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ABSTRACT OF DISSERTATION
GRADUATE SCHOOL, UNIVERSITY OF ALABAMA IN BIRMINGHAM

Degree Ph.D. Major Subject Biochemistry

Name of Candidate Saowal3k Ji ra ku1 somehok

Title DNA damage and repair in developing embryos

DNA damage and repair were studied directly in developing mouse 

embryos. Biological and biochemical studies helped provide evidence 

that DNA is the principal target for many teratogens, and that DNA 

repair is important in determining sensitivity to teratogenesis.

The extent and types of anomalies were dependent upon the gesta

tional day on which embryotoxic agents, including X-rays, cytoxan, 

and methyl nitrosourea, were administered. Concurrent administration 

of chloroquine, an inhibitor of DNA repair, enhanced the frequency of 

mal formations induced by these DNA-damaging agents, suggesting that 

DNA damage and repair mechanisms play important roles in the produc

tion of birth defects.

DNA damage and repair in the intact mouse embryos were performed 

using the method of nucleoid sedimentation in neutral sucrose gra

dients on cell preparation isolated after intrauterine damage and 

repair. Cells lysed with high salt and a non-ionic detergent yield 

nucleoids which contain nuclear DNA and RNA but are depleted of 

nuclear proteins, and sediment as supercoiled DNA. Changes in super

coiling of DNA represent a sensitive means of detecting the first and 

last step of DNA repair processes. Nucleoids were prepared from the

11



cells of whole embryos, liver, and limb buds at intervals following 

damage by X-rays, methyl methanesulfonate, and methyl nitrosourea on 

gestation days 10 1/2, 11 1/2, 12 1/2. Preparations of nucleoids 

from liver and limb buds were especially useful in monitoring DNA 

damage and repair. At equitoxic doses used in this study, methyl 

methanesulfonate was not teratogenic to mouse embryos, while methyl- 

nitrosourea produced limb bud but not liver abnormalities. The liver 

cells repaired the damage induced by both agents completely within 

24 hours. The cells of limb buds repaired the damage induced by 

methyl methanesulfonate completely within 24 hours but 48 hours was 

required for repair of methyl nitrosourea.

These observations demonstrated correlation between the capacity 

of the cells to repair damage in DNA and the induction of mal forma

tions in the organs from which they were derived. The cells that 

repaired DNA lesions rapidly were not reflected in organ abnormality, 

whereas malformations occurred in organs from which the cells showed 

slow repair.
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INTRODUCTION

STATEMENT OF HYPOTHESIS

DNA damage and repair mechanisms play important roles in teratogen

ic processes and should be studied during embryonic development. Mam

malian embryonic tissue is an especially sensitive target for attack by 

a variety of physical and chemical agents in the environment. During 

development, mammalian embryos are most susceptible to environmentally- 

induced malformations at the period of organogenesis. Many induction 

processes which lead to high rates of cell replication and cell differ

entiation occur during this stage of embryonic development. Because of 

the importance of these cell activities, agents which interfere with 

nucleic acid synthesis are known to be potent teratogens. However, 

modes of action of most teratogens are still unknown. DNA lesions and 

repair processes have been suggested as central to mechanisms of terato

genesis and carcinogenesis for some compounds (Nomura, 1977); but the 

details of the induction by teratogens and transplacental carcinogens of 

genetic changes in the embryo are poorly understood. Studies have been 

done of DNA damage and repair resulting from administration of DNA- 

damaging agents to embryo cells in culture (Peleg et al_., 1976; Raineri 

et aK, 1978). The response of cultured cells, however, to in vitro 

damage does not yield full understanding of the mechanisms of teratogen

esis in vivo. Therefore, this dissertation research was pursued on the 

premise that DNA damage and repair could be studied directly in
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developing embryos by adapting those methods applied previously to cells 

in vitro to freshly isolated embryonic organs or cells. Based on pre

liminary studies with embryonic liver cells, it was found possible to 

study and characterize DNA repair in developing embryos by using various 

DNA-damaging agents and specific inhibitors. Consequently, the objec

tive of these studies was to explore the relationships between DNA dam

age, DNA repair and teratogenesis.

BACKGROUND

A. Mechanisms of DNA damage

It is now clear that DNA is a common target macromolecule with 

which a variety of insults, including ultraviolet radiation, ionizing 

radiation, and many alkylating agents, interact in susceptible cells or 

tissues. Damage to DNA has more severe implications for the functional 

integrity of the cell than does damage to most other cellular components. 

Damage refers to any modification of DNA that alters its coding proper

ties or its normal function in replication or transcription (Hanawalt et 

al., 1979). Damage to DNA bases threatens the integrity of genetic in

formation. Base loss may occur spontaneously, and it is also promoted 

by ultraviolet (UV) radiation, ionizing radiation, and alkylation (Lin

dahl, 1979). When living systems are exposed to far-ultraviolet radia

tion (<300 nm), the formation of cyclobutane dimers between adjacent 

pyrimidines within the same polynucleotide strand of the DNA is apparent 

(Setlow, 1968). This intrastrand dimer poses a potential block to repli

cation. Ionizing radiation damages both the phosphodiester backbone and 

the heterocyclic base of DNA in situ in the living cells. The major 
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reactions of bases involve the addition of radicals formed by water 

radiolysis, most importantly by hydroxyl radicals to the aromatic ring 

systems (Alexander and Lett, 1968; Bloc and Loman, 1973; Roti Roti and 

Cerutti, 1974). Radical addition results in ring saturation and may in 

secondary reactions lead to ring fragmentation and ring elimination. 

