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Abstract
Teratogen-induced cell death is a common event in the
pathogenesis associated with tissues destined to be
malformed. Although the importance of this cell death is
recognized, little information is available concerning the
biochemistry of teratogen-induced cell death. We show that
three teratogens, hyperthermia, cyclophosphamide and
sodium arsenite induce an increase in cell death in day 9.0
mouse embryos with concurrent induction of DNA fragmenta-
tion, activation of caspase-3 and the cleavage of poly (ADP-
ribose) polymerase (PARP). Teratogen-induced cell death is
also selective, i.e., some cells within a tissue die while others
survive. In addition, cells within some tissues die when
exposedto teratogenswhilecells inother tissuesarerelatively
resistant to teratogen-induced cell death. An example of the
latter selectivity is seen in the cells of the developing heart,
which are resistant to the cytotoxic potential of many
teratogens. We show that the absence of cell death in the
heart is accompanied by the complete lack of DNA
fragmentation, activtion of caspase-3 and the cleavage of
PARP.
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Introduction

It has been long known that cell death, termed programmed
cell death (PCD), is an integral part of the normal development

of most, if not all, embryonic organs (Glucksman, 1951;
Jacobson et al, 1997). The most well-studied example is the
PCD that occurs during limb morphogenesis (Saunders and
Gasseling, 1962). In addition to the well-known role of PCD in
normal development, it is also known that many teratogens
induce an episode of cell death in tissues destined to develop
abnormally and give rise to structural malformations. (Scott,
1977; Knudsen, 1997). Like PCD, teratogen-induced cell
death is selective, i,e., different cells and tissues within the
developing embryo exhibit different sensitivities to the
induction of cell death by teratogens. As an example, we
and others have shown that neuroectoderm of the early
postimplantation rodent embryo is exquisitely sensitive to the
cell-death inducing potential of different teratogens, including
cyclophosphamide (Mirkes, 1985a; Mirkes et al, 1991),
hyperthermia (Mirkes, 1985b), N-acetoxy-2-acetylaminofluor-
ene (Thayer and Mirkes, 1995), cadmium (unpublished data)
and deoxyadenosine (Gao et al, 1994). In contrast, the cells of
the heart are extremely resistant to the cell death-inducing
potential of these teratogens. The cell/tissue-specific me-
chanism(s) underlying this differential response to teratogens
is unknown.

Although cell death is known to play a role in both
normal and abnormal development, recognition that PCD
and teratogen-induced cell death are genetically regulated
processes has only recently become appreciated. The key
genetic components of the cell death process, termed
apoptosis (Kerr et al, 1972), were initially described with
respect to the PCD that occurs during the development of
the roundworm, C. elegans (Ellis and Horvitz, 1986). Of the
1090 somatic cells produced during the development of the
adult worm, 131 undergo PCD (Sulston and Horvitz, 1977).
To date, 14 genes have been identified in this worm that
control the execution and removal of these 131 cells (Yuan,
1996). Of these, two are known to be required in the
execution phase of PCD, i.e., ced-3 and ced-4 (Ellis and
Horvitz, 1986). The homologue of ced-3 has been isolated
and shown to possess significant sequence homology to
the mammalian gene encoding interleukin-1b converting
enzyme (ICE, Yuan et al, 1993). Subsequently, additional
ICE/ced-3 homologues were discovered and described
under a variety of names. In recognition of their absolute
requirement for a critical cysteine residue in the active site
and proteolytic cleavage after an aspartate residue in the
protein substrate, these proteases have been named
caspases for cysteinyl aspartate-specific proteases (Al-
nemri et al, 1996).

