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Abstract

Objective: Increased homocysteine concentrations have been associated with cardiac outflow tract defects. It has been hypothesized that
cardiac neural crest cells were the target cells in these malformations. Cardiac neural crest cells migrate from the neural tube and contribute to
the condensed mesenchyme of the aorticopulmonary septum and outflow tract cushions of the heart. The aim of this study is to investigate the
effects of homocysteine on cardiac neural crest cells in relation to heart malformations.

Methods: Homocysteine was injected either into the neural tube lumen (30 pmol/l), or into the circulatory system (30 or 300 umol/l) of
chick embryos. LacZ-retroviral labeling was used to study cardiac neural crest cell migratory pathways after exposure to homocysteine.
Results: Cardiac neural crest cells contributed to the aorticopulmonary septum of both control and homocysteine-treated embryos. However,
the outflow tract of homocysteine-neural tube injected embryos displayed 60% less apoptosis and 25% reduced myocardialization. A
subarterial ventricular septal defect was observed in 83% of the embryos. None of these abnormalities were observed in homcysteine-
circulatory system injected embryos.

Conclusion: This study demonstrates that homocysteine disturbs apoptosis and myocardialization of the outflow tract, probably by affecting
the cardiac neural crest cells.

© 2004 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.

Keywords: Apoptosis; Congenital defects; Developmental biology

1. Introduction

Periconceptional use of folic acid or multivitamins
containing folic acid reduce the risk of neural tube defects
[1,2] and conotruncal heart defects [3,4] in the offspring.
Folate is involved in the remethylation of homocysteine into

Abbreviations: Ao, ascending aorta (light red); P, pulmonary trunk
(light green); LV, left ventricle (dark red); NT, homocysteine-neural tube
injected; RV, right ventricle (dark green)
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methionine, therefore a low folate status can result in an
accumulation of homocysteine [5]. Mildly elevated levels of
homocysteine in maternal blood and amniotic fluid have
been associated with neural tube defects [6,7] and congen-
ital heart defects [8]. This is in line with an in vivo study in
which high concentrations of homocysteine administered on
top of chick embryos resulted in neural tube defects,
orofacial malformations, conotruncal heart defects, and
ventral midline defects in a time- and concentration-
dependent manner [9]. Although the involvement of cardiac
neural crest cells was suggested, no evidence was given to
support this theory.

Cardiac neural crest cells are formed at the fusion site of
the neural folds when the folds give rise to the neural tube.

0008-6363/$ - see front matter © 2004 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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The cardiac neural crest cells are derived from the neural
tube region between the otic placode and the caudal limit of
somite 3 [10]. Cardiac neural crest cells were shown to
contribute to the condensed mesenchyme and prongs of the
aorticopulmonary septum, the outflow tract cushions, the
smooth muscle layers of the pharyngeal arch arteries, and
the cardiac ganglia, by using quail-chick chimeras [11,12]
and retroviral labeling [13,14].

In vitro studies have demonstrated that high homocys-
teine concentrations increase neural crest cell motility and
migration distance [15], as well as the neural crest cell
outgrowth area, but decreased the neural crest cell differ-
entiation into smooth muscle cells and nerve cells.
However, homocysteine did not seem to affect the low
numbers of apoptotic cells that are observed in neural crest
cultures [16]. The aim of this study is to analyze the
effects of homocysteine on neural crest cells and their role
in cardiogenesis at the developmental stage when neural
crest migration has just started. Furthermore, homocys-
teine-circulatory system injections were performed at the
first stage when the circulatory system is a closed circuit,
the pharyngeal arch artery system is just established, and
the endothelial cells are not yet surrounded by differ-
entiated neural crest cells. With these experiments we
studied if there are differences between local exposure to
homocysteine (pre-migratory neural crest in the neural
folds) and general exposure to homocysteine (circulatory
system). The first part of this study focuses on the effects
of homocysteine on cardiac neural crest cell migration
pathways and the expression of the neural crest related
gene Pax3. An association between Pax3 and folic acid
has been suggested, while folic acid had a protective effect
against neural tube defects in Pax3-deficient Splotch mice
[17]. The second part describes the homing of neural crest
cells and the apoptosis patterns in the cardiac outflow tract
after homocysteine exposure. The third part demonstrates
the effects of homocysteine on outflow tract cushion
fusion, the development of subarterial ventricular septal
defects (VSD), and the myocardialization of the outflow
tract cushions.

