).
crease, showing significantly high early and late Discussion

resorptions at the stages of GD1-4 and GD9-16, respec-
tively. Moreover, the body weights of live fetuses in the
stress groups were reduced, although there was no sta-
tistical significance at the stage of GD5-8.

Developmental toxicity

Only restraint stress on GD5-8 and GD9-12 induced
cerebroventricular dilatation (6%) and cleft palate (10%),
respectively (Table 2), leading to increased numbers of
litters affected. In comparison, vertebral abnormalities
(8%), mainly bipartite (dumbbell-type) ossification, were
observed only in animals stressed on GD5-8 (Table 3).
Interestingly, stress at all of the gestational stages in-
duced asymmetric or bipartite ossification of sternebrae,
leading to a 2-fold increase in the number of malformed
fetuses. The incidence of other anomalies or variations
including renal malposition and costal malformations
was not increased by restraint stress at any of the 4
stages.

Restraint has been adopted as a standard stressor that
imposes both physical and psychological demands on
the subject [26]. This technique has been used in many
areas of biology as a tool for understanding the basic
physiological changes associated with stress.

In rats, there is some evidence for an association be-
tween restraint and implantation failure, but not for
morphological abnormalities of fetuses [19], which may
be due to reduced adrenocortical response to restraint in
late pregnancy [16]. In comparison, it is known that re-
straint in the peri-implantation period leads to
implantation failure, and that stress at appropriate times
in organogenesis produces cleft palate, costal abnormali-
ties and resorption of fetuses in mice [9, 14, 21, 28, 39].
Furthermore, some factors including type and duration
of restraint, position and strain of mice, and lights are
believed to be closely related to the incidence of maternal
and fetal toxicities [15].

In the present study, we used a restraint stress model
taping limbs of mice in a supine position for 12 h a day
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in aroom with overhead lights on. This form of physical
restraint was found to induce profound stress in ICR
mice, resulting in body weight loss in dams and devel-
opmental anomalies in their fetuses [8, 10, 21, 28]. We
attempted to elucidate the susceptibilities of embryos
and fetuses at different developmental stages to the
stress. Twelve-hour restraint caused severe body weight
loss of dams over 4 days of repeated stress, influencing
the final body weights in a manner which was similar to
the body weight change induced by 12-h restraint once
on GD8 [21].

It is of interest to note that feed/water deprivation is
stressful to rodents. It was reported that feed and water
deprivation for up to 12 h induced a 2-fold increase in
blood corticosterone level, somewhat lower than the
level (2.6 — 2.7 folds) induced by the same duration of
restraint stress [21]. In spite of the profound increase in
blood glucocorticoids following feed and water depriva-
tion, embryonic resorptions and fetal malformations
were not observed [21], and there was a significant cor-
relation between high maternal corticosteroid levels and
the frequency of cleft palate in the offspring of restrained
mice, but not in the feed-deprived animals [4]. Such
results indicate that in addition to high levels of gluco-
corticoids, other factors such as energy depletion during
physical struggling are involved in the development of
fetal defects, as inferred from the prolonged loss of ma-
ternal body weights after 1- or 4-day restraint stresses,
but not after feed and water deprivation [21, the present
study]. Although control mice deprived of feed and
water during daytime transiently lose body weight, it
was reported that the animals took enough feed and water
during nighttime, thereby recovering their body weights
without fetal malformations [21].

Unexpectedly, restraint stress on GD1-4, the pre-im-
plantation period, decreased fetal body weights and
increased resorptions and skeletal abnormalities without
influence on implantation. Although the mechanism
behind this result remains to be clarified, it has been
proposed that environmental imprinting factors such as
hormonal imbalance might affect the fertilized ova, caus-
ing delayed embryonic resorptions, malformations and
growth [39]. Restraint stress only on GD9-12 induced
cleft palate of fetuses, indicative of the disturbing effect
of glucocorticoids induced by the stress on the develop-

ment of the palatine process. The closure of palatine
processes in mice generally occurs on GD 13, and cleft
palate is induced by chemicals including dexamethasone
and dioxin when they are administered not later than
GD13 [23]. Itis of interest to compare the failure and
occurrence of cleft palate in ICR mice subjected to 12-h
restraint for 4 days on GD13 — 16 and in A/J mice ex-
posed to 18-48-h stress once on GDI14 [31, 32],
respectively, which may be due to the intensity of stress
and strain-difference. Although delayed ossification of
vertebral bodies was observed after stress on GD5-8,
similar to the observations of Miller and Chernoff [21],
abnormalities of sternebrae were enhanced by stress at
all of the gestational stages, suggestive of different time
schedules in the formation and ossification of skeleton.
Interestingly, the higher incidence of costal anomalies
such as extra, fused or branched ribs observed by stress
once on GD8 or GDI [9, 21] was not reproduced by re-
peated restraint stress at any of the 4 stages.

Embryonic implantation was not affected by restraint
stress at any of the gestational stages, in contrast to the
implantation failure induced by 5-h stress on GD1-6 in
SW/B6D2F1 mice [39]. This shows a strain difference.
It is noteworthy, however, that fetal mortality markedly
increased after stress at the late stages of gestation. This
was in agreement with enhanced post-implantation loss
following stress for 14 h on GD9 in Swiss mice [11], or
for 648 h on GD14 in A/J mice [31, 32]. Moreover, the
body weights of live fetuses in the stress groups were
decreased, although there was no statistical significance
at the stage of GD5-8. Growth retardation, cleft palate
and resorption of embryos and fetuses may have been
caused by endocrine disturbances. It was demonstrated
that stress caused activation of the adrenal axis and
prolactin levels, whereas the reproductive hormonal axis
including progesterone was inhibited [35, 38], and during
pregnancy, maternal stress greatly enhanced blood glu-
cocorticoids, especially at the late stage (2nd half) of
gestation [4, 5, 21]. Also, the growth-retarding effect of
glucocorticoids has been confirmed in primates including
humans [25, 30, 34].

As mentioned above, there are differences in the em-
bryo-fetal toxicities of stress, according to animal species
and strain, gestational period, and type, duration and
intensity of stresses [15]. In addition to species, the
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duration of stress might be the key factor leading to fetal
malformations. A longer duration of restraint produces
a more severe effect. In susceptible mice, restraint stress
longer than 12 h is generally required for the induction
of growth retardation, malformation or resorption of
fetuses. Relatively short duration (<6 h) did not induce
fetal malformations at any gestational stage in both rats
and mice [2, 12, 13, 38], but it did enhance the toxicity
of other teratogens such as metals, retinoic acid, caffeine
and aspirin [1, 2, 11, 12, 29].

The present study determined the susceptibility of
dams and fetuses at different gestational stages to 4-day,
12-h restraint stress. Unexpectedly, the 4-day repeated
stress did not induce implantation failure and costal
malformations, but it did enhance the incidence of cleft
palate, post-implantation loss and sternal abnormalities,
in addition to growth retardation. In spite of the some-
what different aspects of fetal abnormalities observed
by previous investigations [9, 14, 21, 28, 39], it should
be emphasized that different outcomes in embryo-fetal
toxicity were obtained by maternal stress at each gesta-
tional stage, pre- and peri-implantation, early and late
organogenesis, and fetal development. A more detailed
study using a highly susceptible mouse strain under a
longer duration of stress might clarify the hypothetical
hormonal mechanism involved in embryo-fetal
toxicity.
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