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ABSTRACT

Postimplantation rat embryos (Day 10) were exposed in vitro to
teratogenic concentrations of 4-hydroperoxycyclophosphamide, an acti
vated form of cyclophosphamide, and phosphoramide mustard, the major
teratogenic metabolite of cyclophosphamide. Following a 5-h exposure
to these agents, drug-induced DNA damage was assessed by alkaline
elution. Both drugs induced detectable DNA cross-linking at teratogenic
concentrations. Alkaline elution combined with proteinase K digestion
indicated that approximately half of the DNA cross-linking was DNA-
DNA cross-linking and the other half was DNA-protein cross-linking. In
addition to DNA cross-linking, phosphoromide mustard produced DNA
strand breaks and/or alkaline labile sites. However, 4-hydroperoxycyclo-
phosphamide did not produce detectable DNA strand breaks or alkaline
labile sites. Our data also indicate that the induction of abnormal mor
phogenesis by 4-hydroperoxycyclophosphamide and phosphoramide
mustard is correlated with drug-induced DNA cross-linking.

INTRODUCTION

CP2 is a well-studied teratogen in vitro and in vivo producing

primarily central nervous system and skeletal anomalies in rats,
mice, rabbits, monkeys, and humans (1). In addition to its
teratogenic effects, CP also elicits a cytotoxic response in
embryos exposed during the early stages of organogÃ©nesis(2).
In addition not all tissues of developing rat embryo are equally
sensitive to the cytotoxic effects of CP. Cells of the developing
central nervous system are sensitive to the cytotoxic effects of
CP while cells of heart are completely resistant (3). This tissue
selectivity of CP has also been noted with respect to its ant Â¡tu
mor properties.

Although it is clear that bifunctional alkylating agents like
CP are potent teratogens, little is known concerning the mech
anisms whereby alkylating agents produce congenital defects
and the underlying cytotoxicity. Based upon evidence generated
concerning the antitumor effects of bifunctional alkylating
agents, it is a generally held belief that the cytotoxic action of
CP is related to production and persistence of drug-induced
cross-links in cellular DNA. This belief is supported by three
lines of evidence: (a) the toxicity of alkylating agents is corre
lated with the production and/or persistence of DNA cross
links (4); (/)) bifunctional alkylating agents are much more
effective cytotoxic agents than their monofunctional derivatives
which cannot cross-link DNA (5, 6); and (c) increasing the
numbers of alkylating moieties on a molecule beyond two
usually does not increase cytotoxic potential (4). In addition,
evidence also suggests that DNA is the primary target of CP in
terms of its teratogenic action: (a) the extent of CP binding to
DNA is correlated with the frequency of malformations pro-
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duced (7) and (b) CP inhibits embryonic DNA synthesis and
does so prior to its effect on RNA or protein synthesis (8).

Although CP is known to produce DNA cross-links (9, 10),
other DNA lesions are produced as well. Skare and Schrotel
(11) have shown that in rat testis CP produces DNA-DNA
cross-links, DNA-protein cross-links, DNA single-strand
breaks, and/or DNA alkaline-labile sites. Similar results were
reported by Crook et al. (12) who used human leukemia cells.

A variety of studies have shown that CP requires activation
to achieve its teratogenic and cytotoxic potential. The first step
in this activation involves the ring hydroxylation of CP to yield
4-OH-CP, an unstable metabolite which readily equilibrates
with its ring-opened tautomer, aldophosphamide. These equi
librium products are then either detoxified to form 4-ketocyclo-
phosphamide and carboxyphosphamide or spontaneously con
verted to PM, a bifunctional alkylating metabolite, and acrolein.
Previous work from our laboratory has shown that PM is the
major teratogenic metabolite of CP, although acrolein also
contributes to the teratogenic potential of CP (13).

