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Effects of retinoic acid on embryonic development of mice in culture
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Summary. The effects of all-trans-retinoic acid (RA) (tretinoin) on the craniofacial development of mouse embryos
were examined using whole embryo culture. In day 8 embryos cultured for 48 h, embryonic growth was inhibited
concentration-dependently by all-trans-RA treatment. Most of the treated embryos exhibited hypoplasia of the
primary palatal processes and a reduction in the development of the first visceral arches. In day 10 embryos cultured
for 48 h, although embryonic growth was not inhibited at any concentrations of all-trans-RA, median cleft lip (93 %),
hypoplasia of the primary palatal processes (37%) and limb reduction deformities (48 %) occurred commonly.
Furthermore, RA treatment greatly reduced the size of the secondary palatal processes. The incorporation of
*H-thymidine in the treated maxillary processes was decreased to 65% of the control value at 1.0x 10~ M all-
trans-RA. These findings indicate that all-trans-RA is teratogenic in mouse whole embryo culture.

Key words. All-trans-retinoic acid; whole embryo culture; mouse embryos; craniofacial development; mesenchymal

cells; palatal processes.

Teratogenic and embryolethal effects of retinoic acids
(RA) have been observed in humans and experimental
animals. In humans, there have been severe congenital
malformations in newborns born to women who took
13-cis-RA 1'2. The major malformations resulting from
the embryonic exposure were cleft palate, micrognathia,
and external ear and central nervous system abnormali-
ties. In experimental animals in vivo and in vitro, devel-
opmental defects have been produced in various tissues
including neural folds, the heart and limbs >~ . These are
similar to those observed in human newborns.

In a series of our experiments, using whole embryo cul-
ture, 13-cis- and 4-0x0-13-cis-RA caused highly specific
defects in mouse embryos. Day 8 embryos showed a
marked reduction in the size of the visceral arches. This
may be caused by 13-cis-RA inhibiting the migration of
cranial neural crest cells® 7. A high percentage of day 10
embryos were affected with median cleft lip and severe
limb reduction. In these embryos, the mesenchymal cells
beneath the epithelium of the nasal and maxillary pro-
cesses contained pyknotic nuclei (dead cells), and there
was a dramatical reduction in the number of the mes-

enchymal cells and in *H-thymidine incorporation in the
secondary palatal processes®. In culture, the treated
palatal mesenchymal cells took a long time to prolifer-
ate®. We suggested that the cis-isomers of RA affect
proliferation of cranial neural crest cells as well as
oronasal mesenchymal cells. This appears to be related to
the production of craniofacial malformations in rodents
and humans.

Different hypotheses concerning the cellular mechanism
by which retinoids produce craniofacial malformations
in mammalian embryos have been proposed. Some of the
malformations are considered to be due to an inhibition
of the migration or proliferation of cranial neural crest
cells and to programmed cell death of epithelium in facial
processes > 1011 Recent findings indicate that the inhibi-
tion of 13-cis-RA on palatal mesenchymal cell growth
may contribute to facial clefting in mouse em-
bryos® 1213 It has also been demonstrated that the ter-
atogenic effects of RA are attributable to excessive cell
death 1+ 13,

In the present study, to determine the cellular mechanism
of the development of craniofacial malformations in
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retinoid-treated embryos, we examined the effects of all-
trans-RA, an isomer of isotretinoin, on embryonic
growth and development in whole embryo cultures. The
results were compared with our previous research on the
embryopathy of cis isomers of RA.

Materials and methods

Randomly bred CD mice were maintained in an animal
room with artificial lighting on a 12-h light/dark cycle at
about 23 °C. Nulliparous females were paired overnight
with males of the same strain. Females were checked
daily for the presence of copulation plugs and the day of
a plug was designated as day 0 of gestation. Pregnant
mice were killed by cervical dislocation on days 8 or 10
and embryos were collected from each uterus. Under
sterile conditions, the conceptuses were transferred to
Trowell’s T8 medium (GIBCO Laboratories, Grand Is-
land, NY) at room temperature. After removing mater-
nal decidua and Reichert’s membrane, day 8 embryos,
ranging from 4 to 6 somite pairs, with visceral yolk sac,
amnion, and ectoplacental cone intact, were prepared
according to the technique of New . Day 10 embryos
were dissected free of accessory tissues, and were careful-
ly pushed through a small tear in the functional yolk sac.
The embryos were placed individually in 30-ml stoppered
glass bottles containing, for day 8 embryos, 4.0 ml of
culture medium composed of only heat-inactivated male
rat serum and for day 10 embryos, 50% Waymouth’s
MB 752/1 medium (GIBCO) and 50% fetal bovine se-
rum containing 2 mg/ml fetal bovine albumin. The pro-
cedures for the whole embryo culture technique have
been described in detail in our previous papers® 8.
All-trans-RA (tretinoin) was dissolved in DMSO at
6 mg/ml (gassed with N,, exposed only to yellow lights,
and stored at —70°C), and added at final medium con-
centrations of 10”7 — 107> M. Control cultures were
given 4 pl of DMSO (final concentration of 0.1 %). After
48 hours of culture, the embryos were harvested from the
medium, and the overall growth and development of
each embryo was assessed using a dissecting microscope.
For the last 6 h of culture, some embryos were main-
tained in the presence of >H-thymidine (20 Ci/mmole) at
2.5 uCi/ml (New England Nuclear, Boston, MA). The
embryos were extensively washed with phosphate-
buffered saline (PBS, pH 7.2). For autoradiography, the
embryo heads were carefully detached from the trunk
and immediately fixed in Bouin’s solution. After dehy-

