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Retinoic acid-induced spina bifida: evidence for a pathogenetic mechanism
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Summary

Treatment of C57B1/6J mice with three successive doses
of al\-trans retinoic acid (28mgkg~' body weight) on 8
day, 6h (8d,6h), 8d,12h, and 8d,18h of gestation
resulted in a high incidence (79%, 31/39 fetuses) of
spina bifida with myeloschisis (spina bifida aperta) in
near term fetuses. Twelve hours following the last
maternal dose (9d,6h), the caudal aspects of treated
embryos, were abnormal, with eversion of the neural
plate at the posterior neuropore, as compared to its
normal concavity in comparably staged control speci-
mens. This eversion persisted in affected embryos
through the time that the posterior neuropore should
normally close. The distribution of cell death in control
and experimental embryos was determined using vital
staining with Nile blue sulphate and with routine histo-
logical techniques. Twelve hours following the maternal
dosing regimen, experimental embryos showed evidence
of excessive cell death, predominantly in the mesen-
chyme associated with the primitive streak and in the
endoderm of the tail gut, both of which are readily
identifiable sites of physiological cell death at this stage
of development. In addition, the presumptive trunk
neural crest cells located in the dorsal midline, cranial to

the posterior neuropore, exhibited a marked amount of
cell death in the experimental embryos. We propose that
the major factor in the generation of spina bifida in this
model is excessive cell death in the tail gut and mesen-
chyme ventral to the neuroepithelium of the posterior
neuropore. This causes a disparity in growth between
the ventral and dorsal regions of the tail causing the
relatively faster growing dorsal region (the neural plate)
to evert, preventing caudal neural tube closure. Mes-
enchymal deficiencies resulting from excessive cell death
in the gastrulating mesoderm would also account for the
lack of tail formation and the abnormally formed
lumbosacral vertebrae observed in this model. Previous
investigations have suggested that the pathogenesis of a
number of retinoic acid-induced malformations is re-
lated to excessive cell death in regions of physiological
cell death. The current investigation explores the role of
this phenomenon in the pathogenesis of experimental
spina bifida.

Key words: spina bifida, pathogenesis, retinoids, mouse,
cell death.

Introduction

Spina bifida is a common human malformation with an
incidence ranging from 1/1000 in Wales and the Repub-
lic of Ireland to 1/2000 in England, The Federal
Republic of Germany and the USA (Lorber, 1986). In
many western countries, the rate of appearance of this
malformation has shown a gradual decline, attributable
in part to antenatal diagnosis and termination of preg-
nancy and possibly also to an improvement in antenatal
nutrition (Lorber, 1986). In spite of the significance of
caudal neural tube defects in terms of their incidence
and consequences, relatively little data exist concerning
the cellular basis for their genesis. Non-closure of the
neural folds (von Recklinghausen, 1886) or rupture of
the closed neural tube (Morgagni, 1769) are the major
hypotheses for the pathogenesis of these malforma-
tions. While various investigators have championed one
or the other hypothesis, it would seem reasonable that
each is involved in the generation of different types of

spinal anomalies (reviewed by Brocklehurst, 1971).
Experimental models have shown that an insult at the
neural plate stage of development may prevent closure
(Peters and Dormans, 1981; Wiley, 1983), while a later
insult could reopen a closed neural tube (Padmanab-
han, 1984).

Current controversy regarding the non-closure
phenomenon concerns the question as to what embry-
onic tissue(s) is initially affected. Peters and Dormans
(1981) state that it is an accepted view that the neuro-
epithelium is primarily affected and that associated
mesenchymal (vertebral) abnormalities are secondary
effects. However, they (Peters and Dormans, 1981)
concluded that mesenchymal changes, in the absence of
neuroepithelial changes in the presumptive lumbosacral
region during neurulation, can cause spina bifida
aperta. Additionally, Marin-Padilla (1966) and Morriss
(1972) have suggested that hypervitaminosis A-induced
cranial neural tube defects (exencephaly) are related to
a mesenchymal affect. This idea has been extended to
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the pathogenesis of all dysraphic disorders (Marin-
Padilla and Marin-Padilla, 1981).