In an effort to understand the potential role of CP-induced
DNA damage in drug-induced cytotoxicity and teratogenicity,
studies reported in this paper were undertaken to characterize
and quantitate the types of DNA damage induced in rat embryos
under exposure conditions that induce abnormal embryogene-
sis. In this paper we compare the types and amounts of DNA
lesions produced in rat embryos cultured in vitro by teratogenic
concentrations of PM and the preactivated form of CP, 4-
OOH-CP. The latter is transported into cells and converted to
4-OH-CP (14). Intracellular 4-OH-CP then spontaneously
breaks down to form intracellular PM and acrolein.

MATERIALS AND METHODS

Materials. 4-OOH-CP was a gift from Michael Colvin (Johns Hop
kins University). Phosphoramide mustard-cyclohexylamine salt was a
gift from Harry B. Wood, Jr., of the National Cancer Institute. A 100-
fold concentrated solution was prepared fresh on the day of experiment
by dissolving the drug in HBSP. Of this solution, 100 >/lwere added to
10 ml of culture medium to achieve the desired final concentration of
drug. [2-l4C]Thymidine (54 mCi/mmol) and [meiA.y/-3H]thymidine (25

Ci/mmol) were purchased from Amersham.
In Vitro Rat Embryo Culture. A modification of the rat embryo

expiant culture system of Fante! et al. (2)'was used in the studies

reported here. This system is based upon the expiant system described
by New (15). PrimigrÃ¡vida Sprague-Dawley rats were obtained from
Tyler Laboratories (Bellevue, WA). The morning following copulation
was termed Day 0 of gestation. Pregnant animals were anesthetized
with ether on the afternoon of Day 9 of gestation, uteri were removed,
and individual implantation sites were dissected free from surrounding
uterine tissue. Expiants were cultured in 125-ml bottles containing 10
ml of culture medium. The culture medium consisted of 50% Way-
mouth's medium (752/1), 25% heat-inactivated human serum, 25%
heat-inactivated rat serum, penicillin ( 100 units/ml), and streptomycin
(500 Mg/ml). In order to prelabel embryo DNA, [MC]thymidine (0.25

Â¿tCi/ml)was added to medium, and up to 20 embryos/bottle were
cultured overnight at 37Â°Cin an atmosphere of 5% O2, 5% CO2, and
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DNA DAMAGE INDUCED BY CP METABOLITES

90% N2. At 9 a.m. on Day 10, embryos were removed from the labeled
medium and washed through several changes of HBSP at 37Â°C.Groups

of 4-10 embryos were dispensed into 10 ml of fresh isotope-free
medium containing 10 * M unlabeled thymidine, gassed at 5% ('().â€¢-
95% air (-20% O2), and cultured at 37'C. After 1.5 h, 100 MIof drug

or vehicle (HBSP) was added to the culture, and embryos were incubated
for another 5 h. At this time 2-3 embryos from each group were further
cultured in fresh drug-free medium until Day 11 when they were gassed
with 95% O2-5% CO2 in the morning and assessed for viability and
malformations in the afternoon. The remaining embryos from each
group were removed from the embryonic membranes, washed in saline,
and placed on ice until prepared for alkaline elution.

Preparation of Embryos for Alkaline Elution. Embryos were trypsin-
ized to form a cellular suspension for the alkaline elution assay. Between
2 and 6 embryos were incubated in 2 ml trypsin-0.01% EDTA (Gibco)
at 37"C for 11 min. The trypsin solution was removed, and 1-2 ml cold
Merchant's solution (0.14 M NaCl-1.47 HIMKH2PO4-2.7 mM KC1-8.1
mM NaH2PO4-0.53 mM disodium EDTA, pH 7.4) was added. Embryos
were disaggregated into a single-cell suspension by gentle shaking, and
the resulting suspension was kept on ice. Under these conditions one
normal Day 10 embryo produced approximately 1.4 x 10* cells with
90-94% viability as determined by trypan blue exclusion. A 0.5-ml
aliquot of this cell suspension containing approximately 1.4-2.8 x 10s
cells and approximately 4-8 x 10' dpm was assayed in duplicate or

triplicate by the alkaline elution assay.
1.1211)Cells. Mouse 1.1210 leukemia cells were grown in RPMI