The presence of saturated pyrimidine nucleotides has been shown to cause 

local disruption of the native conformation of DNA. Saturation of the 

5, 6-double bond in pyrimidine nucleosides upon exposure of DNA to 

Y-radiation decreases substantially the stability of the ring and the 

N-glycosidic bond (Dunlap and Cerutti, 1975). Apyrimidinic sites are 

formed by the spontaneous release of the damaged bases. Ring elimina

tion with formation of apurinic sites also represents an important sec

ondary reaction following the formation of alkyl purines by various alkyl

ating agents (Strauss et al_., 1975). It is well known that the most 

reactive base in DNA towards alkylating agents is guanine, which has the 

highest degree of nucleophilicity. Most of the simple alkylating agents 

react primarily with the N-7 of guanine, which leads to the lability of 

the N-glycosidic bond and results in depurination of the DNA at the 

alkylated site (Lawley, 1966). This can produce single-strand breaks in 

the DNA either by spontaneous hydrolytic removal (Strauss and Hill, 1970) 

or by endonuclease attack (Ljungquist and Lindahl, 1974; Ljungquist et 

al., 1974; Hadi and Goldthwait, 1971) at the damaged sites. On the other 

hand, reaction at the same N-7 position of two guanine moitiés involving 

both arms of a bi functional alkylating agent such as mustard gas is a 

powerful source of inactivation of the DNA template (Lawley et al., 1969), 

whether by inter- or intra-strand crosslinking.
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In addition to the N-7 position of guanine, other sites of reaction 

in DNA for simple alkylating agents are N-3 and 0-6 of guanine; N-1, N-3 

and N-7 of adenine; N-l, N-3 and 0-2 of cytosine; and N-3 and 0-4 of 

thymine (Roberts, 1978). Among these, alkylation at the 0-6 position of 

guanine appears to be an effective cause of direct miscoding (Loveless, 

1969). Alkylation at this position would change the tautomeric struc

ture of the base which could induce its pairing with an anomalous base. 

This would result in base pairing of O^-alkylguanine with thymine in

stead of cytosine, the normal partner of guanine, during DNA replication. 

Loveless (1969) suggested that the extent of 0-6 alkylation would pos

sibly provide a better correlation with carcinogenesis and mutagenesis 

than that previously proposed with alkylation at the N-7 position of 

guanine. This evidence has been supported by findings of many investi

gations that the retention of O^-alkylguanine residues in the DNA of 

target tissues is associated with carcinogenesis and mutagenesis (Crad

dock, 1973; O'Connor et al_.,. 1973; Goth and Rajewsky, 1974a; Lawley and 

Martin, 1975).

Besides DNA base alkylation, certain alkylating agents are also 

capable of esterifying extensively the phosphate groups in the phospho

di es ter linkages of the DNA backbone (Rhaese and Freese, 1969; Lawley, 

1973). A phosphotriester is an alkali-labile structure which would 

give rise to a single-strand break in DNA under conditions of alkaline 

hydrolysis (Walker and Ewart, 1973a). Recent studies on phosphotries

ters induced in DNA in vivo by several potent chemical carcinogens have 

suggested that these lesions are chemically stable and that they are 

not eliminated by cellular DNA-repair systems (Shooter and Slade, 1977; 

Shooter et al_., 1977). It seems possible that in long-term 



5

carcinogenesis studies the accumulation of phosphotriesters in tissues 

could be monitored in relation to time of appearance of tumors (Shooter, 

1978). However, one of the most important questions, whether the accu

mulation of such lesions can be causally related to cancer incidence, 

still remains unknown.

Reaction of these physical and chemical agents with DNA leads to 

the distortion of the macromolecular structure of DNA which impairs its 

normal function in replication and transcription, and causes a breakdown 

of the regulation of these processes. Restoration of the structural 

integrity of the DNA by repair processes is, therefore, a vital function 

of every cell, and is the final determinant of the consequences of DNA 

damage.

B. Mechanisms of DNA repair

Damage to DNA by a variety of physical and chemical agents as 

described above can be repaired in order to maintain the structural 

integrity of the DNA which is necessary for normal biological function 

and for cell replication. Recently, various mechanisms of DNA repair 

have been reviewed by many investigators (Roberts, 1978; Cleaver, 1974; 

Cleaver, 1978; Hanawait et al_., 1979; Roberts, 1980). These repair 

processes will be described here briefly. The three major systems for 

repair originally discovered and defined in bacteria, photoreactivation, 

excision repair and postreplication repair, appear to have different 

forms and importance in eukaryotic cells (Cleaver, 1978).

Photoreactivation is the simplest repair mechanism for cyclobutane 

pyrimidine dimers induced by UV light. An enzyme, photoreactivating 

enzyme, binds to the dimer-containing region of DNA, and in the presence 
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of visible light (310-500 nm), monomerizes the dimer without breaking 

any phosphodiester bond (Cook and McGrath, 1967). Thus, the DNA is 

restored to its original undamaged state. This repair system functions 

in most prokaryotic systems and lower eukaryotes. A number of observa

tions have indicated recently that photoreactivation, in a rather com

plex situation, exists in mammalian cells including human cells (Suther

land and Oliver, 1976; Mortel mans et al_., 1977; Harm, 1980). However, 

under most experimental conditions it has been extremely difficult to 

demonstrate photoreactivation in mammalian cells, and whether it occurs 

and has functional importance in vivo is not known.

Excision repair is a complex multienzymatic process. The principle 

of excision repair developed from studies with UV light consists of four 

coordinated steps (Grossman, 1974; Grossman et al_., 1975): 1 ) the dam

age which causes a distortion or an unwinding of the double helical 

strands of all duplex DNA is recognized by an endonuclease that intro

duces a strand scission into DNA; 2) the lesion, along with adjacent 

nucleotides, is excised from the strand containing it by an exonuclease; 

3) reinsertion of new bases is catalyzed by a DNA polymerase using the 

intact complementary strand as a template; and 4) the gap between newly 

synthesized DNA and the preexisting DNA is joined by a DNA ligase. 