Of the 10 described proteases (Porter et al, 1997),
caspase-3 (also known as CPP32/Yama/apopain) has the
greatest similarity to ced-3 in terms of sequence homology
and substrate specificity (Xue and Horvitz, 1995). In
addition, caspase-3 is known to play a key role in the
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apoptotic pathway induced by a a variety of stimuli (Faleiro
et al, 1997), and is known to be essential for PCD in the
mouse brain (Kuida et al, 1996). Caspase-3 has been
detected in the cytoplasm of all cells studied where it exists
as an inactive pro-enzyme of molecular weight 32
kilodaltons. In response to various apoptotic stimuli, pro-
caspase-3 is cleaved by other caspases, including
caspase-1, -6, -8 and -10 (Tewari et al, 1995; Boldin et
al, 1995; Fernandes-Alnemri et al, 1996), to form two
subunits (17 and 12 kD) that then associate to form the
active enzyme (hetrotetramer). Once activated, caspase-3
cleaves a variety of substrates, including poly (ADP-ribose)
polymerase (PARP) (Porter et al, 1997). PARP is known to
play a role in DNA repair (de Murcia and de Murcia, 1994),
a function that is presumably inactivated as a result of
caspase-3 catalyzed cleavage (Casciola-Rosen et al,
1996). PARP cleavage has been observed during
apoptosis induced in a variety of cell types by a variety of
cytotoxic stimuli and is now recognized as a hallmark of
apoptosis (Lazebnik et al, 1994).

The focus of the work described herein is twofold. First,
we wanted to determine whether the selected teratogens,
hyperthermia, cyclophophamide and sodium arsenite, are
capable of inducing three of the hallmarks of apoptosis, i.e.,
DNA fragmentation, activation of caspase-3 and the
cleavage of PARP, as part of the pathogenesis that leads
to the induction of malformations. We chose these three
teratogens for several reasons: (1) we had preliminary data
indicating that all three teratogens induce an increase in
cell death in day 9.0 mouse embryos after exposure in
vitro; (2) these teratogens represent distinctly different
classes of teratogens, i.e., a physical agent, an alkylating
agent and a heavy metal; and (3) previous data indicated
that two of the teratogens, i.e. hyperthermia and cyclopho-
sphamide, induce cell death preferentially in areas of PCD.
The preferential induction of cell death in areas of PCD has
been observed for a variety of teratogens (Menkes et al,
1964, 1970; Milaire and Rooze, 1983; Sulik et al, 1988),
suggesting a mechanistic link between PCD and teratogen-
induced cell death. Second, we ask whether the observed
resistance of early postimplantation embryonic heart cells
to a variety of teratogens is correlated with an inhibition of
caspase-3 activation, PARP cleavage and DNA fragmenta-
tion. Our results show that cell death induced by all three
teratogens is associated with DNA fragmentation, activation
of caspase-3 and the cleavage of PARP. More importantly,
we show that the induction of these apoptosis-related
events is completely blocked in cells of the embryonic
heart.

Results

Assessment of apoptosis in day 9.0 mouse
embryos

Vital staining Previous work has shown that cyclopho-
sphamide (Mirkes, 1985a; Mirkes et al, 1991) and hyperther-
mia (Mirkes, 1985b) induce cell death within the body but not
the heart of early postimplantation rat embryos. In this report
we extend these findings to early postimplantation mouse

embryos exposed to these two teratogens, and in addition, to
sodium arsenite. Figure 1 shows a selection of embryos
stained with neutral red, a dye that is excluded by viable cells
but taken up by dead and dying cells. The untreated embryo
(Figure 1A) shows a few punctate, neutral red-stained cells
associated with the first branchial arch, otic vesicle, optic cup
and prosencephalon, known regions of programmed cell
death. In contrast, embryos exposed to hyperthermia,
cyclophosphamide and sodium arsenite exhibit increased
amounts of neutral red-stained cells (Figure 1B ± D). In
embryos exposed to hyperthermia and cyclophosphamide,
increased cell death is evident in the branchial arches, otic
vesicle, optic cup and prosencephalon, areas of normal
programmed cell death noted in untreated embryos. In
addition, teratogen-induced cell death is prominent in the
area of the primitive streak in the tail. Cell death is also
increased in embryos exposed to sodium arsenite compared
to controls (compare Figure 1A and D), particularly in the
prosencephalon and tail. Although these teratogens, particu-
larly hyperthermia and cyclophosphamide, induce an
increase in cell death within the body of the embryo, the
hearts of these treated embryos reproducibly show no
evidence of cell death. These morphological data confirm
our previous observations in the rat embryo that teratogens
tend to induce cell death in areas of normal programmed cell
death and that heart cells are resistant to cell death induced
by teratogens. To begin to probe the biochemistry underlying
the observed teratogen-induced cell death, we next asked
whether the three selected teratogens induced three known
hallmarks of apoptosis, i.e., DNA fragmentation, caspase-3
activation and PARP cleavage.