Medium 1640 with 10% fetal calf serum, 50 Â¿IM2-mercaptoethanol,
penicillin (100 units/ml), and streptomycin (500 Mg/ml). Cells were
grown overnight (~18 h) in 0.15 jiCi/ml [3H]thymidine. Cells were then
transferred to fresh isotope-free medium containing IO"6 M unlabeled

thymidine and incubated for another 4 h. In preparation for alkaline
elution the culture was centrifugad, and the pellet was resuspended in
a volume of 24 mM EDTA-75 mM NaCI to give approximately 1 x 10s
cells and 2 x 10" dpm/0.5 ml. The [3H]thymidine-labeled LI 210 cells

were assayed simultaneously with each sample of embryonic cells to
provide an internal monitor of the relative retention of each filtering
unit.

Irradiation. Cell suspensions for irradiation were kept on ice and
exposed to 100 to 300 rads from a '"Cs -y-radiation source (J. L.

Shepard; Mark I) at a rate of 266 rads/min.
Alkaline Elution Assay. The alkaline elution assay was carried out

according to Kohn et al. (16) with modifications as described by Hilton
(9). Briefly, 0.5 ml of the embryo cell suspension plus 0.5 ml of [3H]-
thymidine-labeled LI210 cell suspension were diluted with 15 ml of
cold 24 mM EDTA-75 mM NaCI, pH 7.4, and applied with vacuum to
a Versapor filter (Gelman). Cells were lysed on filters with 6 ml of a
solution containing 0.2% Sarkosyl-20 mM EDTA-2 M NaCI, pH 10,
which was drawn through the filter at a rate of 0.09 ml/min. This was
followed by a 4-mI wash of 20 mM EDTA, pH 10. DNA was then
eluted with TPAH in 10 mM EDTA, pH 12.20, at 0.04 ml/min for 7.5
h. The eluate was collected either as 20-min (0.8 ml) fractions or as
one fraction over the 7.5 h. In experiments using proteinase K, Polyvi
nylchloride filters (2-^m pore size) were used. The lysis solution was
2% sodium dodecyl sulfate in 0.2 M glycine-25 mM EDTA, pH 10, and
the TPAH elution solution contained 0.1% sodium dodecyl sulfate.
Quantitation of [I4C]DNA retained on the filter and eluted with the

TPAH was determined by scintillation counting. Results are expressed
as the percentage of [14C]DNA retained. Interassay variation in the
percentage of [14C]DNA retained was small, e.g., 86.9 Â±2.6 (n = 13)
for control unirradiated embryo DNA and 23.9 Â±2.4 (n = 11) for
control irradiated embryo DNA. Further analysis of these data using
the equations of Ewig and Kohn (17) allowed quantitation of the DNA
lesions expressed as rad equivalents of DNA strand breaks and rad
equivalents of DNA cross-linking.

behavior of embryonic DNA in the alkaline elution system
relative to the typical behavior of DNA from LI 210 cells which
we utilized previously to standardize our alkaline elution assay
(18).

The DNA from an untreated embryo was eluted from the
Versapor filter with TPAH, and 0.8-ml fractions (20 min) were
collected over 7.5 h. As seen in Fig. 1, the log of the percentage
of DNA retained decreased linearity with time of elution. This
slow rate of elution indicated that the embryonic DNA had not
been degraded in the course of processing for alkaline elution.
When cells from an untreated embryo were exposed to 300 rads
immediately prior to assay, the log of the percentage of DNA
retained again decreased linearity with time. The rate of elution
for the irradiated sample was considerably faster than for the
nonirradiated sample due to X-ray-induced DNA single-strand
breaks. The linearity of the log of the percentage of DNA
retained versus time of elution shows first-order elution kinetics
with respect to time. In a separate experiment using [3H]-
thymidine-labeled LI210 cells similar elution profiles were
observed (data not shown).