After ligation, the duplex is rewound to restore its original conforma

tion, thus excision repair is an error-free process. This type of re

pair process is now described as nucleotide excision repair, which 

identifies distinctly that this process involves the excision of nucle

otide fragments of DNA by phosphodiester chain scission (Cleaver, 1978).

More recent studies have indicated the existence of another related 

excision repair process, now known as base excision repair (Cleaver,
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1978)= In this pathway, a chemically modified base is removed from DNA 

by an N-glycosidase enzyme which breaks the glycosidic bond between the 

sugar and a damaged base, leading to the formation of an apurinic site 

(Kirtikar and Goldthwait, 1974; Lindahl, 1976). The latter may then be 

recognized by a specific endonuclease, followed by subsequent action of 

an exonuclease, a DNA polymerase and a DNA ligase (Lindahl, 1976; 

Ljungquist et^ al_., 1975). On the other hand, the apurinic site may be 

repaired by the direct replacement of the missing base catalyzed by an 

insertase enzyme (Deutsch and Linn, 1979). A comparison between the 

kinds of DNA damage that are presumed to be repaired by base excision 

and the size of repaired regions suggests that 'small patch' or X-ray

like repair (Painter and Young, 1972; Regan and Setlow, 1974) may cor

respond to base excision repair, whereas the 'large patch' or ultraviolet

like repair corresponds to nucleotide excision repair (Cleaver, 1978). 

The excision repair processes which are now known to occur in both 

bacteria and mammalian cells can act upon a large spectrum of chemically 

distinct lesions induced by numerous diverse agents both physical and 

chemical (Regan and Setlow, 1974; Howard-Flanders, 1973; Cerutti, 1975).

Postreplication repair is a repair process existing in both bac

teria and mammalian cells that operates after replication of DNA has 

occurred on a template containing the unexcised damaged region. It was 

first observed in DNA synthesis in UV-irradiated bacteria (Rupp and 

Howard-Flanders, 1968). DNA synthesized after UV-irradiation in 

strains of bacteria unable to carry out excision repair contained a gap 

in the new strands opposite each pyrimidine dimer in the template 

strand. Such gaps result when newly synthesized DNA strand elongation 

is blocked at a dimer and then resumes beyond it. These gaps, rather 
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than the pyrimidine dimers, are the substrates for postreplication 

repair; the process is therefore referred to as "daughter-strand gap 

repair" (Hanawalt et^ a%, 1979). The repair occurs by sister-strand 

exchanges which fill each gap with undamaged DNA from the isopolar 

parental strand. The resultant discontinuities in the parental strand 

can then be filled by repair synthesis, using the undamaged regions of 

the complementary daughter strand as templates. This mechanism pro

vides for the transfer of information between duplexes necessary to 

construct strands containing the complete base sequence of a functional 

chromosome even though many dimers remain in the template strands. 

More recent evidence has indicated that dimers are randomly transferred 

into newly synthesized DNA as gaps are repaired, thus becoming equally 

distributed among parental and daughter strands (Ganesan, 1974; Ganesan 

and Seawell, 1975). This observation supports the idea that sister

strand exchanges accompany repair and is in agreement with current 

models which include DNA strand isomerization during genetic recombina

tion (Radding, 1978). However, the production of dimer-free DNA by 

this mechanism in the absence of excision repair requires several rounds 

of replication (Ganesan and Seawell, 1975).

In mammalian cells, a similar process of postreplication repair 

also occurs, but interpretation is more difficult because of the much 

greater complexity of the mammalian genome. In UV-irradiated mammalian 

cells, the resultant gaps in newly synthesized DNA are thought to be 

filled by de novo DNA synthesis (Lehmann, 1972; Buhl et ab, 1972). 

This phenomenon has also been reported for cells exposed to some alky

lating agents (Fujiwara, 1975a). However, not all the findings are 

consistent with this model 0 Other studies suggest that the production 
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of low-molecular-weight DNA following UV irradiation reflects the fact 

that DNA synthesis is blocked by the presence of a lesion but then syn

thesizes past it continuously by a process requiring strand displacement 

and branch migration (Higgins et al_., 1976; Fujiwara and Tatsumi, 1976a). 

However, currently available techniques are not capable of distinguish

ing unequivocally between these various possible mechanisms by which 

cells can replicate past the unexcised lesions on their DNA.

In recent years, there have been developments in the field of in

ducible DNA repair process in prokaryotes, and attempts have been made 

to demonstrate the existence of similar systems in eukaryotes. Radman 

(1974, 1975) proposed that a single inducible error-prone repair 

replication system (SOS repair) may be responsible for both the muta

genic reactivation of UV-irradiated phage and for error-prone repair 

of bacterial DNA. SOS repair activity is repressed in undamaged 

wild-type cells, but is induced in response to UV radiation and other 

agents, including many mutagens and carcinogens, which damage DNA or 

block its replication. Such treatments generate a signal to initiate 

a complex group of inducible processes which appear to be co-ordinately 

regulated. The induction of SOS response is accompanied by the 

appearance of a new protein, called the rec A gene product. It is 

currently suggested that the rec A protein can, under inducing condi

tions, act proteolytically to inactivate a repressor controlling the 

co-ordinately expressed SOS function (Witkin, 1976). As yet the nature 

of the SOS induction signal is not clearly understood, nor is the mode 

of regulation of SOS function.

Other effects which are also apparently indicative of the induction 

of a DNA repair process but different from those described above have 
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recently been reported. The exposure of coli to subi ethal doses of 

N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) resulted in higher survival 

but in a lower mutation rate when they were exposed subsequently to 

lethal concentrations of the same agent (Samson and Cairns, 1977). This 

process has been called "adaptation," and is clearly different from SOS 

repair. In general, SOS functions are induced by treatments that block 

DNA replication, while adaptation usually occurs under conditions that 

do not alter detectably cell growth and DNA synthesis (Hanawalt et al., 

1979).