Internucleosomal DNA fragmentation Internucleosomal
DNA fragmentation in teratogen-exposed embryos was
assessed by gel electrophoresis at 5 and 10 h following
treatment (Figure 2). The 5 and 10 h time points were chosen
because hyperthermia- and cyclophosphamide-induced cell
death are morphologically evident at 5 h and maximal at 10 h
(data not shown). Control embryos at comparable time points
were also examined. Untreated control embryos showed a
low, but detectable, level of DNA fragmentation at both time
points as evidenced by the ladder of DNA fragments. In
embryos exposed to hyperthermia, the amount of DNA
fragmentation is increased at both time points compared to
the control; moreover, the amount of DNA fragmentation is
greater at the 10 compared to the 5 h timepoint. Cyclopho-
sphamide induced a modest increase in DNA fragmentation
at 5 h; however, at the 10 h timepoint the level of DNA
fragmentation is clearly elevated compared to the control.
Sodium arsenite, on the other hand, did not induce an
elevation in DNA fragmentation at the 5 h time point and only
a modest increase at 10 h. Overall, these results demonstrate
that the teratogen-induced cell death visualized by neutral red
staining is associated with increased DNA fragmentation
detected by gel electrophoresis.

Activation of caspase-3 Caspase-3, a cysteine protease
known to play a central role in the execution phase of the
apoptotic pathway, exists in all cells as an inactive
proenzyme. Activation of the proenzyme requires cleavage
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Figure 1 Vital dye staining of cultured day 9 mouse embryos. Embryos were stained with 0.005% neutral red at 7 h after initiation of treatment. Embryos received
no treatment (A), a heat shock of 438C for 15 min (B), or continuous 7 h exposure to 20 mM 4-OOH-CP (C), or to 15 mM sodium arsenite (D). At the end of the culture
period, all treated and control embryos had beating hearts. All embryos were placed on a slide, covered with a coverslip, and photographed at the same
magnification under darkfield illumination with a green filter. The puctate red staining (indicated by arrows) identifies dead cells. P-prosencephalon, Op-optic cup,
Ot-otic vesicle, BA-branchial arches, H-heart T-tail
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at specific aspartate cleavage sites to yield active subunits of
17 and 12 kilodaltons. To determine whether procaspase-3 is
activated by the three teratogens used in this study, we
assessed the activation of caspase 3 in day 9.0 embryos at 5
and 10 h after the initiation of exposure using immunoblotting
and an antibody that recognizes the 32 kD proenzyme and
the 17 kD subunit of the active enzyme (Figure 3). Regardless
of exposure, all embryo extracts exhibited a prominent band
of procaspase-3 at 32 kD. The primary antibody used in these
studies also recognized a less prominent protein of
approximately 28 kD and unknown identity. The 17 kD
subunit of caspase-3 was not detected in extracts from
control embryos. In contrast, the 17 kD subunit was
detectable in extracts prepared from teratogen-exposed
embryos, although the relative level of activation and the
kinetics varied between the three teratogens. Both hyperther-
mia and cyclophosphamide exposures induced detectable
levels of the 17 kD subunit of caspase-3 at the two time points
assayed; however, the relative level of this subunit was higher
in hyperthermia- than in cyclophosphamide-treated embryos.
The kinetics of activation also varied by teratogen. Cyclopho-
sphamide and hyperthermia induced increased levels of the
17 kD subunit at the 10 h compared to the 5 h timepoint. In
contrast, the 17 kD subunit was not detected in sodium
arsenite-treated extracts until the 10 h timepoint.