In the present investigation, we have studied the
pathogenesis of retinoic acid-induced spina bifida. The
retinoids are potent teratogens, with excessive ges-
tational exposure resulting in a variety of developmen-
tal defects in humans and other vertebrates (reviewed
by Geelen, 1979; Howard and Wilhite, 1986; Rosa etal.
1986). Among the defects seen in rodents exposed to
retinoic acid (RA) are anomalies of the lower vertebrae
and spinal cord or spina bifida (Shenefelt, 1972; Marin-
Padilla and Marin-Padilla, 1981; Wiley, 1983).
Although spina bifida is not a recognized feature of
retinoic acid embryopathy (Lammer et al. 1985), its
association with excessive retinoid exposure in humans
has been reported (Rosa et al. 1986; Happle et al. 1984).

In animal models, axial skeletal anomalies, such as
spina bifida, are produced by early RA insults, with
exposure occurring prior to the time of anterior neuro-
pore closure, while appendicular skeletal anomalies
(limb malformations) are produced by RA insults at
later developmental stages (Shenefelt, 1972). This dis-
parity in temporal vulnerability has prompted Wiley
(1983) to remark that different mechanisms may gener-
ate the two types of defects. Vascular damage leading to
abnormalities in the somitic mesoderm was initially
proposed as the primary cause of RA-induced spina
bifida (Wiley, 1983; Tibbies and Wiley, 1988), although
more current work by this group suggests otherwise
(Griffith and Wiley, 1989). Selective vulnerability of
cartilage has been proposed as the primary basis for
RA-induced appendicular skeletal defects (Kochhar,
1977 and 1985). Menkes et al. (1964) proposed that
regions of physiological cell death are vulnerable sites
for teratogenic insult. We suggest that this selective
vulnerability could form a common basis for RA-
induced axial and appendicular skeletal anomalies, as
well as for malformations involving a variety of other
organ systems. In previous studies in our laboratory
(Sulik et al. 1988; Sulik and Dehart, 1988; Alles and
Sulik, 1989) and that of Schweichel (1971), it has been
demonstrated that the pathogenesis of RA-induced
limb malformations, as well as those of the craniofacial
region, involves excessive cell death in regions of
physiological cell death. In the present study, we have
extended this hypothesis to the pathogenesis of RA-
induced spina bifida.

Materials and methods

C57B1/6J mice purchased from The Jackson Laboratory, Bar
Harbor ME, were paired for 1-2 h in the morning and, at the
end of this time, animals with vaginal plugs were considered
to be at 0 days and Oh (Od.Oh) of pregnancy. Pregnant mice
were gavage-fed 3 successive doses of a\\-trans retinoic acid
(RA, 28 mg kg"1 body weight) suspended in sesame oil on
8d,6h, 8d,12h and 8d,18h of gestation. This dose schedule was
determined by preliminary studies using different doses to
arrive at a schedule that caused a maximum impact on the
conceptuses. Control animals were gavage-fed a comparable
volume of vehicle (sesame oil) or were untreated; because

there was no apparent difference between the control groups
they are considered together.