Phenomena possibly analogous to the adaptive response in bacteria 

have been described recently in a mammalian system. The removal of 

O^-methylguanine from DNA in rat livers is more rapid in animals that 

have had a prolonged exposure to low levels of dimethylnitrosamine 

prior to a large dose of the agent (Pegg, 1978; Montesano ejt aj_., 1979). 

The mechanism by which 0®-methylguanine is removed from DNA is not 

clear.

The descriptions presented here give a general view of various DNA 

repair processes. The repair systems are very important to cellular 

survival and normal function. The correlations between DNA repair and 

biological end points, such as mutagenesis, transformation, carcino

genesis and teratogenesis, though studied extensively, still require 

additional investigation.

Inhibitors of DNA repair. Accompanying the discovery of DNA repair 

processes, much effort has gone into the search for compounds that 

would specifically inhibit DNA repair. A number of agents have been 

identified (Gaudin et al_., 1971, 1972a, 1972b, 1974; Cleaver, 1969), 

but the precise sites of action on individual enzymatic steps have not 



been determined. Gaudin et a\ (1971, 1972b) found that a variety of 

cocarcinogens act by inhibiting repair synthesis induced by UV radiation 

in human lymphocytes. Chloroquine and quinacrine which are antimalarial 

drugs were found to be effective inhibitors of UV-stimulated DNA repair 

synthesis in human lymphocytes (Gaudin e£ al_., 1972a; Kulkarni and 

Yielding, 1978). Chloroquine was also found to decrease markedly the 

survival rate of X-ray-treated mice (Gaudin et al_., 1972a), to increase 

the cytotoxic effect of cyclophosphamide, and to increase the toxicity 

of methyl methanesulfonate (MMS) damage to mammalian cells in culture 

(Michael and Williams, 1974). These findings are consistent with the 

suggestion that chloroquine exerts its effect by inhibiting repair of 

DNA.

Caffeine is a well known DNA repair inhibitor due to its ability to 

inhibit specifically postreplication repair in cultured mammalian cells. 

Caffeine has not been shown to inhibit excision repair of any type of 

damage in any mammalian cell (Lehmann and Kirk-Bell, 1974; Regan et al., 

1968; Roberts and Ward, 1973). It is now clear that caffeine inhibits 

postreplication repair in rodent cells (Lehmann and Kirk-Bell, 1974; 

Fujiwara, 1975a)« In contrast to these findings, postreplication repair 

in many human cell lines is apparently unaffected by caffeine (Roberts 

and Ward, 1973; Buhl and Regan, 1974), but caffeine does inhibit the 

gap filling process in xeroderma pigmentosum (XP) cells (Buhl and Regan, 

1974). There is a report indicating that some xeroderma variants 

(patients with XP who have normal excision repair) have postreplication 

repair system which is inhibited by caffeine (Lehmann et aJL, 1975).

More recently, isonicotinic acid hydrazide (INH) which is used 

widely as antituberculostatic agent was reported to inhibit 



12

postreplication repair induced by methyl nitrosourea (MNU) in Chinese 

hamster cells (Klamerth, 1978). INH also showed an effect similar to 

caffeine in inhibiting repair of chromosome damage induced by mitomycin 

C in human lymphocytes; and it was suggested that chromosome repair is 

closely related to a DNA repair process sensitive to caffeine or INH 

(Okoyama and Kitao, 1981).

Although all these agents have additional biological effects which 

may complicate their effects as DNA repair inhibitors, those results 

described above are highly suggestive. Therefore, these findings may 

provide useful tools for the study of the repair mechanisms and may be 

of importance in helping to understand the role of DNA repair in the 

biological effects of DNA damaging agents.

C. Summary of methods of studying DNA repair

Repair of damage in DNA can be detected by a variety of methods, 

depending on the types of lesions to be studied.

1. Direct measurement of base lesions. The methods are based 

on the removal of abnormal or altered bases such as pyrimidine dimers 

and alkylation products from DNA. These techniques usually require the 

presence of radioactively labeled lesions in DNA, so that their loss 

can be detected directly as, for example, in the cases of removal of 

labeled pyrimidine dimers (Setlow and Carrier, 1964) or chemical adducts 

measured chromatographically. In order to obtain a direct measure of 

the individual alkylation products, it is usually necessary to degrade 

the nucleic acid polymer to its constituent parts with acid, alkali, or 

enzymes to permit chromatographic separation of the normal bases or 

nucleosides from the reaction products. The growing multiplicity of 
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reaction products has required the development of alternative procedures 

for analysis. These include column chromatography using Sephadex for 

the separation of normal and alkylated purines and Dowex ion-exchange 

resins for the separation of normal and alkylated nucleosides and bases 

(Lawley and Shah, 1972). Recently, a chromatographic procedure using 

Aminex A-6 cation exchange resin for the resolution of 0- and N-alkylated 

bases and nucleosides has been described (Daoud and Irving, 1977). Other 

techniques such as paper chromatography (Frei and Lawley, 1975), high 

pressure liquid chromatography (Breter et a^., 1976; Bochert and Webb, 

1977), and thin-layer chromatography (Issaq et al_., 1977) have also 

been used in these studies. However, these methods have several limi

tations. Biologically important lesions may be undetectable if they 

are rare, and measurement of radioactive chemical adducts ignores lesions 

produced through nonradioactive intermediates. In addition, loss of 

radioactivity may result not only from excision but also from chemical 

degradation of the adduct (Regan et al_., 1976).

2. DNA strand breaks. During the excision repair process, 

single-strand breaks should be present transiently due to the incision 

of the phosphodi ester bonds adjacent or close to the damage sites by 

an endonuclease and subsequent excision of the defective nucleotides 

by an exonuclease. Strand breakage in DNA may be studied by measuring 

the molecular weights of the DNA by means of sedimentation techniques. 