Alkaline Elution of DNA from Cells of 4-OOH-CP- and PM-
treated Embryos. Using the timed elution approach we next
characterized the types of DNA lesions produced in embryos
exposed to the preactivated form of CP, i.e., 4-OOH-CP and
the major teratogenic metabolite of CP, i.e., PM. The elution
time profiles of DNA from untreated embryos and embryos
exposed to 50 /Â¿MPM and 10 pM 4-OOH-CP are shown in Fig.
1. In each group, aliquots of cells were either exposed to 300
rads of X-irradiation or processed by alkaline elution without
X-irradiation. For those cells that were not irradiated, the
elution profile for DNA from 4-OOH-CP-treated embryos
shows a slight but nonsignificant increase in elution rate (com
pared to control). In contrast, the elution profile of DNA from
PM-treated embryos shows a definite increase in elution, sug
gesting the presence of DNA single-strand breaks. When sam-
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RESULTS

Alkaline Elution of Embryonic DNA. Preliminary studies were
performed to (a) determine the quality of the embryonic DNA
obtained for analysis by alkaline elution and (/>) examine the

Elution Time (hr)
Fig. 1. Alkaline elution of DNA from Day 10 rat embryos. O, control embryos;

â€¢,control embryos, 300 rads; Q, embryos cultured with 4-OOH-CP (10 JIM) for
5 h; â€¢,embryos cultured with 4-OOH-CP (10 pM) for 5 h, 300 rads; A, embryos
cultured with PM (50 Â¡M)for 5 h; A, embryos cultured with PM (50 ^M) for 5 h,
300 rads.
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DNA DAMAGE INDUCED BY CP METABOLITES

pies of embryo cells were irradiated (300 rads) before alkaline
elution, the rate of DNA elution is increased in all samples
compared to unirradiated counterparts. The rate of DNA elu
tion, however, from embryo cells exposed to 4-OOH-CP or PM
is slower than the irradiated control. This retardation in DNA
elution is indicative of the presence of 4-OOH-CP and PM-
induced DNA cross-links. Thus, these initial experiments in
dicated that 4-OOH-CP induced DNA cross-links and possibly
a small number of DNA single-strand breaks, while PM induced
both DNA cross-links and a substantial number of DNA single-

strand breaks.
These initial timed elution experiments were performed with

embryos exposed for 5 h on Day 10 of development to 10 UM
4-OOH-CP and 50 P.MPM because previous studies from our
laboratory demonstrated these concentrations to be teratogenic
but not embryo lethal. In order to compare the types of DNA
lesions produced by different drug concentrations, we have
modified the typical alkaline elution procedure (timed elution
with and without irradiation). Instead of determining a time
course of DNA elution as described in Fig. 1, we have taken
one measurement (DNA retained on filter, DNA eluted) after
7.5 h of elution. In a series of preliminary experiments, aliquots
of cells from control embryos, 4-OOH-CP-treated embryos (10
MM),and PM-treated embryos (50 MM)were exposed to increas
ing doses of X-irradiation (0, 100, 200, 300 rads) prior to
alkaline elution of DNA. Fig. 2 depicts the elution of DNA as
a function of titrating radiation. DNA from control cells ex
hibits linear elution as a function of titrating radiation. DNA
from drug-exposed embryos also exhibits linear elution; how
ever, elution is retarded compared to control embryo DNA,
again demonstrating that 4-OOH-CP and PM have induced
DNA cross-links. The induction of DNA single-strand breaks
by PM but not 4-OOH-CP is indicated by the increased elution
at 0 rads.

Based upon these results, we have used the amount of DNA
eluted at 0 or 300 rads after 7.5 h of elution to determine the
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quantity of DNA cross-links and DNA single-strand breaks as
a function of drug concentration. The conversion of DNA
elution data to rad equivalents was performed as outlined by
Ewig and Kohn (17). As seen in Fig. 3, DNA single-strand
breaks were not detected at any concentration of 4-OOH-CP
tested. Cross-links were first detected at 1 MM, and the rad
equivalents of DNA cross-links increased over the entire con
centration range tested.