Groups of treated and control mice were allowed to survive
to day 18 of pregnancy, at which time they were killed and the
litters harvested, with note being made of resorption sites and
numbers of viable fetuses. The fetuses were examined for
gross defects and then fixed in Bouin's fluid for histological
examination. Additionally, treated mice were killed and the
embryos removed 12 h after the administration of the last dose
of RA (9d,6h). Control embryos were collected at the same
time. Embryos were staged by somite number. Some embryos
without extraembryonic membranes were supravitally stained
with Nile blue sulphate (NBS; diluted 1:50000 in lactated
Ringer's solution) for 30min at 37*C (modified from Hinch-
liffe and Ede, 1973). Stained specimens were examined and
photographed using a Nikon photomicroscope. Some em-
bryos were fixed in Bouin's fluid and subsequently processed
and embedded in paraffin (Ameraffin, American Scientific
Products) or JB4 resin (Polysciences). Sections were cut,
stained with methylene blue and acid fuchsin or haematoxylin
and eosin, and examined for RA-induced histological
changes. Mitotic indices were calculated for paramedian
region of the neural plate in control and treated embryos.
Mitotic and non-mitotic cells were counted in 10 jan parasagit-
tal paraffin sections (at least 3 sections 40/un apart per
embryo). The mitotic index was calculated for each embryo
and the mean mitotic indices of the control and treated group
were compared using Student's Mest at the 0.05 level of
significance. In addition, some control and experimental
embryos collected on 9d,6h as well as on 9d,20h were fixed in
2.5% glutaraldehyde in Sorenson's buffer, dehydrated in
ethanol, critical-point dried, and sputter coated with gold-
-palladium (Sulik and Johnston, 1982). These specimens
were examined using a JEOL scanning electron microscope.

Results

Maternal treatment with retinoic acid on day 8 of
gestation in mice results in the production of lumbosac-
ral vertebral and spinal cord anomalies with varying
degrees of severity (Tibbies and Wiley, 1988). In our
study, treatment was commenced on 8d,6h (3- to 5-
somite stage). A total of 3 control and 8 experimental
litters of gestational day 18 fetuses were compared for
gross malformations. A high incidence of resorption
(44 %, 31/70) and malformations in live fetuses (100 %,
39/39) was observed in the treated animals while no

Table 1. Retinoic acid-induced malformations in near
term fetuses

No. of
near term
litters
C Tr

No. of
implantation

sites
C Tr

No. of
resorptions

C Tr C
No. of

Tr
malformations

26 70 0 31 0 35

12: Ex, Sp
18: M, Sp, Eo, P
1: M, Sp
4: M, Eo, P
4: M

Legend: C=control; Tr=treated; M=microcephaly 69.2%
(27/39); Sp=spina bifida 79.5% (31/39); Eo=exophthalmos 56.4%
(22/39); Ex=exencephaly 30.8% (12/39); P=malformed pinna of
external ear 56.4 % (22/39).



resorptions (0/26) or malformations (0/26) were seen in
controls. Among the surviving day 18 fetuses in this
study, 79% (31/39) had rachischisis with myeloschisis,
i.e. spina bifida aperta (Fig. 1). The other major mal-
formations seen are detailed in Table 1.
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In the experimental embryos that were examined 12 h
after the last maternal RA treatment, the neural plate
at the posterior neuropore was everted. In control
embryos of comparable developmental stages, the cau-
dal neural plate grades from being flat to slightly

Fig. 1. Control (A and C) and treated (B and D) 18d fetuses. Note the exposed open spinal cord (arrowheads) and
disrupted vertebrae (asterisk) in the treated fetuses. Scale bar, 400 ̂ m.
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Fig. 2. (A and B) Scanning electron micrographs of control
(A) and treated (B) 9d,6h embryos. Note the abnormal
everted appearance of neural epithelium (ne) in the treated
embryo as compared to the control. (C and D) Whole-
mount preparations of the caudal end of control (C) and
treated (D) 9d,6h Nile blue sulphate-stained embryos
showing an increased amount of cell death (arrowheads) in
the tail gut (tg) and in the mesoderm ventral to the neural
epithelium (ne) in the treated embryo. Note that the
terminal end of the tail gut in the treated embryo is
obscured by the surrounding cell death. (E and F)
Transverse sections through the distal portion of the caudal
end of control (E) and treated (F) embryos. Note the
increased amount of cell death (arrowheads) in the treated
embryo. Scale bars, 50 ̂ m.

convex. This difference in control and experimental
specimens was especially evident in scanning electron
micrographs (Fig. 2A and B) The changes that presage
the craniofacial malformations observed on day 18,
including absence of the second visceral arch (as pre-
viously reported by Webster et al. 1986) and delayed
closure of the otic vesicle, were also noted (Fig. 2B).

