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Gene expression domains as markers in developmental
toxicity studies using mammalian embryo culture
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ABSTRACT We are examining the hypothesis that expression domains of developmental control
genes may be informative markers in mammalian embryo culture studies of developmental toxicity.
Expression domains might be altered directly by chemical exposure, or might reflect developmental
abnormality prior to any overt morphological defect. Whole-mount in situ hybridization using
digoxygenin-Iaheled RNA probes was used to monitor the regions of expression of Hoxb-4, Pax-3 and
Emx-2, These genes were selected because of their different restrictions within the developing CNS;
Hoxb.4 for its anterior margin in the hindbrain, Pax-3 for its dorso-ventral pattern in the spinal cord,
and Emx-2 for being restricted to a portion of the forebrain. Valproic acid was used as a prototype
developmental toxicant because of its known actions on neural tube closure and on segmentation. For
patterns of expression. we made three comparisons, between: rat in vivo developed embryos and
published descriptions for mouse; rat cultured and in vivo; control and valproate exposed. For these
genes, there were no differences between domains of expression in rat and mouse, nor between rat
cultured and in vivo embryos. In valproate-exposed embryos. some domains were spatially abnormal.
for example Pax.3 in the neural crest, but this was coincident with structural defects induced by the
treatment, There was no indication. for these three genes, and this teratogen, that treatment caused
any shifts in boundaries of expression, nor induced any ectopic domains, even though exposures
induced overt malformation.
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Introduction

Since a simple and reliable method of culturing mammalian
embryos was devised by New and his colleagues (New et al., 1973)
a very large number of studies have used this approach to examine
the effects of chemicals on development. Culture studies are of
obvious benefit to mechanistic, metabolism and structure-activity
investigations, but whole mammalian embryo culture is also a
method of choice in screening for potential developmental toxicity
(see Brown ef ai" 1995). One restriction of screening by this
method is the limited culture period, which means that only the
early stages 01 organogenesis can be observed. Clearly, chemi-
cals could induce developmental abnormality that would cause
structural defects in late gestation, but have no morphological
manifestation by the end of a culture experiment. One way to
reduce this limitation may be to use sub-morphological markers of
development

Recent years have seen stunning progress in the identification
of the molecular components that control development. In the early
development of organs, regional specification is the result of tightly

regulated spatial and temporal gene expression which precedes
cellular and morphological change, Thus, gene expression domain
boundaries, which can be monitored by in situ hybridization tech-
niques, predict future pathways of normal or abnormal develop-
ment. In a collaborative project. we are using whole-mount in situ
hybridization to examine the use of expression domains as mark-
ers of chemically-induced developmental abnormality. Here, we
present one section of that project, in which we have examined the
effect of valproic acid on the expression domains of Hoxb.4, Pax-
3 and Emx-2.

Valproic acid (VPA, 2-propyl pentanoic acid) was lirst identified
as a teratogen by orthodox animal testing (Brown et al.. 1980) and
subsequently was found to induce spina bilida (and other defects)
in humans (Robert and Guibaud, 1982). VPA acts directly in whole
embryo culture, at clinically-relevant concentrations (Kao et al.,
1981), and by manipulation of the period and level of exposure in
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Fig. 1. Whole-mount in situ hybridiza-

tion of Hoxb.4 in 11.5 day rat embryos in
vivo ta,b and c). cultured control em-
bryos (d,e and fI, and embryos exposed
to 1.5 mM VPA for 16 h from 9.5 days
(g,h and il. Right lateral views at low (x 13,
a,d,g) and higher (x21, b,e,h) magnification.
Dorsal views (c,f, i) at higher magnification
only. The anterior boundary of expression
in the neural tube is marked wirh a short
arrow in each panel. The position of the
otocyst (OC), overlaying rhombomeres 5

and 6. is marked with a long arrow In (bl.
Note that expression extends from {6/7
posteriorly into the tail-bud in all embryos.
Note also that the anterior margin is more
posterior In mesoderm than neural tube.

culture, the structural defects induced in vivo can be reproduced in
culture (Brown el al., 1991). The hallmarks of VPA-induced
dysmorphogenesis in culture are open neural tube, irregular neural
suture line, abnormal somite segmentation, and retarded otic
vesicle closure (Kao el al., 1981; Brown elal., 1991). The molecular
mechanism ofVPA teratogenicity is unknown. Treatment of rodent
embryos induces changes in membrane lipid metabolism (Brown

el al., 1991) and in folate metabolism, and folate supplementation
can partially protect against VPA teratogenicity (Wegner and Nau,
1992), but the initial teratogenic insult remains obscure.