2. Materials and methods
2.1. Injection of homocysteine into chick embryos

For neural tube experiments, fertilized specified patho-
gen free White Leghorn eggs were incubated at 37 °C for
33-40 h and subsequently windowed at Hamburger and
Hamilton [18] stages 9—10. Neural crest cell tracing studies
were performed on chick embryos using a replication-
incompetent spleen-necrosis retrovirus with a lacZ gene
[19,20]. The retrovirus solution in M199 medium was
mixed with polybrene (100 pg/ml) to increase transduction,
and indigo carmine blue (0.25 g/ml) for visualization.
Combined solutions of retrovirus and L-homocysteine

thiolactone hydrochloride (30 umol/l) were used to study
the effect of homocysteine on /acZ-marked neural crest
cell migration. The effect of homocysteine on Pax3
expression and heart development was studied using a
solution of L-homocysteine thioloactone hydrochloride (30
pmol/l) and indigo carmine blue (0.25 g/ml) in M199
medium. Injections were made into the neural tube lumen
at somite levels 4-6, filling the neural tube in anterior
direction until the solution reached the otic placode level
as described before [20]. These embryos were called the
NT group.

For circulatory system experiments, eggs were incu-
bated at 37°C for 54-56 h and windowed at HH14. L-
Homocysteine thioloactone hydrochloride (30 umol/l or
300 pumol/l), indigo carmine blue (0.25 g/ml) in M199
medium, was injected into the marginal sinus of the yolk
sac vasculature. Within 3 s, 1/8 of the yolk sac vasculature
and the intra-embryonic circulatory system was filled with
the homocysteine solution as justified by the spreading of
the indigo carmine blue coloring. The homocysteine
solution quickly mixed with the blood present in the
circulatory system, and was therefore diluted approxi-
mately 8 times. The embryos that received a homocysteine
solution into the circulatory system were called CS
embryos. Following injection, the eggs were sealed with
Scotch tape and returned to the incubator for further
development.

2.2. Tissue preparation, [-galactosidase staining, and
immunohistochemistry

One embryo of the NT group showed a ventral midline
defect at HH35 and was therefore excluded from this
study.

The following number of embryos was analyzed—NT:
HH18-19 (n=8), HH30-31 (»=9), HH35 (n=6); CS (30
umol/l): HH30-31 (n=2), HH35 (n=4); CS (300 pmol/l):
HH30-31 (»=8), HH35 (n=3); control embryos: HH18-19
(n=8), HH30-31 (n=12), HH35 (n=8).

The lacZ-retrovirus injected embryos were immersion
fixed in toto in 2% paraformaldehyde in 0.1 mol/l
phosphate buffer for 1 h. Extensive rinsing of the
embryos in PBS was followed by immersion in X-gal
solution (PBS containing 5 mmol/l potassium ferricya-
nide, 5 mmol/l potassium ferrocyanide, 2 mmol/l MgCl,
and X-Gal (5-bromo-4-chloro-3 indolyl B-D-galactopyr-
anoside) for 2-5 h at 37 °C to stain for the presence of
[3-galactosidase.

The HH35 embryos were first perfused with 4%
paraformaldehyde in 0.1 mol/l phosphate buffer through
the liver, subsequently the thorax was isolated and
immersion fixed overnight. The tissues were dehydrated in
graded ethanol and embedded in paraffin.