The most used method is that of alkaline sucrose gradient sedimentation 

(McGrath and Williams, 1966). In this method, alkaline lysis of cells 

directly onto such gradients separates the two strands of DNA, so 

that breaks within each single strand can be detected by the resulting 

decreases in size. The single-stranded DNA thus produced is centrifuged 



14

in an alkaline sucrose gradient to identify fragments of different 

sizes. DNA strands with low molecular weights sediment more slowly than 

those with high molecular weights. Repair of the breaks results in an 

increase in the size of DNA strands, and thus increase in the sedimen

tation rate. Therefore, changes in the sedimentation rates of DNA 

in alkaline sucrose gradients reflect the molecular weights of DNA. 

The major problem of this method is that the results are difficult to 

quantitate since the strand breaks are randomly placed to cause hetero

geneity in particle size. Strand breaks are also introduced into DNA 

by strong alkali during the lysis of cells before centrifugation, and 

these may mask the breaks produced by excision repair process (Cleaver, 

1974).

Another method for the detection of DNA strand breaks is that of 

alkaline elution technique (Kohn and Ewig, 1973). A procedure is de

scribed whereby shortened DNA single strands can be eluted selectively 

under alkaline conditions from filters upon which cells have been 

lysed. The rate of elution of DNA from filters reflects the size of 

DNA. Short segments of DNA due to breaks in DNA strands elute more 

rapidly than long chain DNA or bulk DNA. Repair of strand breaks can 

convert cell DNA from a rapidly eluting form to a slowly eluting form. 

This alkaline elution procedure is apparently more sensitive than the 

alkaline sucrose gradient sedimentation for the detection of DNA 

strand breaks. However, the physical basis for the observed increases 

in elution rate is still obscure, which raises questions in the inter

pretation of the data (Hutchinson, 1978).

3. New DNA synthesis. One step in excision repair process 

involves the incorporation of segments of newly synthesized DNA into
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parental strands. This synthetic process is termed nonsemiconservative 

DNA synthesis or repair synthesis. The most general method involves 

the physical resolution of repair synthesis from semiconservative syn

thesis of DNA. This is accomplished by combining density and radio

active labeling of the newly synthesized DNA, with separation of species 

according to density in isopycnic gradients (PettiJohn and Hanawalt, 
Q

1964; Cleaver, 1969). The basis of the method is that H-bromodeoxyuri- 
o

dine (H-BUdR) substitutes for thymidine such that semi conservative DNA 
o 

replication produces DNA that is of hybrid density with H-bromouracil 
o

( H-BU) in the newly synthesized strands. If repair replication occurs 

with the insertion of H-BUdR into DNA in the form of small patches, the 
o

DNA will be H-labeled but of normal density. Hydroxyurea has been used 

frequently during labeling to inhibit semiconservative replication 

preferentially, thereby improving resolution of repair replication by 

reducing the amount of radioactivity in gradients (Cleaver, 1969). 

Although this method appears quantitative, additional details about the 

biochemistry of the process are necessary for meaningful interpretation 

of the results (Cleaver, 1974).

Repair synthesis has also been resolved from semiconservative DNA 

synthesis with the aid of a benzoylated-naphthoylated DEAE-cellulose 

(BND-cellulose) column (Scudiero et al_., 1975). Repair can be measured 

in the region of DNA growing points and in the bulk of DNA. Cells are 

incubated with radioactive DNA precursor during treatment with a 

repair-inducing agent. Hydroxyurea, an inhibitor of semi conservative 

DNA synthesis, is added to slow the progression of DNA growing points. 

Sheared DNA from cell lysates is passed through the BND-cellulose col

umn. Washing with I M NaCl solution elutes purely native DNA.
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Subsequent washing with 50% formamide elutes single-stranded DNA and DNA 

containing single-stranded regions (DNA growing points). Any increase 

in the radioactivity in the eluates is due to repair synthesis and can 

be quantitated by determining its specific activity.

The photolysis of BUdR-labeled DNA has also been used for measuring 

repair synthesis (Regan et a^., 1971). In this method, the cells whose 

DNA has been prelabeled with radioactive thymidine are exposed to DNA- 

damaging agents, and then placed in medium containing BUdR. As repair 

proceeds, BU is incorporated into the regions of resynthesized DNA. 

The cells are then irradiated with 313 nm light which produces selective

ly alkali-labile sites at positions where BU is incorporated. Sedimen

tation of the fragmented DNA in alkaline sucrose gradients permits an 

estimate of both the number of repaired regions and their size.

The other method used for the study of repair replication is un

scheduled DNA synthesis (Djordjevic and Tolmach, 1967). In this method, 

the incorporation of radioactive DNA precursors into individual cells 

is detected by autoradiography. Since semiconservative replication is 

confined to the S phase of the cell cycle, the cells that are out of the 

S phase (those in Gp Gg and mitosis) and that incorporate radioactive 

DNA precursors are performing only repair replication. Therefore, the 

cells in S phase will be heavily labeled and thus can be distinguished 

from the lightly labeled cells undergoing repair. But this method does 

not prove clearly that unscheduled DNA synthesis in a cellular system 

represents repair of DNA. Another technique for the assay of unsched

uled DNA synthesis involves the use of hydroxyurea under conditions 

which hydroxyurea inhibits semiconservative synthesis of DNA more than 

repair replication. Because of this, DNA synthesis occurring in the 
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presence of hydroxyurea has been taken to represent repair synthesis 

(Lieberman et aj_., 1971). However, the inhibition of de novo replica

tion of DNA, especially under in vivo conditions, is not 100%, and in 

addition, certain compounds may interfere with the inhibition of normal 

replication by hydroxyurea (Brandt et aL, 1972). Hence a genotoxic 

compound which causes an increased incorporation of radioactive precur

sor into DNA in the presence of hydroxyurea is not necessarily acting 

by stimulation of a repair mechanism.