Table 1. Effect of all-trans retinoic acid on day 8 mouse embryos in vitro
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dration and embedding in paraffin, specimens were seri-
ally sectioned at 6 um in the frontal plane and placed on
slides. These slides were later deparaffinized in xylene,
dried, and dipped in Kodak NTB-2 autoradiographic
emulsion diluted 50 % with distilled water at 45°C. After
drying, slides were stored at —70°C for 2 weeks, devel-
oped, and finally stained with hematoxylin. Sections
were evaluated for *H-TdR incorporation and cell mor-
phology.

To measure DNA synthesis, individual embryonic parts
(brain, maxillary process, mandible process and limb
bud) were rinsed twice in PBS and immediately frozen.
After thawing, each sample was sonicated in distilled
water and sonicates (20 pl) of embryonic organs were
spotted on glass microfiber filters. Dried filters were
placed in 10% trichloroacetic acid (TCA) solution at
4°C for 30 min, followed by three 5% TCA rinses
(15 min), and then transferred to absolute ethanol. The
dried filters were placed in 10 ml of scintillation fluid and
counted in a Beckman scintillation counter (LS9800).
The protein content in the embryonic parts was deter-
mined by the method of Lowry et al.!” using bovine
serum albumin as a standard, and the incorporation val-
ues were presented as disintegrations per minute (DPM)
per ug of protein.

For statistical comparisons, the reproductive data, such
as the number of embryos with malformations, were an-
alyzed by chi-square test and Fisher’s exact test. Stu-
dent’s t-test was used to analyze data concerning embry-
onic development and *H-thymidine incorporation 12,

Results

Table 1 shows the effects of the all-trans-RA on day 8
mouse embryos cultured for 48 h. At more than
2.5x 1077 M concentration, the crown-rump and head
lengths in treated embryos were significantly shorter than
in the DMSO controls. Embryonic growth was inhibited
in a concentration-related manner. External examination
of the craniofacial region showed a variable degree of
hypoplasia of primary palatal processes, and first visceral
arch defects were developed in a number of treated em-
bryos (89%) (fig. 1). Only 5% of the DMSO control
group showed anomalies.

In the embryonic growth and development of day 10
embryos treated with all-trans-RA (table 2), RA treat-
ment at 1.0 x 107 M substantially increased embryo-
lethality to 50 % of the cultured embryos. However, there

All-trans retinoic acid Crown-rump length?

Head length®

Hyp. of primary Visceral arch

palatal processes (%) defects (%)
0 (DMSO) 4.0+ 0.23 2040.14 0 1}
1.0x1078 M 3.9+ 0.32 (98) 1.9 + 0.20 (95) 0 1}
1.0x107"M 4.0 £ 0.50 (100) 2.0 + 0.22 (100) 16.7 16.7
2.5x107"M 3.4 4 0.46* (85) 1.5+ 0.26* (75) 100 100
1.0x107°M 3.1 +0.36* (78) 1.2+ 0.35* (60) . 100 66.7

®mean + SD (percent of control), mm. * p < 0.01 (Student’s t-test). Hyp.: hypoplasia.



Research Articles

Experientia 47 (1991), Birkhéduser Verlag, CH-4010 Basel/Switzerland

495

Figure 1. Scanning electron micrograph of the frontal facial region of day
8 mouse embryos cultured for 48 h. 4 control embryo. B all-trans-retinoic
acid-treated embryo. The first visceral arch is severely reduced and abnor-

Table 2. Effect of all-trans retinoic acid on day 10 mouse embryos in vitro

mal. FB, forebrain; FV, first visceral arch; SV, second visceral arch; HT,
heart. x 55.