The selected genes each encode transcription factors that are
expressed in restricted domains in the developing CNS. The Hox
genes are well-known for their role in antero-posterior specifica-
tion. Hoxb-4 has an anterior margin of expression at the boundary
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between rhombomeres (r) 6 and 7 in the hindbrain. Mice with a null
mutation in Hoxb-4 have homeotic transformations in the cervical
region (Ramirez-Solis et al., 1993). The paired box gene Pax-3 is
expressed along the length of the developing spinal cord, in the
dorsal-most neural tube that gives rise to neurai crest cells (Goulding
et al., 1991). Mutations in the mouse Pax-3 gene result in the
Splotch phenotype, with abnormalities of neural tube closure, and
in trunk neural crest derivatives (Tremblay el al.. 1995). One form
of human Waardenburg syndrome is due to a Pax-3 mutation
(Tassabehji et al., 1995). The homeobox gene Emx-2 is related to
the Drosophila gene emply spiracles and is expressed in a discrete
domain of the anterior-most neural tube that gives rise to part of the
fore-brain (Simeone et al.. 1992a).

Results

Morphology
As has been demonstrated in many previous studies, the

morphology of 9.5 day rat embryos cultured untreated for 48 h was
very like thai of embryos developed in vivo (not shown). Control
embryos had 24-28 somite pairs atlhe end of culture. All embryos

Fig. 2. Whole-mount in situ
hybridization of Pax-3in 11.5
day rat embryos in v;vo(a.d).
cultured control embryos
(b.e). and embryos exposed
to 1.5 mMVPAfor 16hfrom
9.5 days (c.f). Right lateral
views la.b,c) at /ow{x 13Jmag-
niflcation. Dorsa/views Id.e.fI
at higher {x21J magnification
of trunk region in Id.el and
cranial region in (fl. Double
arrows In la.b and cl mark a
region of apparent non-expres-
sion In the hind-brain. E:\pres-
sion becomes greater In the
more lateral edges of the
somltes, compare arrows in
(d and el. Neural crest {nc}
e>.pression /s marked by an
arrow In leI. Note the pro-
nounced zig-zag neural suture
line in the VPA-treated em-
bryo in If!

exposed to 1.5 mM VPA for 16 h from 9.5 days, and examined at
48 h, showed characteristic morphological abnormalities (Kao et
al., 1981; Brown et al., 1991). Wavy neural suture line and irregular
somites (size and/or shape) were present in 100% of exposed
embryos, whilst unclosed otic vesicles were observed in approxi.
mately 50%. VPA-exposed embryos were also smaller than un-
treated controls, again as previously described, although in this
study we did not collect objective size measurements. At least 20
embryos were processed for in situ hybridization for each treat-
ment group and fcreach gene. Representative embryos are shown
in Figures 1,2 and 3.

Hoxb-4
In rat embryos in vivo.Hoxb-4 was expressed from the tail bud

posteriorly, throughout the neural tube,withan anteriormargin just
more caudal than fhe rim of the olocyst (Fig. 1a,b,c). In rat, as in
mouse, the otocyst at this stage is adjacent to rhombomeres 5 and
6. suggestingthattheanteriormarginof Hoxb-4 expression is at r6/
7 in rat. as in mouse (Hunt et al_. 1991a). Expression was distinctly
stronger in the most caudal tail bud, and was more caudal in
mesoderm than in the neural tube. There were no observable
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differencesin this expression pattern in cultured compared to in
vivo embryos (Fig. 1d,e,f). Similarly, there was no apparent differ.
ences in VPA exposed embryos, neither in the anterior margin;
relative expression anterior to posterior: nor in neural tube com-
pared to mesoderm. The anterior margin was preserved even
when the suture line in the hind-brain region was markedly wavy
(Fig. 1i). Characteristic features of VPA-induced abnormal devel-
opment shown in Figure 1g,h. and i include irregular somites, a
severely affected neural suture line. and an immature otic vesicle
(the endolymphatic duct is not visible).