Some embryos from each drug concentration tested were
cultured in drug-free medium for another 22 h and examined
for malformations. Photomicrographs of representative em
bryos from each 4-OOH-CP concentration are seen in Fig. 4.
At 0.1 MMembryos appeared normal. At 1.0 MM,embryos were
not growth retarded but did exhibit a slight hypoplasia of the
prosencephalon and some edema of the rhombencephalon.
Increasing 4-OOH-CP concentrations resulted in increasing
severity of these defects and increasing growth retardation.
Embryo lethality (5%) was first noted at a concentration of 10
MM.

Similarly, experiments were carried out to examine the
amount of DNA cross-links and DNA single-strand breaks as
a function of PM concentration. Fig. 5 shows an absence of
DNA strand breaks at lower concentrations (5 /UMand below),
a substantial number of strand breaks at 25 Â¿/M.and slightly
higher levels of strand breaks at the highest concentrations
tested (50-100 UM). Cross-links first appear at 5 MMPM, a

point at which no DNA strand breaks are seen. Increasing
concentrations of PM resulted in significant increases in rad
equivalents of DNA cross-links. Fig. 6 shows photomicrographs
of embryos 22 h after exposure to increasing concentrations of
PM. Slight edema of the rhombencephalon was seen at the
lower concentrations, and hypoplasia of the prosencephalon
and growth retardation appear at 25 MM,both increasing with
increasing PM concentration. Embryo lethality (7%) was first
noted at a concentration of 50 MM.

Characterization of DNA Strand Breaks. Thus far we have
considered the decrease in retention of DNA from PM-treated
embryos relative to DNA from untreated embryos as indicative
of DNA single-strand breaks. In actuality the lesion resulting
from alkylation of DNA by PM or 4-OOH-CP could be a true
DNA strand break, or it could be a depurination which only
converts to a single strand break under alkaline conditions
(alkaline-labile sites). Under the alkaline conditions of our assay
these two possibilities are not readily discernible. The extent of
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Fig. 2. Alkaline elution of DNA from Day 10 rat embryos as a function of Fig. 3. Rad equivalents of DNA cross-links (O) and DNA strand breaks (â€¢)
titrating radiation. â€¢,control embryos; â€¢.embryos exposed to 10 Â¿IM4-OOH- induced by 4-OOH-CP at concentrations which span the teratogenic range. Points,
CP for 5 h; A, embryos exposed to 50 fiM PM for 5 h. means; bars, range from 2 or 3 experiments.
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DNA DAMAGE INDUCED BY CP METABOLITES

Fig. 4. Morphology of embryos exposed in
vitro for 5 h on Day 10 of gestation to various
concentrations of 4-OOH-CP. A, control; B,
0.1 /IM; C, 1.0 /IM; D, 5 /IM; E, 10 /IM; F, 20
/IM. After drug exposure, embryos were cul
tured in drug-free medium for an additional
22 h.
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Fig. 5. Rad equivalents of DNA cross-links (O) and DNA strand breaks (â€¢)
induced by PM at concentrations which span the teratogenic range. Points, means;
ears, range from 2 or 3 experiments.

nificant decreases in the percentage of retention of control DNA
and 4-OOH-CP-treated DNA (Table 1). These findings indicate
the presence of a significant number of alkaline labile sites in
PM-treated DNA and possibly a few in 4-OOH-CP-treated
DNA. In addition, the curvilinearity of the elution curve for
PM (Fig. 1) suggests that increased time of exposure to elevated
pH leads to formation of an increasing number of strand breaks.