4. Alterations in DNA structure. Since DNA is packaged with 

proteins into chromatin material and organized into chromosomes, damage 

to DNA can be detected visibly through cytologic analysis of chromo

somes . Chromosome aberrations (achromatic lesions, chromatid deletion, 

etc.) are induced by physical and chemical agents (Wolff, 1978). There 

is much circumstantial evidence to indicate that such aberrations are 

mediated by interference with the DNA repair mechanisms. A possible 

relationship between postreplication repair and production of chromo

somal aberrations has been shown by posttreatment with DNA repair

antagonizing agent such as caffeine following DNA damage by chemical 

agents, resulting in an increase in the formation of chromosome aber

rations (Roberts et al_., 1974; Kiri man et a/L, 1974; Frei and Venitt, 

1975; Okoyama and Kitao, 1981).

Currently, another cytogenetic technique which is used widely is 

the analysis for sister chromatid exchanges (SCE). This method has 

been demonstrated to afford a sensitive measure of chromosome damage 

(Latt, 1974; Kato, 1977; Wolff, 1977; Perry and Evans, 1975). This 

technique depends on exposing cells to BUdR during two rounds of repli

cation. The metaphase (Mg) chromosomes observed subsequently consist 
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of substituted sister chromatids which stain differently from unsubsti

tuted sister chromatids. A correlation between the mechanism involved 

in SCE and the postreplication repair of DNA damage was claimed by Kato 

(1973, 1974). However, other evidence indicates that the formation of 

SCE is not simply related to postreplication repair (Kato and Stich, 

1976; de Weerd-Kastelein et ak, 1977). Nevertheless, despite the lack 

of clear understanding of the mechanism involved in the production of 

SCE, it appears that their formation constitute very sensitive tests 

for the detection of DNA damage.

Breakage of DNA strands and rejoining of the breaks are reflected 

in changes in the superstructure of DNA. These conformational changes 

of DNA are detected by the analysis of nucleoid sedimentation in neutral 

sucrose gradients (Cook and Brazell, 1975). Nucleoids are structures 

released from cells when cells are lysed in the presence of high salt 

concentration and non-ionic detergent; they contain all nuclear DNA 

and RNA but are depleted of nuclear proteins. Nucleoids that contain 

intact, supercoiled DNA sediment most rapidly in neutral sucrose gra

dients. Any break in either of the DNA strands causes an unwinding 

of the supercoils to form a relaxed structure, and thus the nucleoids 

sediment more slowly. Repair of the breaks rewinds the extended DNA 

into supercoils again and reestablishes the normal sedimentation rate 

of nucleoids isolated subsequently. This method is very sensitive and 

offers the potential for detecting the low levels of DNA damage. 

Therefore, this nucleoid sedimentation analysis in neutral sucrose 

gradients should prove useful in studying DNA damage and repair in 

developing mouse embryos.
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D. Supercoiling of DNA

The bihelical structure of DNA was first proposed by Watson and 

Crick (1953) and was confirmed primarily by X-ray diffraction studies 

of the DNA fibers. Later, Vinograd et al_. (1965) proposed that closed 

circular duplex DNA also contains superhelical turns due to the 

constraints imposed by the Watson-Crick structure in a closed circular 

molecule. Covalently closed circular duplex DNA is widely distributed 

in nature. Virtually all of these duplex DNA exists naturally in a 

negatively supercoiled form in which the coiling of the helix axis 

itself is in the opposite direction to that of the double helix. This 

supercoiling is an important element of the process of DNA replication, 

transcription, and recombination (Gellert, 1981). DNA supercoiling 

is controlled by a class of enzymes called topoisomerases (Wang and 

Liu, 1979), which catalyzes the interconversion of topological isomers 

of DNA. In bacteria, it has been discovered that an enzyme DNA gyrase, 

one group of topoisomerases, catalyzes the conversion of relaxed closed 

circular DNA to a negative superhelical form in an ATP-dependent reac

tion (Gellert et ak, 1976). In the absence of ATP, DNA gyrase spon

taneously relaxes negatively supercoiled DNA (Gellert et al_., 1977). 

In bacteria, there is now good evidence that gyrase is responsible for 

introducing at least most of the negative supercoils in vivo (Cozza- 

relli, 1980). Many topoisomerases with relaxing activity have been 

isolated from a number of eukaryotic sources (Gellert, 1981), but 

no eukaryotic enzyme has yet been shown to supercoil DNA. Evidence 

indicates that most or all supercoiling of DNA in eukaryotic cells 

arises from histone binding combined with the relaxing activity of a 

topoisomerase (Gellert et aj_., 1978). Binding of histone octamers 
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to DNA, followed by enzymatic relaxation of compensatory positive 

supercoils, results in a negative superhelical wrapping of DNA around 

the histone molecules, thus forming nucleosome units.

It is apparent that the superhelical turns are lost spontaneously 

when phosphodi ester bonds are broken in either of the backbone strands 

of the duplex, hence linear derivatives of these circular DNA molecules 

or those bearing one single-strand scission or nick generally contain no 

superhelical turns. This has been proved by using the intercalating 

agent, ethidium bromide (Bauer and Vinograd, 1968). The binding of the 

intercalating agent to closed circular SV 40 DNA causes an unwinding of 

the duplex structure and a simultaneous and quantitatively equivalent 

unwinding of the superhelices. It has been suggested that superhelical 

turns might be a general feature of the DNA of higher organisms and that 

they might play a role in controlling gene expression (Cook, 1973, 1974). 