Cleavage of PARP PARP is a nuclear protein associated
with chromtin that plays a role in DNA repair. In a variety of cell
death systems, PARP is cleaved by a cysteine protease that
converts the 116 kD parent molecule into two fragments of 85
and 24 kD. To determine whether PARP cleavage is induced
during teratogen-induced cell death, we used immunoblotting
and an antibody to detect the presence of the active 116 kD

intact PARP molecule and the 85 kD cleavage fragment
(Figure 4). Extracts from control and treated embryos showed
the presence of intact 116 kD PARP, which appeared as a
doublet. Unlike the situation for caspase-3 in which there was
no evidence of activation in control embryos, we noted a low
level of the 85 kD PARP cleavage fragment in extracts from
control embryos; however, exposure to teratogens resulted in
even greater cleavage of PARP. Although hyperthermia
induced an increased level of the 85 kD fragment at 5 h and
an even greater increase at 10 h compared to controls,
cyclophosphamide and sodium arsenite induced an increase
in this fragment only at the 10 h timepoint compared to
controls.

Assessment of apoptosis in lysates from heads,
hearts and trunks of treated embryos

The neutral red staining data presented earlier indicate that
hyperthermia, cyclophosphamide and to a lesser extent
sodium arsenite induce increased cell death in specific
regions of the day 9.0 mouse embryo. Correlated with this
teratogen-induced cell death are increases in DNA fragmen-
tation, activation of caspase-3 and cleavage of PARP in whole

Figure 2 Internucleosomal DNA fragmentation in mouse embryos. Cultured
day 9 embryos were untreated (Cont), heat shocked at 438C for 15 min (HS) or
exposed to 20 mM 4-OOH-cyclophosphamide (CP) or 15 mM sodium arsenite
(Ars). At 5 and 10 h after initiation of treatment, DNA from whole embryos was
end labeled with a32P-ddATP. Equal amounts of DNA were electrophoresed
on 2% agarose gels and visualized by phosphoimaging. M - markers of
phiX174 DNA/HAE fragments for bp sizing

Figure 3 Western blot analysis of the activation of Caspase-3 in intact mouse
embryos. Lysates were prepared from whole embryos 5 and 10 h after
receiving either no treatment (Cont), heat shock of 438C for 15 min (HS), or
continuous exposure to 20 mM 4-OOH-cyclophosphamide (CP) or 15 mM
sodium arsenite (Ars). Equal amounts of protein were applied to 12.5% PAGE,
transferred to PVDF membranes and probed with an antibody to caspase-3
followed by a secondary HRP-linked anti-mouse antibody. The antibody to
caspase-3 recognizes the 32 kD inactive procaspase and the 17 kD active
subunit

Figure 4 Western blot analysis of cleavage of PARP in intact mouse
embryos. Lysates were prepared from whole embryos 5 and 10 h after
receiving either no treatment (Cont), heat shock of 438C for 15 min (HS), or
continuous exposure to 20 mM 4-OOH-cyclophosphamide (CP) or 15 mM
sodium arsenite (Ars). Equal amounts of protein were applied to 7.5% PAGE,
transferred to PVDF membranes and probed with an antibody to PARP,
followed by a secondary biotinylated anti rabbit antibody and streptavidin-
HRP. The antibody recognizes the intact active PARP enzyme of 116 kD
(shown as a doublet) and the non-functional cleaved 85 kD fragment
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embryo lysates. In addition, the vital dye data indicate a
complete lack of teratogen-induced cell death in the heart. To
determine whether this lack of cell death in the heart is
correlated with an inhibition of the apoptotic pathway, we next
compared the levels of DNA fragmentation, caspase-3
activation and PARP cleavage in hearts, heads and trunks
isolated from control and treated day 9.0 mouse embryos.

Internucleosomal DNA fragmentation Levels of DNA frag-
mentation in isolated heads, hearts and trunks from control
and treated day 9.0 mouse embryos are presented in Figure
5. Three points are obvious from the data shown. First, there
is a low level of DNA fragmentation in heads and trunks
isolated from control embryos, presumably related at least in
part to the programmed cell death occurring in the embryo at
this stage of development. Second, all three teratogens
induce an increase in DNA fragmentation in both heads and
trunks compared to controls. Finally, the gel patterns reveal
an absence of DNA fragmentation in both control and treated
hearts.