When embryos were examined 12 h after maternal
exposure to RA, there was no statistically significant
difference between the mean somite number of control
(20.23) and treated (18.77) embryos (Table 2). Because
of the stage-dependent variation of physiological cell
death, only embryos matched by somite number were
used to assess the extent of cell death. Supravital NBS

Table 2. Comparison of stage and malformations in
embryos 12 h after retinoid exposure

Control Treated

No. of embryos
Mean no. of somites
No. of abnormal

tail buds

26 31
20.23 (S.D. = 1.56) 18.77 ( S . D . = 3 . 8 6 ) *

0 31

•There was no difference at the 0.05 level of significance with
Student's Mest.

staining at this time revealed an excessive amount of
stain uptake in the caudal extremity of experimental
embryos (Fig. 2 C and D) which was most intense in the
gastrulating mesoderm of the tail bud and the wall of
tail gut. Staining was not excessive in the edges or
surface of the everted neural plates of affected embryos
except in the region of the primitive streak at the
caudal-most extremity of the embryo. Compared to
control embryos having equivalent numbers of somites,
experimental specimens also had increased amounts of
stain uptake in the dorsal midline of the trunk, extend-
ing to the posterior neuropore (Fig. 3) and in other sites
such as the lateral lip of the otic vesicle.

As expected, histological sections through the caudal
end of the embryos revealed that the regions with
histological evidence of cell death corresponded with
the regions of excessive NBS uptake seen in supravitally
stained experimental embryos. In the tail bud, cellular
debris was located ventral to the posterior neuropore,
predominantly in the gastrulating mesoderm associated
with the primitive streak and in the wall of the tail gut
(Fig. 2 D and F). These are readily apparent sites of
normal cell death in control embryos (Fig. 2 C and E).
Mesenchymal cell populations appeared scant, as com-
pared to those in the control specimens. Although not
as extensive as in the aforementioned caudal tissues,
some cellular debris was also seen in the neural plate
close to the tip of the tail bud in experimental speci-
mens. A remarkable amount of cell death was evident
in the dorsal aspect of the trunk neural tube, obviously,
to a large extent, affecting the trunk neural crest cell
population.

There was no significant difference between the
mitotic index of the neural plate in control and treated
embryos (Table 3).

In control and experimental embryos examined at
9d,20h (approximately 24 h after the last RA treatment,
a time at which the posterior neuropore is completing
its closure), affected embryos showed varying degrees
of abnormality with continued eversion of the posterior

Table 3. Mitotic indices of treated and control embryos
Control Treated

Embryo
no.

1
2
3
4
5
6
7
8
9

10
11

No. of
non-mitotic

215
343
292
397
196
245
564
324
305
312
214

No. of
mitotic

11
17
16
28
14
19
29
18
20
16
16

Total

226
360
308
425
210
264
593
342
325
328
230

Mitotic index
(%)

4.867
4.722
5.194
6.588
6.666
7.196
4.890
5.263
6.153
4.878
6.956

Embryo
no.