Pax-3
In rat embryos, Pax-3 was most strongly expressed in the

dorsal-most neural tube, in the trunk region, just parlateral of the
neural suture line (in vivo, Fig. 2a; after culture, nc arrow in Fig. 2e).
Expression was also clear in the somites, and within the cranial
neural tube. In more advanced so mites, expression is stronger in
the ventra-lateral part (Fig. 2d arrow). Within the neural tube, there
is an apparent region of none or low expression, with an anterior
border at the mesencephalon/rhombencephalon boundary, and a

--

Fig. 3. Whole.mount in situ
hybridization of Emx.2 in
11.5 day rat embryos in vivo
(a,dl. cultured control em-
bryos (b,el, and embryos
exposed to 1.5 mM VPA for
16 h from 9.5 days Ic.fI. Left
(a,b.d,e) and right (c,f) lateral
views are at x13 (a,b and cl
and x21 (d,e and fJ magnifica-
tion. Expression in rhe first
(mandibular) and second (hy-
oid) pharyngeal arches ;s
marked by arrows in te), Ar-
rowheads in If) mark the ante-
rior /just rostral to rhe fore-
limb bud) and posterior
boundarres of lateral e>r.pres-
sion, apparently 10 the Wolf-
fian ridge. Also marked in (fl is
the first pharyngeal arch,
which is not yer e>.presslOg
Emx-2 in this relatively re-
tarded VPA-treared embryo.

posterior boundary within the rhombencephalon (arrows in Fig. 2),
a region that may represent the cerebellum. The expression
domains in neural crest, so mites and cranial neural tube did n01
differ in in vivo, cultured contral, and VPA-exposed embryos. The
trunk neural crest expression highlighted the wavy neural suture in
some VPA-treated embryos (Fig. 2f), but even in these embryos,
expression domains did n01 appear to be ectopic or otherwise
abnormal. The VPA-treated embryo shown in Figure 2c and 2t
shows a severely irregular neural suture line. irregular somites, and
an immature otic vesicle.

Emx-2
In rat embryos at 11.5 days, Emx.2 was expressed in the

forebrain. pharyngeal arches and in the lateral body (Fig. 3). In the
forebrain, there was a boundary at the mesencephalon/ prosen.
cephalon (upper arrowhead in Fig. 3d) border, with strong expres-
sion in both the posterior (diencephalic) and anterior (telencephalic)
parts of the dorsal prosencephalon, and lesser expression in the
ventral prosencephalon (lower arrow in Fig. 3d). In more advanced
embryos, there was superficial expression in pharyngeal arches 1



(mandibular) and 2 (hyoid), in their most lateral parts (small arrows
in Fig. 3e). Another superficial domain of expression ran in a lateral
line from just anterior to the fore-limb bud to within the region of
presomitic mesoderm (arrowheads in Fig. 3f). This appears to be
within the ectodermal ridge sometimes called the Wolffian ridge.
Once again. expression domains in all areas did not differ in in vivo,
cultured control and VPA-exposed embryos. The VPA-exposed
embryo in Figure 3 (c and f) does not have the pharyngeal arch
expression domain, butthis is stage-related, nottreatment.related.
The wavy neural suture line characteristic of VPA treatment can be
observed in Figure 3 (c and f).

Discussion

The expression domains of Hoxb-4, Pax-3. and Emx-2in the rat
embryo at 11.5 days, as we have observedby whole-mount in situ
hybridization, are wholly compatible with those previously reported
for equivalent stages of the mouse. In addition, the probes used
were generated from mouse cDNA clones, demonstrating effective
cross-hybridization. Although not previously reported for these
genes. these similarities are to be expected, given the known
evolutionary conservation of sequences for developmental control
transcription factors, and the closeness of these two species. We
have also shown that the expression domains of these genes are
indistinguishable in embryos cultured for 48 h from neural plate
stages, compared to in vivo embryos. Again, this has not been
demonstrated previously, but is also unsurprising, given that
morphological development in culture over this phase parallels that
in utero very closely. Although some pathways of intermediary
metabolism differ in culture and in vivo(e.g. Brown etal., 1991), the
explanation is likely to be the differing nutritional environments, and
there are few indications of any fundamental differences in devel-
opmental processes in vivo and in culture.

Only one chemical, retinoic acid, has been extensively studied
for its ability to alter the domains of gene expression in mammalian
embryos, both in vivo and in culture. Exogenous retinoic acid has
been shown to alter expression patterns, either shifting normal
margins of expression, inducing ectopic expression, or abolishing
usual domains (e.g. Hunt et al.. 1991b; Morriss-Kay et al.. 1991;
Conlon and Rossant, 1992; and many others). However, retinoic
acid should not be used as an example of a typical developmental
toxicant, because of its role as an endogenous signaling molecule
in many developmental processes. There is little indication that any
other developmental toxicant can directly modulate developmental
gene expression, although few have been explicitly tested for such
effects. Our studies are the first to examine, systematically, chemi-
cal effects on expression domains in whole mammalian embryos
in culture. Our expectation was not that chemicals might affect
expression directly, but that domains would act as markers of sub-
morphological populations of cells. In addition, and of great current
interest, is the possibility that developmental toxicants might me-
diate their effects by affecting endogenous retinoid status, and
thereby influencing gene expression (Williams et al.. 1996).