Activation of Caspase-3 We next investigated whether
caspase-3 activation corelates with the DNA fragmentation
results just presented. Results in Figure 6 show that
procaspase-3 is present in cells of the head, heart and
trunk. In addition, these data show that caspase-3 is activated
(appearance of the 17 kD caspase-3 subunit) in the head and
trunk isolated from embryos exposed to hyperthermia,
cyclophosphamide and sodium arsenite. Moreover, the level
of caspase-3 activation (intensity of the 17 kD band) and the
kinetics of activation observed in isolated heads and trunks
are similar to those seen in whole embryos (Figure 3). In
contrast, caspase-3 is not activated in hearts isolated from

embryos exposed to hyperthermia, cyclophosphamide and
sodium arsenite.

Cleavage of PARP Finally, we determined whether PARP
cleavage in isolated heads, hearts and trunks correlated with
the data for DNA fragmentation and caspase-3 activation.
Results presented in Figure 7 show that PARP is cleaved in
heads and trunks isolated from embryos exposed to
hyperthermia, cyclophosphamide and sodium arsenite.
Similar to the results for caspase-3 activation, the levels and
the kinetics of PARP cleavage in isolated heads and trunks
are similar to that observed in whole embryos (Figure 4). In
contrast, no PARP cleavage was detectable in hearts isolated
from treated embryos.

Discussion

During just the past several years, an ever increasing
inventory of biochemical and molecular factors that mediate
the highly ordered pathway of apoptosis has been catalogued
(Cohen, 1997). This information has led to the concept that
the highly conserved apoptotic process occurs in three
phases. The first is an induction phase in which the apoptotic
stimulus is received and transduced within the cell. This is
followed by an effector phase in which the decision to die or
live is made. During this phase, the decision to enter the final,
or execution phase, is made. In part, the execution phase

Figure 5 Internucleosomal DNA fragmentation in isolated heads (HD), hearts
(HT) and trunks (TK) from mouse embryos. DNA was isolated from heads,
hearts and trunks of embryos 5 h after receiving either no treatment (Cont),
heat shock of 438C for 15 min (HS), or continuous exposure to 20 mM 4-OOH-
cyclophosphamide (CP) or 15 mM sodium arsenite (Ars) and then end-labeled
with a32P-ddATP. Equal amounts of DNA were electrophoresed on 2%
agarose and the nucleosomal ladders were visualized by phosphoimaging

Figure 6 Western blot analysis for activation of Caspase-3 in isolated heads,
hearts and trunks from mouse embryos. Lysates were prepared from isolated
heads, hearts and trunks of embryos 5 and 10 h after receiving either no
treatment (Cont), heat shock of 438C for 15 min (HS), or continuous exposure
to 20 mM 4-OOH-cyclophosphamide (CP) or 15 mM sodium arsenite (Ars).
Equal amounts of protein were applied to 12.5% PAGE, transferred to PVDF
membranes and probed with an antibody to caspase-3 followed by a
secondary HRP-linked anti-mouse antibodies. The antibody to caspase-3
recognizes the 32 kD inactive procaspase and the 17 kD active subunit
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involves the activation of one or more cysteine proteases, now
known as caspases, and the subsequent cleavage of a variety
of target substrates. The activation of one of these caspases,
procaspase-3 is now recognized as one of the key events in
the execution phase of apoptosis induced by a variety of
stimuli (Faleiro et al, 1997). Once activated, this caspase
cleaves and inactivates a variety of target substrates,
including PARP. Here we show for the first time that the cell
death in postimplantation mouse embryos induced by
hyperthermia, cyclophosphamide and sodium arsenite, is
associated with the induction of DNA fragmentation,
activation of procaspase-3 and the cleavage of PARP. Our
results extend the recent observations of Maden (1997)
showing that apoptosis is induced in the central nervous
system of vitamin A-deficient embryos. Thus, teratogenesis
can be added to the list of diseases in which apoptosis plays a
fundamental role.