Serial sections (5 pm) were cut and sequentially
distributed over glass slides. The alternate sections were
incubated overnight with HHF35 (diluted 1:1000, anti-
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muscle specific actins; Dako Denmark), JB3 (diluted 1:2,
anti-fibrillin-2, a gift from Dr. R.R. Markwald, Charleston,
USA), MF20 (diluted 1:5, anti-myosin heavy chain,
Hybridomabank, Iowa City, USA) as described before
[20,21]. Additionally, sections were microwave-processed
to enhance JB3 and MF20 staining. Sections were stained
for apoptotic cells using the TUNEL procedure (Boeh-
ringer, Mannheim, Germany), as previously described [13],
however, the sections were not pretreated with proteinaseK
and were incubated in TUNEL mix for 90 min. After the
DAB procedure, sections were briefly counterstained with
Mayer’s hematoxylin, dehydrated and mounted in Entel-
lan. Adjacent sections were stained for 5 min with
hematoxylin and analyzed for cell death as described
previously [22].

2.3. Pax-3 in situ hybridization

A 660-bp chick Pax3 probe (kindly provided by P.
Gruss, Max Planck Institute, Gottingen, Germany) was
used for non-radioactive in situ hybridization on 14-pm
paraffin sections using the NBT/BCIP chromogenic
substrate as described by Moorman and coworkers [23],
with the adaptation that the hybridization temperature was
set at 65 °C and no tyramide signal amplification step was
used.

2.4. TUNEL analysis, outflow tract cushion volume estima-
tions, and 3D reconstructions

The number of TUNEL positive cells in the outflow tract
was counted in every 7th section. For the TUNEL analysis 8
control embryos (HH30 n=2; HH31 n=6) and 8 NT embryos
(HH30 »=3; HH31 n=5) were used. The results were
statistically analyzed using the Mann—Whitney test for
independent groups and the results are presented per group
as the median of the number of observed apoptotic cells and
the inter-quartile range (IQR), showing the variation within
the groups.

The volume of the outflow tract cushions that was not
populated by myocardial cells was estimated in actin-
stained sections of HH35 embryos using the Cavalieri
technique [24], as described before for the outflow tract
cushion volume [25]. We analyzed every 7th section along
the complete length of the outflow tract cushions of five
control embryos, five CS embryos, and five NT embryos.
The volume measurements were statistically analyzed
using the Mann—Whitney test for independent groups.
The results are presented as the median with the inter-
quartile range.

Three-dimensional reconstructions of serially sectioned
hearts were made using Amira 3.0 software. For both the
control and the NT group 3 lumen reconstructions were
made, the variation within the group was small, therefore
the lumen reconstructions shown here are representative of
the group.

3. Results

3.1. Cardiac neural crest cell migration pathways and Pax3
expression in homocysteine-neural tube injected (NT)
embryos

Embryos were injected into the neural tube lumen with
either a solution of lacZ-retrovirus or a combined solution
of homocysteine and lacZ-retrovirus. The lacZ-retrovirus
can integrate in the genome of replicating cells lining the
neural tube lumen. Therefore, neural crest cells that were
transduced with the lacZ-retrovirus stain blue for the B-
galactosidase product and can be traced in all stages of their
migration to the heart, providing a basis for their distribution
pattern in the embryo. In addition to neural crest cells, the
neuroepithelial cells of the neural tube are transduced,
however in a previous study we demonstrated that only the
neural crest cells from the dorsal side can migrate from the
neural tube and no ventral emigrating cells exist [20].
Furthermore, if careful injections are made no other tissues
are labeled by the retroviral injection, with the exception of
occasional ectoderm cells [13].

At HH18, lacZ-positive cardiac neural crest cells were
observed in the mesenchyme of the pharyngeal arches
surrounding the pharyngeal arch arteries in both control
embryos (Fig. 1a) and homocysteine-neural tube injected
(NT) embryos (Fig. le). The leading edge of the lacZ-
positive cardiac neural crest cells was located in the aortic
sac region in control embryos (Fig. 1b), as well as in NT
embryos (Fig. 1f). At HH18 Pax3 mRNA expression was
analyzed and observed at the dorsal side of the neural tube,
in the dorsal root ganglia, as well as in the dorsolateral
stream of neural crest cells in both control (Fig. 1c) and
NT embryos (Fig. 1g). We did not observe any differences
in the distribution pattern of lacZ-positive neural crest cells
or Pax3 expression between control and NT embryos at
HH18.