The main embryonic tissues atfected by VPA in culture have
been well described previously (Kao et a/., 1981; Brown et al.,
1991) and confirmed here; the neural tube, particularly the neural
suture line; somites; and the otic primordium. The genes studied
here were selected with these effects in mind, Hoxb-4 marks
anterior-posterior positional specification within the neural tube
(and paraxial mesoderm), with an anterior boundary just posterior
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to the otocyst (Graham et al" 1988). Pax-3 marks the neural crest

and so mites, with initial expression in dorsal neuroepithelium, prior
to expression in the roof and alar plates, dorsal neural tube and
spinal neural crest (Goulding et al.. 1991). In paraxial mesoderm,

Pax-3 is evenly distributed over newly formed somites, then
becomes restricted to the most ventrolateral and caudal portions of
each somite (Bober et al., 1994). Emx-2 marks rostral neural tube,
pharyngeal arches and the lateral ectodermal (Wolffian) ridge

(Simeone et al., 1992a). It is possible that this latter region partially
corresponds with the coelomic epithelium covering the mesone-
phric column, which is Emx-2positive in the mouse (Simeone at al.,
1992a).

We observed two types of expression alterations in VPA-treated
embryos, associated with either retardation or structural abnormal-
ity. The spatial distribution of transcripts is very dynamic, so
patterns change with only small increments of developmental
stage. Since VPA causes general retardation, we observed sev-
eral examples of delayed expression, For example, the redistribu-
tion of Pax-3 expression towards the ventro-Iateral portion of
somites was often not apparent in VPA-treated embryos. This is
reminiscent of aspects of Pax-3 expression in Splotch mutant
embryos (Bober et al.. 1994). Similarly, VPA exposed embryos
often lacked Emx-2expression in the pharyngeal arch region. This
area of Emx-2 expression was first apparent in control embryos at
about the 25 somite stage, which was often not reached by VPA-
treated embryos. We observed no obvious heterochrony in VPA-
treated embryos, that is abnormal synchrony between morphologi-
cal and molecular landmarks, but we did not examine this objec-
tively.

VPA-treated embryos with structural defects showed spatially
abnormal expression domains in the affected tissues. This was
mostdramatic in the dorsal neural tube, in which expression of Pax-
3 in the neural crest graphically illustrated the irregularity of the
neural suture line induced by VPA. Similarly, there were overt
changes in the shape of the head in VPA-treated embryos, which
were reflected in differing areas of Emx-2 expression in the fore-
brain. In all cases, however, the domains faithfully reflected the
normal populationsof expression, even though these were within
an abnormal structure. In addition, in those VPAembryos of usual
structure,domains were normal.

The absence of any other observable effects inthis study does
not mean thatthe overallapproachof using gene expression as a
marker in developmental toxicology is necessarily uninformative.
We have examined only one prototype toxicant and three genes.
It is certain thatdevelopmentaltoxicantsexert their effects bymany
differing mechanisms, so other chemicals may affect the expres-
siondomainsof other genes. Perhapsthe most likely explanation
of the lack of etfect of VPA in this study is that the chemical acts
'downstream' of the genes studied. These genes are involved in
initialcell specification events, so perhaps VPA alters later mor-
phogenetic processes, such as proliferation, adhesion, migration,
and so on. A comprehensive systematic study, monitoring the
expression domains of genes involved in these processes, would
reveal whether this were the case, although alternative strategies
such as differential screening would be more likely to identify
responsive genes.

Although the whole-mount approach to in situ hybridization
yields easily interpretable 3-dimensional patterns, objective com-
parison of embryos for subtle differences in margins of expression
is not straightforward.More informationcan be obtained by sec-
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tioning whole-mount embryos, but the preservation of histology is
not good. It is possible that a more productive overall strategy is to
periorm orthodox in situ hybridization on serial sections. This
allows for multiple probes to be used on a single embryo, and for
adjacent sections to be used for histological reference. Our col-
leagues in the collaborative project are evaluating this strategy
(Picard et al., 1996).