Characterization of Cross-Links. In the experiments described
above PM and 4-OOH-CP treatment of the embryos induced
cross-linking of DNA. In order to determine whether these were
DNA-DNA or DNA-protein crosslinks, different assay condi
tions were utilized which primarily involve the use of proteinase
K (see "Materials and Methods" for details). Protease-sensitive

(DNA-protein) cross-links can be distinguished from protease-
resistant (DNA-DNA) cross-links. In Table 2 are reported the
rad equivalents of DNA cross-links observed in PM- or 4-
OOH-CP-treated DNA when assayed in the absence and in the
presence of proteinase K. Approximately 40% of the PM- and
4-OOH-CP-induced DNA cross-links are protease resistant. In
addition, the use of higher proteinase K concentrations, i.e., 2
mg/ml rather than 0.5 mg/ml, did not reveal additional pro-
tease-sensitive cross-links. This result suggests that the pro-
tease-resistant cross-links are DNA-DNA cross-links.

conversion of alkaline labile sites is dependent upon time of
exposure to alkali and the pH. We examined these two variables
in determining the nature of the strand breaks observed in the
experiment described above. When the pH of the eluting TPAH
was increased from the usual 12.2 to a pH of 12.8, there was a
significant decrease in the percentage of retention in the case
of PM-treated embryo DNA. There were also small but nonsig-

DISCUSSION

Although CP is a well-studied animal teratogen, little infor
mation is available concerning the molecular mechanisms of
CP teratogenesis. Previously we demonstrated that CP and/or
its metabolites reach cells of developing embryo after exposure
(3) and bind to cellular DNA (19). The consequences of this
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DNA DAMAGE INDUCED BY CP METABOLITES

Fig. 6. Morphology of embryos exposed in
vitro for 5 h on Day 10 of gestation to various
concentrations of PM. A, control; B, l Â»IM;C,
5 MM;0, 25 Â¡IM;E, 50 w, F, 100 I*M.After
drug exposure, embryos were cultured in drug-
free medium for an additional 22 h.

Table 1 Effect ofpH on the elation ofDNA from rat embryos exposed to
4-OOH-CP and PM

Cells from control and treated embryos were processed by alkaline elution
(without irradiation) using TPAH adjusted to pH 12.2 or 12.8.

% of retention*

Treatment" pH 12.2 pH I2.8

Control

10 UM4-OOH-CP
50 MMPM

87.0 Â±2.8C

86.0 Â±4.4
64.9 Â±4.6

82.0 Â±6.8

78.8 Â±6.5
39.5 Â±3.3

' Day 10 embryos exposed to 4-OOH-CP and PM for 5 h before alkaline

elution analysis.
b Determined after 7.5 h of alkaline elution.
c Mean Â±SD for triplicate experiments.

Table 2 Effect ofproteinase K digestion on DNA cross-linking induced by
4-OOH-CP and PM

DNA cross-linking was determined by alkaline elution either with or without
proteinase K (0.5 mg/ml, 30 min).

Radequivalents*Treatment"10

MM4-OOH-CP50
MMPMWith

proteinaseK66.1
Â±18.1e34.9

Â±22.2Without

proteinaseK27.8

Â±9.6
14.7 Â±11.1

Â°Day 10 embryos exposed to 4-OOH-CP and PM for 5 h before alkaline

elution analysis.
* Percentage retention data converted to rad equivalents using the equation

described by Ewig and Kohn (17).
' Mean Â±SD for triplicate experiments.

DNA binding (alkylation) are presented in this paper.
Using the technique of alkaline elution we have characterized

the types of DNA lesions produced in rat embryo cells by the
preactivated form of CP (4-OOH-CP) and the major teratogenic
metabolite of CP, i.e., PM. At teratogenic concentrations 4-
OOH-CP produces measurable levels of DNA cross-linking, of

which approximately half is DNA-DNA, and the other half,
DNA-protein. These findings are in excellent agreement with
those of Hilton (9), who reported similar Findings in mouse
L1210 leukemia cells. Our data also indicate that 4-OOH-CP
does not produce any detectable DNA single-strand breaks and/
or alkaline labile sites. Similarly, studies by Hilton (9) and
Erickson et al. (20) did not reveal the presence of single-strand
breaks after exposure to preactivated derivatives of CP. In
contrast, Crook et al. (12) have reported the production of
DNA single-strand breaks by hepatocyte-activated CP. They
attribute the production of strand breaks to the acrolein which
is spontaneously formed when activated CP breaks down to
PM. This hypothesis is supported by data demonstrating that
acrolein induces DNA single-strand breaks (12, 20). The reason
for these discrepancies is not known but may be related to
differences in metabolism of hepatocyte-activated CP and
preactivated forms of CP. Nonetheless, all studies are in agree
ment that the major lesion revealed by alkaline elution is DNA
cross-linking.