In embryos (HHI18), the heart tube consisted of an
endocardial and a myocardial layer separated by cardiac
jelly. In control embryos, the cardiac jelly at the level of the
outflow tract contained groups of mesenchymal cells and
was rich in dispersed fibrillin-2-positive fibers (Fig. 1d).
The NT embryos, however, only displayed subendothelial
fibrillin-2 protein expression and a low number of mesen-
chymal cells in the cardiac jelly at the level of the outflow
tract (Fig. 1h). Scattered fibrillin-2 fibers were observed in
the cardiac jelly of the atrioventricular (AV) cushions in
both control and NT embryos (not shown).

3.2. Cardiac neural crest cell homing and apoptosis in the
outflow tract of NT embryos

At HH31, lacZ-positive cardiac neural crest cells were
observed in the vessel walls of the third, fourth and sixth
pharyngeal arch arteries and in the condensed mesenchyme
of the outflow tract in both control (Fig. 2a) and NT
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Fig. 1. HH18-19 control and homocysteine-neural tube injected embryos. (a, b, d) HH18 control embryo injected with lacZ-retrovirus. (a) LacZ-positive neural
crest cells in the pharyngeal arches (arrows). (b) Transverse section shows the lacZ-positive cells in the pharyngeal arches and the aortic sac (AoS) region
(arrow), the brown staining (HHF35) shows the actin positive cells of the aortic sac. (¢) Transverse section of HH19 control embryo with Pax3 expression in
dorsal part of neural tube and dorsolateral neural crest pathway. (d) Transverse section of HH18 outflow tract with dispersed fibrillin-2 (Fib-2) expression and
mesenchymal cells (arrows) in the cardiac jelly. (e, f, h) HH18 NT embryo. (¢) LacZ-positive neural crest cells in the pharyngeal arches (arrows). (f) Transverse
section shows lacZ-positive cells in the pharyngeal arches and the aortic sac (AoS) region (arrow). (g) Transverse section of HH19 NT embryo. Pax3
expression is located in similar positions as in the control embryo: the dorsal part of the neural tube, dorsal root ganglia and dorsolateral neural crest pathway.
(h) Transverse section of HH18 outflow tract with subendothelial fibrillin-2 expression and only a few mesenchymal cells (arrow) in the cardiac jelly. H, heart;

NT, homocysteine-neural tube injected. Bar=150 um.

embryos (Fig. 2d). The roots of the ascending aorta and
pulmonary trunk were separated by the aorticopulmonary
septum in both control and NT embryos. At semilunar
valve level myocardialization of the outflow tract had
started and myocardial cells were observed in the mesen-
chymal area centrally between the aortic and pulmonary
valves. Myocardialization was obvious in control embryos
(Fig. 2b), however, myocardialization was almost absent in
NT embryos (Fig. 2e). In the NT embryos the myocardial
cells remained at the periphery along the complete length
of the outflow tract.

In control embryos, the area containing myocardial cells
was rich in TUNEL-positive cells (Fig. 2¢). In NT embryos
the area containing myocardial cells displayed only a few
TUNEL-positive cells, and only a few TUNEL-positive
cells were observed in the outflow tract cushions and
pulmonary valves (Fig. 2f). By analyzing an adjacent
section stained for muscle actin (HHF35) we noticed that
most apoptotic cells were located adjacent to myocardial
cells, however some TUNEL positive cells were in a
location that was actin positive in adjacent sections and
were therefore presumably myocardial cells.

The observed number of TUNEL-positive cells in the
outflow tract of control embryos was 186 (IQR 78), and in
NT embryos 75 (IQR 74). The number of observed TUNEL-
positive cells is 60% lower in NT embryos compared to
control embryos, this is a significant (p<0.01) difference as
demonstrated by statistical analysis with the Mann—Whitney
test (Fig. 3). To confirm that the TUNEL positive cells

represented apoptotic cells we studied the morphology of
these cells by hematoxylin staining. As indicated with
arrows (Fig. 2g) most cells that are positive for TUNEL in a
section of the outflow tract were traced in an adjacent
section and were demonstrated to have morphological
characteristics typical for apoptosis like condensed and
fractured nuclei and cell shrinkage.