Furthermore, our results demonstrate that embryonic
heart cells, which are known to be resistant to a variety of
teratogenic agents, do not undergo hallmark events of
apoptosis such as DNA fragmentation, activation of
caspase-3 and PARP cleavage when exposed to terato-
gens that induce cell death in many cells within the body of
the embryo. Therefore, heart cells possess some molecular
mechanism(s) to block these cell death events that other
cells in the embryo lack. On the basis of these observations
and the central role of caspase-3 in the execution phase of
cell death, we can now frame the mechanism of heart cell

resistance, and presumably the resistance of other cells
within the embryo, in terms of the regulation of caspase-3
activation, i.e., how do heart cells inhibit the activation of
procaspase-3 (and perhaps other caspases) upon expo-
sure to teratogenic cell death stimuli and therefore inhibit
the downstream events culminating in the complete demise
of the cell? One potential upstream regulator of heart cell
caspase-3 is other caspases. Published data indicate that
potential upstream caspase activators of caspase-3 include
caspase-1, -6, -8 and -10 (Porter et al, 1997). In addition,
other activators such as ceramide, Apoptosis inducing
factor (AIF) and cytochrome c are candidate regulators of
caspase-3 activation. Finally, a number of inhibitors of
apoptosis (IAPs) have recently been described (Clem and
Duckett, 1997) and need to be evaluated in terms of their
role, if any, in the resistance of embryonic cells to
teratogens. On the basis of available knowledge, it is
highly likely that the mechanisms of resistance operating in
the embryo will be complex and perhaps cell type specific.
Nonetheless, the ever growing knowledge base and list of
available techniques and reagents related to apoptosis
provide a rich tapestry in which to elucidate the
mechanisms used to determine whether one cell in an
embryo dies while another survives during both normal and
teratogen-induced cell death.

Although our data clearly show that the cell death
induced by the selected teratogens is associated with three
hallmarks of apoptosis, i.e., activation of procaspase-3,
cleavage of PARP and DNA fragmentation, the data do not
address the upstream cell death signaling pathways that
are engaged by these teratogens. A more complete
understanding of these pathways may also reveal key
factors that play a role in blocking caspase-3 activation in
embryonic heart cells, thereby conferring resistance to
tetarogen-induced cell death. The most fully characterized
signaling pathway is the Fas/Fas ligand system. Is there
any evidence that the activation of caspase-3 in mouse
embryos by hyperthermia, cyclophosphamide and sodium
arsenite is transduced through the Fas signaling pathway?
French et al (1996) have reproted significant Fas and FasL
expression by in situ hybridization in several nonlymphoid
cell types during mouse embryogenesis; however, expres-
sion was observed only at gestation day 16.5 and onward.
These results would indicate that the Fas pathway is not
available in day 9 mouse embryos, the stage used in our
studies, and thus suggest that the three teratogens do not
mediate caspase-3 activation through the Fas pathway.

Another possibility is that these three teratogens activate
sphingomyelinase leading to the generation of ceramide, a
sphingolipid able to activate caspase-3 (Smyth et al, 1996).
We know of no published reports indicating that cyclopho-
sphamide or sodium arsenite activate sphingomyelinase or
increase ceramide levels; however, hyperthermia has been
shown to generate ceramide (Chang et al, 1995). Also, the
fact that a variety of cell death stimuli, e.g. tumor necrosis
factor a, interleukin-1b, nerve growth factor, chemotherapeu-
tic agents, Fas stimulators, and serum withdrawal, have been
shown to activate sphingomyelinase and the generation of
intracellular ceramide (Liu et al, 1997) in non-embryonic
systems suggests that ceramide may be part of the signaling

Figure 7 Western blot analysis for cleavage of PARP in isolated heads,
hearts, and trunks from mouse embryos. Lysates were prepared from isolated
heads, hearts and trunks of embryos 5 and 10 h after receiving either no
treatment (Cont), heat shock of 438C for 15 min (HS), or continuous exposure
to 20 mM 4-OOH-cyclophosphamide (CP) or 15 mM sodium arsenite (Ars).
Equal amounts of protein were applied to 7.5% PAGE, transferred to PVDF
membranes and probed with an antibody to PARP, followed by a secondary
biotinylated anti-rabbit antibody and streptavidin-HRP. The antibody
recognizes the intact active PARP enzyme of 116 kD (shown as a doublet)
and the non-functional 85 kD fragment
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pathway upstream of caspase-3 activation induced by a
variety of teratogens. To our knowledge, there are no
published studies describing the activation of sphingomyeli-
nase in mammalian embryos exposed to teratogens.