1
2
3
4
5
6
7
8
9
10

No. of
non-mitotic

413
403
312
281
281
327
212
208
212
265

No. of
mitotic

22
21
14
19
12
16
12
18
8

18

Total

435
424
326
300
293
343
224
226
220
283

Mitotic index
(%)

5.057
4.952
4.294
6.333
4.095
4.664
5.357
7.964
3.636
6.360

n = l l n = 10
Mean control mitotic index=5.761, S.D.=0.955 Mean treated mitotic index=5.271, S.D. = 1.295

TTiere was no difference in the mitotic indices of the two groups at the 0.05 level of significance with Student's Mest.
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Fig. 3. (A) A 9d,6h treated embryo showing a large amount of
NBS uptake along the dorsal midline in the thoracic and lumbar
regions (arrowheads). (B and C) Transverse sections through
the neural tube of control (B) and treated (C) 9d,6h embryos
stained with methylene blue and acid fuchsin, showing an
increased amount of cell death (arrowheads) in the presumptive
neural crest of the treated embryo. Scale bars=50;<m.

neural plate and absence of the tail in those severely
affected (Fig. 4).

Discussion

Spina bifida aperta was induced in this study by ex-
posure of mice to excessive amounts of retinoic acid.
This malformation is comparable to that previously

described by other investigators using hamsters or mice
(Wiley, 1983; Tibbies and Wiley, 1988). However, the
incidence of myeloschisis was higher in this study (79 %
as compared to 8.4 %) than in the report by Tibbies and
Wiley (1988) in which a single 80 mg kg"1 dose of all-
trans retinoic acid was acutely administered to CD-I
mice on the eighth day of pregnancy. The fact that
multiple low doses of RA can produce a higher inci-
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Fig. 4. Scanning electron micrographs of control (A) and
treated (B and C) 9d,20h embryos (30 somites). Note the
posterior neuropore (NP) in the control and the eversion of
the neural epithelium (ne) in the treated embryos. The
embryo in Fig. 4C, in particular, depicts the dramatic
eversion of neural tissue. Scale bar=50jim.

dence of malformation has also been demonstrated in
other investigations (Kochhar and Penner, 1987). How-
ever, in the present study, the multiple dose regimen
also resulted in a high incidence of resorptions. The
ability to effectively induce a high incidence of malfor-
mation (79% of live fetuses) facilitated our investi-
gation of pathogenesis.

The use of vital staining to illustrate sites of cell death
was extremely useful, as it provided a comprehensive
map, which would have been hard to appreciate with-
out laborious three-dimensional reconstruction of his-
tological sections. The fact that maternal retinoic acid
administration resulted in excessive amounts of cell
death in selected cell populations was readily apparent
in both the vitally stained specimens and in those
examined histologically. The regions of excessive cell
death of particular interest for the current investigation
were those in the dorsal neural tube, in the gastrulating
mesoderm, and in the tail gut.

The affected cell population in the dorsal region of
the trunk neural tube appeared, based upon location, to
be presumptive neural crest. There was no morphologi-
cal evidence of cell death in the presumptive neural
crest associated with the posterior neuropore (the edges
of the neural folds). Although the extensive amount of
cell death that occurs in the presumptive trunk neural
crest might be expected to result in the reopening of the
closed neural tube in the trunk, no evidence of this
phenomenon was observed. The neural tube defects
noted in this study did not extend cranially into upper
lumbar and thoracic levels. Cell death in the trunk
neural crest may produce defects in its derivatives and
further investigation along this line is needed. The
susceptibility of some neural crest cell populations
(primarily cranial neural crest cells) to RA teratogen-
esis has been described previously (Webster et al. 1986;
Wiley et al. 1983). Webster et al. (1986) noted that the
teratogenic insult may occur while the neural crest
precursors are still within the neural folds. Studies by
Dencker (1987, and personal communication) have
shown specific accumulation of retinoic acid and localiz-
ation of its cellular binding protein in the neural
epithelium of mouse embryos. This is particularly
evident in the transitional zone between the surface
ectoderm and neural epithelium in the cranial region,
i.e., the region of presumptive neural crest. It will be of
interest to determine whether nuclear receptors for RA
(Petkovich et al. 1987) localize to neural crest cell
populations, and also to determine whether the other
sites of excessive cell death noted in the present
investigation co-localize with cellular binding protein
and/or nuclear receptors for RA. A role for the
excessive cell death noted in this study in the presump-
tive neural crest cell populations in the pathogenesis of
spina bifida is not readily apparent. However, other
effects on this population at the level of the posterior
neuropore, and on the posterior neural plate as a
whole, cannot be ruled out.