3.3. Cushion fusion and myocardialization is affected in NT
embryos

In control embryos (HH35), the outflow tract cushions
were completely fused. The outflow tract cushions were
invaded by a large number of myocardial cells as
demonstrated by muscle actin (HHF35) staining and myosin
heavy chain (MF-20) staining (Fig. 4a—c). The immunohis-
tochemical staining with MF20 was comparable to the
HHF35 staining in the outflow tract region.

In contrast to the complete cushion fusion observed in
control embryos, 5 out of 6 NT embryos displayed an
incomplete fusion of the outflow tract cushions, which
resulted in subarterial VSD. The most distal borders of the
VSDs involved either both pulmonary and aortic valves
(Fig. 4d) or aortic valves and right ventricular outflow tract
(Fig. 4e). Large parts of the outflow tract cushions in the
embryos with subarterial VSDs were devoid of actin-
positive myocardial cells (Fig. 4d—f), suggesting reduced
myocardialization. The position and shape of the AV
cushions in the NT embryos were similar to control
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Fig. 2. Transverse sections of HH31 control and NT embryos. (a—c) Control embryos injected with lacZ-retrovirus. (a) LacZ-positive cells are observed in the
aorticopulmonary septum between the ascending aorta (Ao) and pulmonary trunk (P) (arrows). (b) Actin (HHF35)-positive myocardial cells have invaded the
condensed mesenchyme of the aorticopulmonary septum (arrow). (c) Adjacent section of (b), TUNEL-positive cells were predominantly observed in the area of
invading myocardial cells (arrows). (d—f) Transverse sections of HH31 NT embryos. (d) LacZ-positive cells in the condensed mesenchyme (arrows) between
the aortic and pulmonary valves. (e) Myocardial cells (arrow) are only located at the periphery of the outflow tract. (f) Adjacent section of e, TUNEL-positive
cells are observed in the pulmonary valve leaflets (arrows). (g) Adjacent section of ¢, hematoxylin staining demonstrates a large number of apoptotic cells in the
outflow tract area were myocardialization takes place. Many cells show an apoptotic morphology with condensed and fragmented nuclei (arrows). NT,

homocysteine-neural tube injected. Bar (a—f): 150 pum, bar (g)=30 pum.
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Fig. 3. Number of counted TUNEL positive cells in the outflow tract of
control and homocysteine-neural tube injected (NT) embryos (HH30-31).
The numbers of TUNEL positive cells are 60% lower in NT embryos
compared to control embryos, which is significantly (»p<0.01) lower as
demonstrated with the Mann—Whitney test. *p<0.01.

embryos.The CS embryos that received a 30 or 300
pmol/l homocysteine injection into the circulatory system
all showed normal fusion of the outflow tract cushions
similar to control embryos (Fig. 4g, h). A large number
of myocardial cells populated the area where the outflow
tract cushions had fused (Fig. 4i), suggesting normal
myocardialization.

The volume of the mesenchymal outflow tract cushion
tissue that was not myocardialized, was estimated in
embryos HH35 using the Cavalieri technique. The outflow
tract cushion volume was 0.059 mm® (IQR 0.009) for
control embryos, 0.060 mm® (IQR 0.006) for CS embryos,
but as high as 0.074 mm® (IQR 0.006) for NT embryos (Fig.
5). The group of NT embryos showed a 25% larger volume
of non-myocardialized outflow tract cushion tissue com-
pared to control embryos, this is significant (»<0.005) as
shown by statistical analysis. Also the embryo in the NT
group with normally fused outflow tract cushions showed an
increased volume (0.076 mm®) of non-myocardialized
cushion tissue.
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HHF35