A model was confirmed by Cook and Brazell (1975, 1976a) showing that the 

DNA of higher animals including human is supercoiled. The superhelical 

state of DNA has been analyzed by examining the sedimentation properties 

of nucleoids of those higher cells through sucrose gradient containing 

the intercalating agent, ethidium bromide. Nucleoids are structures 

released when cells are lysed in the presence of non-ionic detergent 

and high salt concentration. The structures of nucleoids resemble 

nuclei, they contain nearly all nuclear DNA and RNA, but are depleted 

of nuclear proteins (Cook and Brazell, 1975). Since the DNA of intact 

nucleoids is supercoiled, they sediment in sucrose gradients more rapid

ly than relaxed or broken and extended forms. Therefore, the rate of 

sedimentation of nucleoids is a sensitive index of the integrity of 

their constituent DNA and its response to damage and repair. The 
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intercalating agent, ethidium bromide, affects the sedimentation of 

supercoiled DNA in a characteristic manner (Cook and Brazell, 1975; 

Crawford and Waring, 1967). As the concentration of ethidium bromide 

is increased, the distance travelled by the nucleoids falls to a mini

mum and then rises again. At low concentration, ethidium bromide un

winds the superhelical turns to form the relaxed molecule. The addition 

of more concentration of ethidium bromide leads to the formation of 

supercoiling of the opposite sense to that initially present and the 

molecules become more compact again. Thus supercoiled DNA exhibits a 

biphasic response to ethidium bromide. If the DNA is already nicked, 

the sedimentation of nucleoids should no longer show the biphasic ef

fect in response to different concentrations of the intercalating agent. 

Rejoining of the breaks restores the DNA to its original conformation 

and reestablishes the normal sedimentation rate (Cook and Brazell, 

(1976b). The nucleoid sedimentation technique is the most sensitive 

means available for detecting single-strand breaks and repair of these 

breaks in nuclear DNA since any single-strand break is amplified by the 

resulting relaxation of supercoils. The major advantage of this method 

is that damage events which cause random single-strand breaks are 

still reflected as uniform shifts in the properties of a homogeneous 

population of particles. At the present time, there has been no 

detailed study of DNA damage and repair in developing embryos. It is 

of interest, therefore, to use this highly sensitive method to study 

directly the nature and consequences of DNA damage and repair in 

developing mouse embryos following treatment with teratogenic agents.
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E. Development of mouse embryos

The development of the mouse embryos, from the time of fertiliza

tion, which is determined by the presence of a vaginal plug, to the 

time of delivery extends for a period of 18-21 days, depending on the 

strain of the animals used. A vaginal plug results when the mouse 

ejaculate mixes with the cornified epithelial cells sloughed from the 

vaginal lining at the time of estrus (Chahond and Kwasigroch, 1977). 

In many inbred lines, the duration of normal pregnancy is approximately 

19 days (Rice, 1969). The gestation period is generally divided into 

3 sequential intervals: 1) a period of embryogenesis, comprising the 

first seven days of gestation, from fertilization to the appearance of 

the third germ layer (the mesoderm); 2) a period of organogenesis, from 

the seventh day to approximately the twelfth day, during which the major 

organ systems are formed; and 3) a period of tissue differentiation, 

between the twelfth day and birth, during which differentiation of most 

tissue is largely completed. Most differentiation is in fact completed 

by the sixteenth day, except in certain organs such as the eyes and 

the cerebellum that do not mature until after birth. The final three 

days or so of gestation form a true fetal stage of development, char

acterized more by growth than by differentiation.

It is during the period of organogenesis that malformations of 

specific organs or systems are easily induced by teratogens, while 

during the period of tissue differentiation and true fetal stage, the 

susceptibility to transplacental carcinogenesis tends to be maximum. 

Treatment of animals during the last stage of development can produce 

malformations in certain organs, including the eyes, which still 

continue differentiating. The big advantage of studying the 
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maldevelopment of the eyes during the last embryonic development is 

that other major congenital abnormalities are produced rarely during 

the last trimester and fetal survival is high. Therefore, the eye 

abnormalities can be studied easily in the postnatal life of the off

spring.

Normal development requires the integrity of the genome, appro

priate and differential gene expression, and normal functioning meta

bolic processes. It follows, therefore, that any changes in these 

processes may lead to abnormal development such as death, malformation 

and growth retardation.

F. Some general principles of abnormal development

1. Susceptibility to teratogenic agents varies with the 

developmental stage at the time of exposure. It is well known that 

immature or developing organisms are more susceptible to changes than 

are mature or fully developed ones. There is a varying degree of vul

nerability for induction of structural defects in organs or systems 

throughout the total span of development, but the greatest susceptibil

ity is during or before the early formative stages of that organ, which 

are called the "critical periods" in organogenesis. After organogenesis 

begins, malformation of specific organs or systems is produced with 

relative ease, reflecting special sensitivities and needs of rapidly 

differentiating and growing tissues. Most organs, however, have a 

period of particular susceptibility to extrinsic teratogenic influences 

during the early developmental events in that organ, although the total 

period of organ-specific sensitivity may extend over several days 

(Wilson, 1973a). Many organs show more than one susceptible period, 
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indicating the fact that their embryogenesis is multiphasic, with vul

nerable stages and cell types at different times (Russell and Russell, 

1954). The generally elevated sensitivity of most tissues during 

organogenesis also makes the embryo vulnerable to death if the dosage 

of the agent is at high teratogenic levels. As organogenesis advances 

to the later period of embryonic development, teratogenic susceptibility 

and embryo-lethality decrease, while transplacental carcinogenesis 

tends to increase. Susceptibility to transplacental carcinogenesis 

increases rapidly after the definitive organ rudiments have formed, at 

approximately day 11 of gestation in the mouse, and becomes maximal a 

few days prior to birth (Rice, 1979a). The essential feature of trans

placental carcinogenesis is that target cells are, to a variable degree, 

morphologically and functionally immature (Rice, 1979b). The degree of 

tissue differentiation at the time of exposure to a carcinogenic agent 

and the genetics of the subject have been shown to affect susceptibility 

to neoplastic transformation and induction of a tumor. Some chemical 

agents, such as ethyl nitrosourea (ENU), can act as teratogens and trans

placental carcinogens depending upon the time of administration during 

gestation period. However, the exact nature of the phenomena that make 

these variable embryonic stages more vulnerable to teratogenesis and 

carcinogenesis has so far not been explained satisfactorily. This 

differentiation may provide a capacity of tissue to repair damage in DNA. 