The results in this study illustrate a strategy for monitoring the
effects of teratogens during early development using whole-mount
in situ hybridizations. This technique can be used to screen for
early, subtle effects on mammalian development using expression
domains as sub-morphological markers of specific cell populations.
It may be possible to pinpoint the spatial and temporal targets of
developmental toxicants in embryos with this approach.

Materials and Methods

Embryo culture techniques were carried out as described previously
(Brown et al., 1991). In brief. Wistarrat conceptuses were explanted in the

afternoon of the 101h day of gestation (plug= 1), at the early neural plate
stage, with 0 to 3 so mites. Thesewere cultured for48 h (4 conceptuses per

4 ml medium) in 50 ml culture bottles, on rollers at 3WC. The medium
culture was 75% immediately centrifuged, heat-inactivated male rat serum,
25% Eagle's minimal essential medium with Earle's salts. Embryos are
gassed initially with 5'% 0Z'

changed to 20% at 16 hand 40% at 26 h, with

5% COz and the balance Nz.
Our strategy was to begin with an exposure that caused overt structural

defects, for which we chose 16 h at 1.5 mM. If alterations in domains were
observed, we would move to lower exposures without morphological effect.
VPA (as the sodium salt) was dissolved in MEM, then diluted to a medium
concentration of 1.5 mM. Embryos were cultured in this medium for 16 h,
washed 3 times, then cultured in fresh control medium forthe remaining 32
h.

Embryos from in vivo and in vitro sources were washed in PBS and fixed
in 4% (w/v) para formaldehyde overnight. Whole-mount in situ hybridization
was pertormed essentially as described by Wilkinson and Green (1990).
Digoxygenin-Iabeled antisense RNA probes were synthesized from the
following cDNA fragments: Pax-3 (519bp Pst1/Hindlll fragment, Goulding
etal., 1991), Hoxb-4(1200bpBamHI/Hindlll fragment, Ramirez-Solis etal.,
1993), Emx-2(600bp Hindll1/EcoRI fragment, Simeone et al., 1992b). RNA
probes were added to hybridization mix before overnight incubation with
embryos at 70cC. AHer a series of washes in formamide/SSC the embryos

were incubated again overnight with anti-digoxygenin antibody and stained
up in the presence of NBT/BCIP. There were noticeable differences in the

intensity of staining between embryos, however, there was similar variation

in all groups, so we do not consider these differences to be related to culture
or valproic acid exposure.

Acknowledgments
This paper is dedicated to the pioneer of embryo culture, Denis New, on

what we hope willbe his long and happy retirement. We would like to thank
our collaborators in the laboratories of J. Picard and E. Giavini, and also R.
Krumlauf, P. Gruss and E. Boncinelli for the gift of probes. This project is
supported by EC BIOTECH GRANT BI02-CT93.0107 and the UK MRC.

References

BOBER, E., FRANZ, T.,ARNOLD, H.H., GRUSS, P. and TREMBLAY, P.(1994). Pax-

3is required lor the development ollimb muscles: a possible role forthe migration
01 dermomyotomal muscle progenitor cells. Development 120: 603-612.

BROWN. NA., CLARKE, D.O. and McCARTHY, A. (1991). Adaptation of post-
implantation embryos to culture: membrane lipid synthesis and response to

valproate. Reprod. Toxicol. 5: 245-253.

BROWN, N.A., KAO, J. and FABRO, S. (1980). Teratogenic potential 01valproic acid.

Lancet 1: 660-661 .

BROWN, N.A., SPIELMAN. H., BECHTER, R., FUNT, O.P., FREEMAN, S.J.,

JELINEK, R.J., KOCH, E"
NAU, H., NEWALL, D.R., PALMER, A.K., RENAULT.

J.Y., REPETTO, M.F., VOGEL, A. and WIGER, R. (1995). Screening chemicals

lor reproductive toxicity: the current alternatives. Alternatives Lab. Anim. 23:868-
882.

CONLON, R.A. and ROSSANT, J. (1992). Exogenous retinoic acid induces anterior

ectopic expression of murine Hox-2 genes in vivo_ Development 116: 357-368.