Like 4-OOH-CP, PM at teratogenic concentrations produces
detectable levels of DNA cross-linking which consists of ap
proximately equal amounts of DNA-DNA and DNA-protein
cross-linking. One major difference between 4-OOH-CP and
PM is that, on a molar basis, 4-OOH-CP is approximately 5-

fold more potent than PM in eliciting embryo toxicity as well
as producing DNA damage. This finding is consistent with data
reported by Redwood et al. (14) and Crook et al. (12) who
reported 5-fold and 3- to 4-fold differences, respectively, in
cytotoxicity and cross-linking. Although not proven, this dif
ference in potency is probably related to two factors, (a) Extra
cellular PM, because it is a charged molecule, is less readily
taken up by cells than 4-OOH-CP, which is converted to 4-
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OH-CP in the process of being taken up by cells (14). (b) The
conversion of extracellular 4-OOH-CP to intracellular 4-OH-
CP is a rapid process. A second major difference between 4-
OOH-CP and PM is that the latter produces a detectable level
of DNA single-strand breaks. The production of strand breaks
was an unexpected finding because this type of DNA damage
has not been reported for PM (10). One possible explanation
for our results is that, because of the relatively long exposure
time used in our studies, 5 h, some of the PM has undergone
hydrolytic dechlorination of one of the chloroethyl side chains,
thus converting the bifunctional parent compound to a mono-
functional metabolite. The mono-PM thus formed would not
be capable of DNA cross-linking but would be capable of
monofunctional alkylation which can be converted to DNA
strand breaks. Thus, embryos exposed to PM for 5 h would
actually be exposed to PM which cross-links DNA and mono-
PM which produces DNA strand breaks.

Assuming that the DNA strand breaks produced by PM are
in fact produced by mono-PM and assuming that mono-PM
formation is, in a sense, an artifact of in vitro exposure, our
data relating drug concentration to level of DNA cross-linking
indicate that the extent of DNA cross-linking induced by 4-
OOH-CP and PM is directly correlated with the induction of
abnormal embryogenesis. Such correlations, however, do not
prove that DNA cross-linking is causally related to abnormal
embryogenesis. Given the data correlating DNA cross-linking
with cytotoxicity, it is reasonable to assume, however, that in
exposed embryos drug-induced DNA cross-linking is responsi
ble for the cell death seen during CP teratogenesis. The rela
tionship between drug-induced cell death and subsequent ab
normal embryogenesis is still unclear.

If DNA cross-linking constitutes the major lesion responsible
for abnormal embryogenesis and/or cytotoxicity, an important
question is what kind(s) of DNA cross-linking is important.
Our data and those of others have shown that activated CP and
PM produce both DNA-DNA and DNA-protein cross-linking.
On the one hand, a substantial body of information has accu
mulated suggesting that the formation and/or removal of DNA
interstrand cross-links correlates with CP-induced cytotoxicity
(9, 20-22). On the other hand, Crook et al. (12) and Erickson
et al. (20) have shown that DNA-protein cross-links are formed
more rapidly and removed more slowly than DNA-DNA cross
links. These latter findings suggest that DNA-protein cross
links may play an important role in cytotoxicity. Clearly, further
studies are needed to elucidate the role of these two types of
DNA cross-links in cytotoxicity. At this time we do not have
any information concerning the kinetics of formation and re
moval of these two types of DNA cross-linking as they occur
in cells of developing rat embryos.
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