As in previous investigations of retinoid teratogeni-
city and cranial neural tube defects (Marin-Padilla,
1966; Morriss, 1972), our results indicate that a major
causative role for non-closure of the caudal neural tube
lies in deficiencies in subjacent non-neural tissues. We
propose that the excessive cell death observed in the
tissues that underlie the posterior neural plate plays a
significant role in the genesis of spina bifida aperta. The
eversion of the neural plate, which is evident as early as
12h following maternal RA administration, appears to



80 A. J. Alles and K. K. Sulik

result from deficiencies and subsequently delayed
growth in the mesenchymal tissues in the region of the
primitive streak and the tail gut, concurrent with
continued growth of the neural plate. The absence of a
significant change in the mitotic index of the neural
plate in experimental embryos precludes the idea that
the malformation is caused by an increased mitotic rate
in this structure. Growth discrepancy in retinoid-ex-
posed embryos has previously been pointed out by
Morriss (1972). Copp et al. (1988a and b) have shown
that a growth imbalance between the ventral and dorsal
tissues in the tail causes caudal neural tube defects in
the Curly Tail mutant mouse. One could predict based
on our model that a compound like RA would increase
the incidence of spina bifida in this mutant. In fact,
retinoid exposure on day 8 of gestation has an exacer-
bating effect on posterior neuropore defects in this
mutant (Seller and Perkins, 1982 and Seller et al. 1979).

The basis for the selective vulnerability of the gastru-
lating mesoderm and the tail gut cells presumably lies in
their ability to bind and/or respond to retinoids, as
discussed above. It is noteworthy that these are also
readily apparent sites of natural or physiological cell
death. Zwilling (1942) has described normal cell death
in the tail gut and undifferentiated mesenchyme in the
tail of the chick. Previous investigations in this labora-
tory have shown that the pathogenesis of a variety of
retinoid-induced malformations is related to excessive
cell death in regions of physiological death (Sulik et al.
1988; Sulik and Dehart, 1988; AUes and Sulik, 1989).

The recent proposal that the retinoids are naturally
occurring morphogens (Tickle et al. 1985) has prompted
us to speculate that retinoic acid might be involved in
regulating physiological cell death. The fact that the
retinoic acid receptor belongs to the steroid receptor
superfamily (Petkovich et al. 1987) and that steroids can
mediate physiological cell death (Wyllie and Morris,
1982) lends support to this idea. Our hypothesis is
consistent with that of Saunders, who, as early as 1966,
stated that 'the hormones that initiate cell death and
those that stimulate growth and differentiation are the
same, the selective effect being the property of the
target organ' and that 'administration of hormones can
cause extension of normal foci of necrosis into adjoining
regions which would not normally regress...'.

On the basis of our results, we propose that excessive
cell death in the gastrulating mesoderm and tail gut of
the embryo plays a significant role in the formation of
retinoic acid-induced spina bifida aperta.

We would like to thank Deborah Dehart for her excellent
technical help. This work was supported by NIH grant DEO
7459.

References

ALLES, A. J. AND SUUK, K. K. (1989). Retinoic acid induced limb-
reduction defects: perturbation of zones of programmed cell
death as a pathogenetic mechanism. Teratology (In Press).

BROCKLEHURST, G. (1971). The pathogenesis of spina bifida: A
study of the relationship between observation, hypothesis and
surgical incentive. Develop. Med. Child Neurol. 13, 147-163.

COPP, A. J., BROOK, F. A. AND ROBERTS, H. J. (1988<J). A cell

type-specific abnormality of cell proliferation in mutant (curly
tail) mouse embryos developing spinal neural tube defects.
Development 104, 285-295.