control

Fig. 4. Transverse sections of the outflow tract of HH35 embryos. (a—c) Control embryos. (a) The aortic and pulmonary valves are separated by mesenchyme
invaded by myocardial cells. (b) Myosin heavy chain staining (MF-20) at a lower level shows the myocardialized cushion tissue separating the aorta from the
right ventricular outflow tract. (c) Detail of panel (a) showing the tip of the myocardialized septum (arrow). (d—f) NT embryos. (d) Outflow tract cushions have
failed to fuse, resulting in a subarterial VSD and almost absent myocardialization. (e) The subarterial VSD involves the aortic valve and the right ventricular
outflow tract. (f) Septum between aortic and pulmonary valves displays reduced myocardial cell invasion (arrow), dotted line indicates the position of the
subarterial VSD approximately 30 um below this section. (g—i) CS embryos. (g) Outflow cushions have fused and myocardialization has taken place. (h) Area
in between aortic valve and right ventricular outflow tract is almost completely invaded by myocardial cells. (i) Detail of panel (g) showing myocardial cell
invasion into the central area between the pulmonary and aortic valves (arrow). Ao, aorta; P, pulmonary trunk; RV, right ventricular outflow tract; NT,
homocysteine-neural tube injected; CS, homocysteine-circulatory system injected. Bar=150 pm.

,09

,07 1

Outflow tract cushion volume (mm3)

control Cs NT
Embryo treatment

Fig. 5. Outflow tract cushion volume in control embryos, CS embryos, and
NT embryos. The volume of outflow tract cushion tissue is 25% larger in
NT than in control embryos, this is significant (p<0.005) as demonstrated
with the Mann—Whitney test. *p<0.005.

Out of the five NT embryos with a subarterial VSDs,
only one embryo displayed an abnormal pharyngeal arch
artery system. This embryo showed complete absence of
both left and right fourth pharyngeal arch arteries. However,
endothelial cell detachment and abnormal extracellular
matrix deposition were observed in the pharyngeal arch
arteries [21].

A three-dimensional reconstruction was generated to
analyze the anatomical relations of the lumen of the
ascending aorta, pulmonary trunk, left ventricle and right
ventricle of a control (Fig. 6a) and an NT embryo (Fig. 6¢).
The reconstruction of the latter clearly demonstrates the
high subarterial VSD. Although the reconstruction shows
that the position of the pulmonary trunk in relation to the
aorta is slightly deviant, the aorta is not positioned above the
right ventricle as in a double outlet right ventricle.

The reconstructions of the lumen of the ascending
aorta and the pulmonary trunk, together with the outflow
tract cushion tissue of a control embryo (Fig. 6b) and a
NT embryo (Fig. 6d) demonstrate that in the NT embryo

GTOZ ‘TT 3snBny uo 3sanb Ag wouy papeojumoq



M.J. Boot et al. / Cardiovascular Research 64 (2004) 365-373 371

CONTROL

CONTROL

Fig. 6. Three-dimensional reconstructions of HH35 embryos. (a—b) Control embryo. (a) Lumen of ascending aorta, pulmonary trunk, left and right ventricles
are shown. (b) Lumen of ascending aorta and pulmonary trunk, together with the outflow tract cushion tissue. Note that the central area of the cushion is
concave (between arrowheads), this is due to myocardialization of the outflow cushions. (c—d) NT embryo. (¢) Lumen of ascending aorta, pulmonary trunk, left
and right ventricle are shown, together with a high, subarterial VSD indicated in blue (arrow). (d) Lumen of the ascending aorta and pulmonary trunk, a small
part of the subarterial VSD (arrow) positioned in the outflow tract cushion tissue. Note that the central area of the outflow tract cushion tissue is bulging,

because of lack of myocardialization (between arrowheads).

the outflow tract cushion tissue is bulging in the central
area between the left and right outflow tract, compared to
the concave central area in the control embryos. This is
the area where myocardialization has taken place in the
outflow cushions of the control embryos, but not in NT
embryos.

4. Discussion

After exposure to homocysteine we observed no changes
in Pax3 expression in the neural tube, nor in the
mesenchyme surrounding the neural tube. Previous studies
showed that folic acid is able to prevent neural tube defects
in the Pax3 deficient Splotch mouse model [17]. Our results
do not show a relation between Pax3 and homocysteine, this
might suggest that the prevention of neural tube defects in
Pax3 deficient mice are not associated with the homocys-
teine-lowering effects of folic acid.