All-trans retinoic acid (M) 0 (DMSO) 1.0x1077 1.0x10°°
No. of embryos used 33 34 54
No. of dead embryos (%) 7(221.2) 9 (26.5) 27 (50.0)®
No. of live embryos examined 26 25 27
Embryo crown-rump length?® (mm) 8.5+ 0.32 8.3+ 0.53 8.4 + 0.51
Embryo head length® (mm) 4.5+0.28 44+ 041 43 +0.36
No. of embryos with malformations

hypoplasia of primary palatal process 0 4* 10*

median cleft lip 0 11* 25*

lateral cleft lip 1 1 2

small mandible 0 4* 7*

short limb 0 2 13*

short tail 0 1 6*

2mean + SD. ®p < 0.05 (chi-square test). * p < 0.05 (Fisher’s exact test).

was no difference in crown-rump and head lengths be-
tween the RA-treated and control groups, indicating that
RA caused no embryonic growth retardation, including
craniofacial development, even at the concentration of
1.0 x 10~ ¢ M. The external malformations occurred pri-
marily in the craniofacial regions: median and lateral
cleft lip were prominent (92.6 %), usually associated with
hypoplasia of the primary palatal processes (37.0 %), and
small mandible (25.9%). Limbs and tails also developed
defects at 1.0 x 10~ ¢ M, significantly more than in the
DMSO controls.

Autoradiographic and histological studies of the facial
processes revealed some obvious differences between the
RA-treated and control embryos. Treatment with RA
dramatically reduced the size of the secondary palatal
processes, in which labeled nuclei were reduced. Howev-
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Figure 2. Effect of all-trans retinoic acid on *H-thymidine incorporation
in day 10 mouse embryos in vitro. Statistical evaluation of the means by
Student’s t-test: * p < 0.05, compared with the respective controls.
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er, no pyknotic nuclei were present in the nasal and max-
illary mesenchymal cells adjacent to the epithelium in the
all-trans-RA treated embryos.

The effect of RA on DNA synthesis was measured on
day 10 by the incorporation of *H-TdR into TCA-insol-
uble macromolecules in the embryonic parts cultured for
48 h (fig. 2). Significant concentration-dependent differ-
ences between control and treated samples occurred in all
parts of the embryos. At 1.0x 1077 M RA the *H-TdR
incorporation in the treated maxillary process were de-
creased to 65% of the control value.

Discussion

The present results indicate the potential teratogenicity
of all-trans-RA in mouse embryos in vitro. In day 8
embryos, embryonic growth was significantly inhibited
concentration-dependently by all-trans-RA treatment,
which is in accordance with the results of previous exper-
iments with 13-cis- and 4-0x0-13-cis-RA . The types of
malformations resulting in all-trans-RA-treated embryos
were similar to those obsérved with cis isomers. At
1x107° M of 13-cis-RA, approximately half of the em-
bryos had very specific defects including a reduction in
size of the first and second visceral arches. Similar results
were obtained with the metabolite, 4-oxo-13-cis-RA
(1 x 1075 M). All-trans-RA produced developmental de-
fects in the first visceral arches in all treated embryos
even at a concentration of 2.5 x 1077 M. These retinoids
also produced a high percentage of craniofacial abnor-
malities in day 10 mouse embryos cultured with doses of
retinoic acid at which embryos exhibited little, if any,
growth retardation. All embryos treated with 13-cis-RA
(2 x 10~ M) had median cleft lips with or without lateral
clefts, and most had severe limb reduction deformities.
In addition, these orofacial and limb malformations
appeared in most embryos given all-trans-RA at
1x 1075 M. The types and incidence of malformation
were not different between the retinoids examined. How-
ever, treatment with all-trans-RA (1 x 106 M) resulted
in a higher rate of embryolethality (50%) than occurs
with the same dose of 13-cis- and 4-ox0-13-cis-RA. Thus,
mouse embryos were relatively more sensitive to all-
trans-RA and less sensitive to cis isomers of RA in vitro.
It was also demonstrated in vivo that cis isomers were not
as teratogenic as the trans isomer in mice®”2!, The
differences in teratogenicity of retinoids may be related
to alterations in length and conformation of the conju-
gated side chain 22