COPP, A. J., CROLLA, J. A. AND BROOK, F. A. (19886). Prevention

of spinal neural tube defects in the mouse embryo by growth
retardation during neumlation. Development 104, 297-303.

DENKER, L. (1987). Accumulation of retinoids in embryonic neural
and neural crest cells as part of the mechanism of teratogenesis.
Upsala J. med. Sci. 91, 295-298.

GEELEN, J. A. G. (1979). Hypervitaminosis A induced
teratogenesis. CRC Crit. Rev. Toxicol. 6, 351-375.

GRIFFITH, C. M. AND WILEY, M. J. (1989). Direct effects of retinoic
acid on the development of the tail bud in chick embryos.
Teratology 39, 261-275.

HAPPLE, R., TRAUPE, T., BOUNAMEAUX, T. AND FISCH, T. (1984).

Teratogene warkung von etretinat beim menschen. Deutsche
Med. Wochensch 1984, 39.

HINCHUFFE, J. R. AND EDE, D. A. (1973). Cell death and the
development of limb form and skeletal pattern in normal and
wingless (ws) chick embryos. J. Embryol. exp. Morph. 30,
753-772.

HOWARD, W. B. AND WILHITE, C. C. (1986). Toxicity of retinoids in
humans and animals. J. Toxicol. Toxin. Rev. 5, 55-94.

INOUYE, M. (1976). Differential staining of cartilage and bone in
fetal mouse skeleton by alcian blue and alizarin red S. Cong.
Anom. 16, 171-173.

KOCHHAR, D. M. (1977). Cellular basis of congenital limb deformity
induced in mice by vitamin A. Birth Defects: Original Article
Series 13(1), 111-154.

KOCHHAR, D. M. (1985). Skeletal morphogenesis: comparative
effects of a mutant gene and a teratogen. In Developmental
Mechanisms: Normal and Abnormal. New York: Alan R. Liss.

KOCHHAR, D. M. AND PENNER, J. D. (1987). Developmental effects
of isotretinoin and 4-oxo-isotretinoin: the role of metabolism in
teratogenicity. Teratology 36, 67-75.

LAMMER, E. J., CHEN, D. T., HOAR, R. M., AGNISH, N. D.,

BENKE, P. J., BRAUN, J. T., CURRY, C. J., FERNHOFF, P. M.,

GRIX, A. W. JR, LOTT, I. T., RICHARD, J. M. AND SUN, S. C.

(1985). Retinoic acid embryopathy. N. Eng. J. Med. 313,
837-841.

LORBER, J. (1986). Spina bifida - a vanishing nightmare. In Spina
Bifida - Neural Tube Defects (ed. D. Voth and P. Glees), pp.
3-11. Walter de Gruyter and Co, Berlin.

MARIN-PADILLA, M. (1966). Mesodermal alterations induced by
hypervitaminosis A. J. Embryol. exp. Morph. 15, 261-269.

MARIN-PADILLA, M. AND MARIN-PADILLA, T. M. (1981).

Morphogenesis of experimentally induced Arnold-Chiari
malformation. J. Neurol. Sci. 50, 29-55.

MENKES, B., LrrvAC, B. AND IUES, A. (1964). Spontaneous and
induced cell degenerescence in relation to teratogenesis. Rev.
Roum. Emb. Cytol. Ser. Embryol. 1, 47-60.

MENKES, B., SANDOR, S. AND IUES, A. (1970). Cell death in
teratogenesis. Adv. Terat. 4, 169-215.

MORGAGNI, J. B. (1769). In The Seats and Causes of Diseases
Investigated by Anatomy, 3 vols. (Benjamin Alexander transl.).
Miller and T. Candell Publishers, London.

MORRISS, G. M. (1972). Morphogenesis of the malformations
induced in rat embryos by maternal hypervitaminosis A. J. Anat.
113, 241-250.