In vitro studies demonstrated increased neural crest cell
migration rates in the presence of homocysteine [15]. In the
current study we traced lacZ-positive cardiac neural crest

cells on their pathway to the outflow tract of the heart and
observed no differences in timing between control and NT
embryos when cardiac neural crest cells arrive at the aortic
sac. This suggests that the differences in migration rate are
either too small to observe, or that there is no effect of
homocysteine on migration rate in vivo.

We postulated in a previous study that cardiac neural
crest cells play an important role in myocardialization of
the outflow tract, while neural crest cells exhibit excep-
tional high levels of apoptosis at the stage when
cardiomyocytes muscularize the outflow tract [13]. Outflow
tract myocardialization [26] is a process that is regulated by
gene cascades that are largely unknown. Members of the
Tgfp family have been suggested to play a role in this
process. In Tgfp-2 knockout mouse embryos, incomplete
myocardialization of the outflow tract septum is observed
[27] and the expression pattern of Tgfp-2 during embry-
onic development suggests a function in the process of
myocardialization [28].

Poelmann et al. [29] hypothesized that neural crest
apoptosis might activate myocardialization through activa-
tion of matrix bound Tgf-B. In the current study, we
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demonstrate that /acZ-positive cardiac neural crest cells
reach the pharyngeal arch arteries, the aorticopulmonary
septum and outflow tract cushions in both control and NT
embryos. However, at HH31 the myocardialization of the
outflow tract cushions is less, and the number of TUNEL-
positive apoptotic cells is 60% lower in NT embryos.

We hypothesize that after exposure to homocysteine, the
neural crest cells migrate to the outflow tract, display a
different gene expression pattern, and fail to undergo
apoptosis and as a consequence are unable to provide the
signals required for myocardialization of the outflow tract.
This complies with the significant 25% larger volume of
outflow tract cushion tissue that had not been myocardial-
ized in NT embryos. In addition to the neural crest cells also
cardiomyocytes undergo apoptosis in the myocardialization
area of the outflow tract. Signals to induce cardiomyocyte
apoptosis seem to originate from the epicardium [30]. This
suggests that the complex remodeling of the outflow tract
and myocardialization is dependent on intense apoptosis of
both neural crest cells and cardiomyocytes.

The incidence of subarterial VSD in the NT embryos at
HH35 is very high (83%, 5 out of 6 embryos). Different
results were obtained in a study [9] with chick embryos that
received a solution of homocysteine (100 mmol/l, namely 5
pumol in 50 pl) on the inner embryonic membrane for three
consecutive days: only 22% (4 out of 18 embryos) showed a
VSD, while a high percentage (79%) displayed a ventral
midline closure defect. The high incidence of outflow tract
malformations that we observed is probably due to the
specific application of homocysteine to the premigratory
neural crest in our model. In addition, the 30 umol/l dose
used in our study is much lower than the dose used by
Rosenquist et al. [9] and is comparable to the mildly
elevated fasting homocysteine concentrations (19—27 pmol/
1) as described in blood plasma in a subset of mothers of
offspring with a neural tube defect [31].

Interestingly, we demonstrated in this study that the CS
embryos do not display subarterial VSDs or reduced
myocardialization of the outflow tract cushions. It is
conceivable that the CS embryos which received 30 pmol/
1 homocysteine might not have resulted in subarterial VSDs
due to the dilution of the homocysteine solution (approx-
imately 8 times) into the blood volume of the embryo.
However, even the 10-fold higher homocysteine solution
(300 umol/l) did not result in subarterial VSD formation.
The subarterial VSDs and reduced myocardialization in
homocysteine-neural tube injected embryos might, there-
fore, be explained by a specific effect of homocysteine on
neural crest cells.

The present study suggests a relation between homo-
cysteine, neural crest cell behavior, and the development of
subarterial VSDs in chick embryos.

Hyperhomocysteinemia with an estimated prevalence of
1:70 in the human population [32] is not a rare phenom-
enon. This means large numbers of pregnant women will
expose their yet unborn offspring to hyperhomocysteinemic

concentrations. Future research is necessary to address what
the impact is of homocysteine on heart development in
fetuses of hyperhomocysteinemic women.
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