GOULDING. M_D., CHALEPAKIS, G., DEUTSCH. U., ERSELlUS, J.R. and GRUSS,

P. (1991). Pax-3, a novel murine DNA binding protein expressed during early
neurogenesis. EMBOJ. 10: 1135-1147.

GRAHAM, A., PAPALOPULU, N., LORIMER, J., MCVEY,J., TUDDENHAM, E. and
KRUMLAUF, R. (1988). Characterisation of a murine homeobox gene, Hox-2.6,
related to the Drosophila Deformed gene. Genes Dev. 2: 1424-1438.

HUNT, P., WHITING, J., MUCHAMORE, I., MARSHALL, H. and KRUMLAUF, R.

(1991 a). Homeobox genes and models for patterning the hindbrain and branchial

arches Development (Suppl.): 187-196.

HUNT, P., WILKINSON, D_ and KRUMLAUF, R. (1991b)_ Patterning the vertebrate

head: murine Hox-2 genes mark distinct subpopulations of premigratory and
migratory cranial neural crest. Development 112: 43-50.

KAO. J., BROWN, N.A., SCHMIDT, B_, GOULDING, E.H. and FABRO, S. (1981).

Teratogenicity of valproic acid: in vivo and in vitro investigations. Teratogenesis
Carcinog. Mutagen. 1: 376-382.

MORRISS-KAY, G.M., MURPHY, Po, Hill. R.E. and DAVIDSON, D.R. (1991).

Effects of retlnoic acid excess on expression of Hox-2.9 and Krox-20 and on
morphological segmentation in the hind-brain 01 mouse embryos. EMBO J. 10:

2985-2995

NEW, D.A., COPPOLA, P.T. and TERRY, S. (1973). Culture 01explanted rat embryos

in rotating tubes. J. Reprod. Fertil. 35: 135-138.

PICARD,J.J., CLOTMAN, F., VAN MAELE-FABRY, G., MENEGOLA, E., BASTIN. A.

and GIAVINI, E. (1996). Alterations in expression domains of developmental

genes induced in mouse embryos exposed to valproate. In Methods in Develop-

mental Toxicology/Biology (Eds. S. Klug and R. Thiel). Blackwell Wissenschafts-
Verlag, Berlin, pp. 161-176

RAMIREZ-SOLIS. R., ZHENG, H.. WHITING, J., KRUMLAUF, R. and BRADLEY, A.
(1993). Hoxb-4 (Hox-2.6) mutant mice show homeotictranslormation of a cervical
vertebra and delects in the closure of the sternal rudiments. Cell 73: 279-294

ROBERT, E. and GUIBAUD, P. (1982). Maternal valproic acid and congenital neural

tube defects. Lancet 2: 937.

SIMEONE, A.,ACAMPORA, D., GULISANO, M., STORNAIULO,A. and BONCINELLI,

E. (1992a) Nested expression domains of lour homeobox genes in the developing
rostral brain. Nature 358: 687-690.

SIMEONE, A., GULISANO, M., ACAMPORA, D., STORNAIUOLO, A., RAMBALDI,

M. and BONC!NELLI, E. (1 992b). Two verlebrate homeobox genes related to the

Drosophila empty spiracles gene are expressed in the embryonic cerebral cortex.

EMBOJ. 11:2541-2550.

TASSABEHJI. M., NEWTON, V.E., LlU, X.Z., BRADY, A., DONNAI, D., KRAJEWSKA-
WALASEK, M., MURDAY, V., NORMAN. A., OBERSZTYN, E., REARDON. W.
RICE, J.C., TREMBATH, R., WIEACKER, P., WHITEFORD, M., WINTER, R. and

READ, A.P. (1995). The mutational spectrum in Waardenburg syndrome. Hum.

Mol. Genet. 4:2131-2137.

TREMBLAY, P.. KESSEL, M. and GRUSS, P. (1995). A transgenic neuroanatomical

marker identifies cranial neural crest deficiencies associated with the Pax-3

mutant Spotch. Dev. BioI. 171:317-329.

WEGNER, C. and NAV, H. (1992). Alteration 01 embryonic folate metabolism by
valproic acid during organogenesis: implications for mechanism of teratogenesis.
Neurology 42: 17-24.

WILKINSON, D.G. and GREEN, J. (1990). In situ hybridisation and the three-

dimensional reconstruction of serial sections. In Postimplantation Mouse Em-
bryos: A Practical Approach (Eds. A. Copp and D.l. Cockroft). IRL Press, Oxford.

pp.155-171.

WILLIAMS, J.A., MANN, F.M. and BROWN, N.A. (1996). Alteration of endogenous

retinoid status as a potential mechanism of triazole teratogenicity. Teratology 53:
21A.