Recent research has also uncovered another potential
pathway upstream of caspase-3 activation involving the
mitochondrion. In response to a variety of agents including
dexamethasone, irradiation, etoposide, Fas crosslinking,
ceramide and TNF, mitochondria of cells exposed to these
death stimuli undergo a disruption of the mitochondrial
transmembrane potential, Dcm (Kroemer et al, 1997).
Disruption of Dcm is also associated with the release of
the apoptogenic mitochondrial protein (AIF), a protein
capable of inducing nuclear apoptosis (Susin et al, 1996)
and the activation of caspase-3 (Susin et al, 1997) in the
absence of additional cytoplasmic components. Other work
has shown that cytochrome c is released from mitochondria
in cells undergoing apoptosis. Like AIF, cytochrome c has
also been shown to activate caspase-3 (Liu et al, 1996);
however, cytochrome c-mediated activation requires an
additional cytoplasmic component(s). At present, there are
no data relating teratogen-induced cell death in embryos
and the mitochondrial events just described. Nonetheless,
this mitochondrial signaling pathway may play an important
role in teratogen-induced cell death because (1) a variety of
teratogens are known to induce ROS levels in exposed
embryos (Fantel, 1996), (2) mitochondria are the primary
site for the generation of reactive oxygen species (ROS)
(Halliwell and Gutteridge, 1989), and (3) ROS have been
implicated in the induction of apoptosis (Buttke and
Sandstrom, 1994).

Just as programmed cell death is an integral part of
normal development, teratogen-induced cell death is an
integral part of abnormal development. In both instances,
the mechanisms determining whether one cell lives and
another dies are largely unknown. We have used the
documented resistance of embryonic heart cells to begin to
probe the mechanisms of embryonic cellular resistance/
sensitivity not only within the heart but also within other
tissues of the embryo in which some cells die while others
survive. Because we are able to isolate a population of
cells resistant to the cell death potential of a variety of
teratogens, we were able to show that the previously
observed lack of morphological cell death in the heart of
embryos exposed to known teratogens is associated with
an absence of DNA fragmentation, activation of procas-
pase-3 and cleavage of PARP. The challenge now is to
understand the mechanism(s) by which embryonic heart
cells prevent the engagement of the execution phase of
apoptosis when exposed to teratogens.

Materials and Methods

In vitro embryo culture

Primigravida Swiss ± Webster mice were obtained from a local
supplier. The morning following copulation was designated day 0 of
gestation. On day 8.5 of gestation, conceptuses from multiple litters
were explanted using the whole rodent embryo culture system
established by New (1978) with the following modifications. Embryos

from all litters were equally distributed among the different treatment
groups. For each treatment group, 10 ± 12 embryos were cultured in
12 ml of media containing 80% heat inactivated rat serum/20% Hanks'
Buffered saline (HBSS)/50 U/ml Penicillin/50 mg/ml streptomycin,
gassed with a mixture of 5% O2/5% CO2/90% N2 and incubated
overnight on a roller apparatus at 378C. The following morning, embryo
cultures were regassed with 20% O2/5% CO2/75% N2 and continued
in culture for 2 h prior to treatment.

Exposure conditions

Treatment of the embryos was initiated by direct addition of freshly
prepared 2006 solutions to the culture medium to give final
concentrations of 20 mM 4-OOH-CP (a gift of Michael Colvin, Johns
Hopkins University) or 15 mM sodium arsenite (Sigma). Embryos for
heat shock were exposed to 438C for 15 min and then returned to 378C
(Mirkes, 1985). Embryos were continued in culture with drug or
following heat shock for 5 or 10 h. At indicated times, treated and
control embryos were removed from culture, dissected free of
associated membranes and rinsed in HBSS. Some embryos were
used directly for vital staining. Other embryos were either quick frozen
as whole embryos or were dissected into head, heart and trunk and
then quick frozen and stored at 7808C until processed for DNA
fragmentation or Western analysis. Exposures to teratogens and
subsequent analyses of caspase-3 activation, PARP cleavage and
DNA fragmentation were repeated at least three times. Caspase-3,
PARP and DNA gel patterns presented are representative of those
obtained in replicate experiments.