The cellular mechanisms by which retinoids exert embryo-
pathy have not been clearly defined, but the direct effect
of RA on the developing embryo may be confined to
specific cell types. The forebrain and midbrain neural
crest cells have been known to migrate from the neural
folds into the frontonasal processes and first visceral
arch?* 24, In day 8 embryos exposed to 13-cis-RA, we
observed defects in the first and second visceral arches,
which suggests that these defects are due to the inhibition
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of cranial neural crest cell migration ® 7. Similar changes
may occur in the cranial crest cells from day 8 embryos
treated with all-trans-RA.
On the other hand, the orofacial defects observed after
RA treatment in day 10 embryos cannot be explained by
an alteration in migration of cranial neural crest cells.
Our autoradiographic examination showed that retinoic
acid-induced inhibition of the proliferation of mesenchy-
mal cells in secondary palatal processes was accompa-
nied by a decrease in DNA synthesis ® '3, Similar find-
ings have been reported in the posterior region of
secondary palatal shelves in rat embryos after retinoid
treatment in vivo 2°, The addition of retinoids in the cell
culture induced a longer cell proliferation time for em-
bryonic palatal mesenchymal cells from humans and
mice ®. Abbott et al. **> have recently demonstrated that
mesenchymal cell death and reduced proliferation are
not responsible for the development of palatal shelves in
RA-treated mouse embryos in vivo. These findings show
that RA may be a factor directly affecting the prolifera-
tion and viability of mesenchymal cells at the middle
stage of organogenesis, thus inhibiting development of
the secondary palatal processes. So, the induction of oro-
facial defects by RA can be attributed to different types
of embryonic cells at the early and middle stages of em-
bryonic development *2.
Previous experiments showed an accumulation of 13-cis-
and all-trans-RA in the facial regions of mouse embryos
in vivo and in vitro® . Also, specific proteins were
found by two-dimensional gel electrophoresis to be al-
tered in 13-cis-RA-treated embryos. Particularly in the
craniofacial regions, such as the frontonasal and pharyn-
geal arch mesenchyme, retinoic acid receptor Y tran-
scrlpts were observed duging early mouse embryogene-
7. These findings indicate that retinoic acids or their
major metabolites act at a nuclear level and induce
changes in gene expression in these sensitive cells and
tissues, which may be correlated with the onset of
retinoid-induced abnormal development. Some of the ef-
fects of retinoic acids may be mediated by a specific cell
binding protein. RA-binding protein and the nuclear re-
ceptors have been identified in various embryonic tissues
in mouse and rat embryos 2% 2°. However, the role of
RA-binding protein in the mechanism of retinoic acid
embryopathy remains to be elucidated. This study pro-
vides additional information about the potential terato-
genicity of retinoic acids in mouse embryos in vitro. Our
results have shown that the induction of orofacial mal-
formations by retinoids can be attributed to defects in
different types of embryonic cells, such as cranial neural
crest cells and mesenchymal cells.
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Development and hormonal control of thioredoxin and the thioredoxin-reductase system in the rat liver

during the perinatal period
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Summary. The development and hormonal regulation of thioredoxin and of the thioredoxin-reductase system were
investigated during the perinatal period in rat liver. An immunological procedure was developed in order to quantify
thioredoxin in fetal and neonatal hepatocytes. Both immunoreactive thioredoxin and thioredoxin-reductase activity
appeared on day 16.5 of pregnancy. The level of immunoreactive thioredoxin increased during the late fetal period,
and its level was the same 24 h after birth. Moreover, its development was not subjected to hormonal regulation by
corticosteroids and glucagon. In contrast, thioredoxin-reductase activity increased 3 times during the late fetal period
and presented a marked increase 24 h after birth. In the absence of glucocorticoids there was no increase in the level
of thioredoxin reductase, while administration of hydrocortisone acetate and glucagon to fetuses prematurely evoked
its activity. This study suggests that if thioredoxin acts physiologically, this activity is related to the state of reduction

of the molecule rather than to the total concentration in the liver.
Key words. Thioredoxin; thioredoxin reductase; perinatal period; liver; pancreatic hormones; corticosteroid.

The late fetal period is marked in the liver by the appear-
ance and the development of metabolic pathways, such
as urea formation in ureotelic mammals. The develop-
ment of two urea-cycle enzymes, mitochondrial carbamyl
phosphate synthetase-I1 (CPS-1; EC 6.3.4.16) and cytoso-
lic argininosuccinate synthetase (ASS; EC 6.3.4.5), and
their hormonal control, have been described previously:
in vivo corticosteroids stimulate the accumulation of im-
munoreactive CPS-I in fetal mitochondria in an inactive
form which is further activated by the administration of

glucagon!. Recently, it was demonstrated in our labora-
tory that reduced thioredoxin is able to activate CPS-1
and ASS in vitro 2~ *. The presence of thioredoxin and of
the thioredoxin-reductase system in adult rat liver was
previously reported [for review, see Holmgren °]. Thiore-
doxin is a small ubiquitous protein (12 kDa) presenting
two redox-active half-cystine residues. Oxidized thiore-
doxin is reduced in vivo in a reaction catalyzed by thiore-
doxin reductase (EC 1.6.4.5) with NADPH as substrate.
Reduced thioredoxin is involved in the reduction of