PADMANABHAN, R. (1984). Experimental induction of cranioschisis
aperta and exencephaly after neural tube closure. J. Neurol. Sci.
66, 235-243.

PETERS, P. W. J. AND DORMANS, J. A. M. A. (1981). An

experimental study of the morphogenesis of spina bifida. Ada
Morphol. Neerl.-Scand. 19, 1-20.

PETKOVICH, M., BRAND, N. J., KRUST, A. AND CHAMBON, P. (1987).

A human retinoic acid receptor which belongs to the family of
nuclear receptors. Nature 330, 444-450.

ROSA, F. W., WILK, A. L. AND KELSEY, F. O. (1986). Teratogen

update: vitamin A congeners. Teratology 33, 355-364.
SAUNDERS, J. W. (1966). Death in embryonic systems. Science 154,

604-612.
SCHWEICHEL, J. U. (1971). The influence of oral vitamin A doses



Retinoic acid-induced spina bifida 81

on interdigital necrosis in the limb bud of the rat. Teratology 4,
501(abstract).

SELLER, M. J., EMBURY, S., POLANI, P. E. AND ADINOLFI, M.

(1979). Neural tube defects in curly-tail mice II. Effect of
maternal administration of Vitamin A. Proc. R. Soc. Lond. B
206, 95-107.

SELLER, M. J. AND PERKINS, K. J. (1982). Prevention of neural tube
defects in curly-tail mice by maternal administration of Vitamin
A. Prenatal Diagnosis 2, 297-300.

SHENEFELT, R. E. (1972). Morphogenesis of malformations in
hamsters caused by retinoic acid: Relation to dose and stage at
treatment. Teratology 5, 103-118.

SUUK, K. K., COOK, C. S. AND WEBSTER, W. S. (1988). Teratogens

and craniofacial malformations: relationships to cell death.
Development 103 Supplement, 213-232.

SULIK, K. K. AND DEHART, D. B. (1988). Retinoic acid - induced
limb malformations resulting from apical ectodermal ridge cell
death. Teratology 37, 527-537.

SULIK, K. K. AND JOHNSTON, M. C. (1982). Embryonic origin of
holoprosencephaly: Interrelationship of the developing brain and
face. Scanning Electron Microscopy 1, 309-322.

TIBBLES, L. AND WILEY, M. J. (1988). A comparative study of the
effects of retinoic acid given during the critical period for
inducing spina bifida in mice and hamsters. Teratology 37,
113-125.

TICKLE, C , LEE, J. AND EICHELE, G. (1985). A quantitative
analysis of the effect of all-trans-retinoic acid on the pattern of
chick wing development. Devi Biol. 109, 82-95.

VON RECKLINOHAUSEN, F. (1886). Untersuchungen uber spina
bifida. Virchows Arch. (Path. Anat.) 105, 243-373.

WEBSTER, W. S., JOHNSTON, M. C , LAMMER, E. J. AND SULIK, K.

K. (1986). Isotretinoin Embryopathy and the Cranial Neural
Crest: An in vivo and in vitro study. J. Craniofac. Genet. Devi
Biol. 6, 211-222.

WILEY, M. J. (1983). The pathogenesis of retinoic acid-induced
vertebral abnormalities in golden Syrian hamster fetuses.
Teratology 28, 341-353.

WILEY, M. J., CAUWENBERGS, P. AND TAYLOR, I. M. (1983). Effects

of retinoic acid on the development of the facial skeleton in
hamsters: early changes involving cranial neural crest cells. Acta
anat. 116, 180-192.

WYLLIE, A. H. AND MORRIS, R. G. (1982). Hormone induced cell
death. Purification and properties of thymocytes undergoing
apoptosis after glucocorticoid treatment. Am. J. Pathol. 109, pp.
78-87.

ZWILUNG, E. (1942). The development of dominent rumplessness
in chick embryos. Genetics 27, 641-656.

(Accepted 11 September 1989)