Vital staining

Embryos were stained with the vital dye Neutral Red using a stock
solution (0.5% in H2O, Sigma) that was diluted 1 : 100 into Ringers
solution prior to use. The use of neutral red to identify cell death in
embryos was initially reported by Fallon and Saunders (1968).
Embryos were incubated in the Neutral Red for 20 min at 378C,
rinsed in Ringers solution and placed under a cover glass for
photography using a Nikon Microphot microscope with dark-field
illumination and a green filter.

DNA fragmentation assay

The DNA fragmentation assay was carried out as described previously
(Mirkes et al, 1997). Briefly, DNA was isolated from whole embryos or
embryo parts (head, heart, and trunk) using Qiagen QIAamp Tissue kit
according to manufacturer's instructions and the concentration
determined by OD 260 measurement. On the basis of OD260
measurements, equal amounts of DNA were then end labeled with
a32P-ddATP and electrophoresed on 2% agarose. Radioactivity was
detected and visualized by phosphoimaging.

Western blot analysis

Sample preparation Frozen embryos or embryo parts were thawed on
ice in presence of RIPA lysis Buffer (10 mM Tris, pH 7.4, 150 mM
NaCl, 1% Triton-X100, 1% desoxycholate, 0.1% SDS, 5 mM EDTA)
plus protease inhibitors (1 mM PMSF, 0.01 mg/ml leupeptin, 0.02 mg/
ml aprotinin, 0.7 mg/ml pepstatin, 1 mM benzamidine). Samples were
sonicated for two 5 s intervals, placed on ice for 10 min and then
centrifuged for 10 min at 48C. The supernatant was recovered and after
an aliquot was taken for protein quanti®cation by the BCA assay
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(Pierce), the samples were frozen at 7808C until prepared for SDS ±
PAGE.

SDS ± PAGE An aliquot of lysed sample (10 mg) was added to an
equal volume of 26 Laemmli buffer, boiled for 5 min and
electrophoresed according to method of Laemmli (1970) using 7.5
and 12% acrylamide for resolving PARP and caspase-3 respectively.

Immunoblotting Gels were transferred to PVDF membranes (Millipore)
using a semi-dry transfer appartatus. Membranes were rinsed brie¯y in
Tris buffered saline, pH 7.6 (TBS), blocked with 3% nonfat dried milk
(NFM) in TBS with 0.1% Tweens-20 (Tw) for 20 min and rinsed again
with TBS-Tw. Membranes were then incubated overnight with primary
antibody and 1.5 h with secondary antibody diluted in 3% NFM/TBS-
Tw. Following each antibody incubation, membranes were washed four
times for 5 min with TBS-Tw.

For PARP immunoblots, the primary antibody, used at 1 : 5000,
was a mouse monoclonal antibody directed against an epitope in the C
terminus of human PARP. This antibody recognizes the intact PARP
molecule of 116 kD and the 85 kD cleavage fragment. This antibody
(c-2-10) was purchased from G. Poirier, Quebec, Canada. A
horseradish peroxidase (HRP) goat anti-mouse secondary (Amer-
sham) was used at 1 : 2500.

For caspase-3 immunoblots, the primary antibody, used at 1 : 5000,
was a polyclonal rabbit antibody directed against the N terminus of
caspase-3, thus recognizing the intact (pro) caspase-3 of 32 kD and
the 17 kD cleaved fragment (subunit) of caspase-3. This antibody
(R#280) was obtained from Merck-Frosst, Quebec, Canada. The
secondary antibody was a 1 : 350 dilution of biotinylated goat anti-
rabbit IgG (Vector) followed by streptavidin-biotinylated horseradish
peroxidase complex (Amersham) at a 1 : 2000 dilution in TBS for 1 h.
Antigen-antibody complexes were visualized by development with
ECL (Amersham) and autoradiography.
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