No studies of DNA repair during embryonic development have been reported. 

Analysis of DNA damage and repair directly in embryonic tissues would 

contribute to an understanding of the correlation between the role of 

DNA repair and the production of birth defects.
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2. Transplacental passage and embryonic/fetal accumulation 

of teratogenic agents are important. The placenta serves as a barrier 

behind which the embryo or fetus is protected from foreign agents. Many 

molecules of small size and low ionic charge cross the placenta by 

simple diffusion, others by active transport or by carrier-mediated 

transport (Waddell and Marlowe, 1981). Chemical agents or their degra

dation products usually reach the embryo or fetus in some fractions of 

their concentration in maternal blood depending upon many factors in

cluding maternal functional capacity to store the number of molecules 

in the plasma, the nature of the agent itself, and the degree of pla

cental transfer. Various chemicals which reach the embryo or fetus in 

considerable amounts at all gestational stages show a characteristic 

distribution pattern (Dencker, 1978). During the period of organo

genesis, the uptake is generally found to be higher in the neuroepithe

lial cells than in other tissues. Particularly in small rodents, many 

chemicals can easily reach the fetal nervous system because of the 

undeveloped blood brain barrier. Furthermore, their central nervous 

system is still undeveloped at birth. At midgestation, around day 13 to 

15, the chemicals become more evenly distributed. Later, as the organs 

mature, a considerable difference in organ uptake occurs. However, 

difficulties in the evaluation of the results remain since all accumula

tions do not necessarily result in tissue damage.

Besides transplacental passage, some environmental insults can 

reach the developing embryos directly. Ionizing radiations can pass 

directly through maternal tissues without modification except minimal 

dosage reduction. The distribution of absorbed energy is relatively 

uniform in embryos following irradiation to the mothers. Radiation
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results in congenital malformations, growth retardation and embryo

lethality (Brent, 1977). However, even ionizing radiation appears to 

have sufficient selectivity of action to cause localized damage so 

that embryos or fetuses can survive in spite of the damage. It is also 

very significant to consider that DNA repair mechanisms in embryonic or 

fetal tissues provide powerful, sensitive methods to protect the embryos 

or fetuses from genotoxic agents. Repair of DNA lesions may be an 

extremely important determinant of cell survival and cell response to 

any DNA damaging events including mutagenic, carcinogenic and terato

genic events. Thus, apparent selectivity for any of these biologic 

responses may reflect different levels of repair activity rather than 

simple differences in dose.

3. Mechanisms of tératogènesis are complex. Many teratologi

cal experiments have been performed for determining how causative agents 

might act upon developing cells or tissues to initiate abnormal develop

ment. These early events are designated as "mechanisms11 because they 

are important, not only in initiating, but also in modulating subsequent 

events (Wilson, 1977). The molecular events which account for many of 

the early changes induced in developing systems are difficult to detect 

by methods used at the present time. However, Wilson (1977) and others 

(Fraser, 1961 ; Kal ter, 1971) have summarized some mechanisms by which 

developing systems might respond to causative agents in ways that would 

lead to abnormal development. These include germ line and somatic cell 

mutations, chromosomal aberrations, mitotic interference, altered 

nucleic acid functions other than mutation, lack of precursors or sub

strates needed for biosynthesis of essential substances, compromised 

energy source, enzyme inhibition, osmolar imbalance and altered membrane 
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characteristics. Among these, interference with nucleic acids and their 

metabolism seems to be most important and has received more attention.

The embryo during organogenesis is very vulnerable to biochemical 

changes that interfere with nucleic acid replication, transcription and 

translation. Furthermore, the small numbers of cells committed to 

specific organ development may represent a particularly critical target 

for somatic cell mutations. Of all species of cellular nucleic acid, 

DNA is most important because it contains the only complete copy of 

cellular information and it is presumed therefore to be a major target 

of the cell for environmental insults. Thus, special attention will be 

focused on DNA as a principal target in teratogenesis and transplacental 

carcinogenesis.

Much of the previous work has been concerned with the relationship 

between teratogenesis and the inhibition of DNA synthesis. Short et al. 

(1972) have reported the inhibition of in vivo DNA synthesis in mouse 

embryos following administration of a teratogenic dose of cyclophos

phamide. Scott et aj_. (1971 ) have observed the association of DNA 

synthesis inhibition and cell death with hydroxyurea teratogenesis in 

rat embryos. Inhibition of DNA synthesis which may lead either to 

inhibition of cell proliferation or cell death is thought to be one of 

the causes of teratogenesis (Scott e£ al_., 1971 ; Ritter et al_., 1971 ). 

Other studies suggest that it is the cell death which often accompanies 

inhibition of DNA synthesis which is the actual cause of abnormality 

(Scott et a]_., 1973; Menkes et a]_., 1970; Ritter et al^., 1973). 

Recently, Sadler and Kochhar (1976) reported that the rate of DNA syn

thesis in whole mouse embryo culture was significantly decreased in the 

presence of a teratogenic dose of chlorambucil. Brookes and Lawley
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(1961) and other investigators (Wheeler, 1962; Kohn et aL, 1966;

Jolley and Ormerod, 1973; Lawley, 1966) have reported that the DMA 

molecule is the site of action of those drugs. They have shown in cell 

culture and cell-free system that bifunctional alkylating agents, chlor

ambucil and cyclophosphamide can crosslink DNA by forming a covalent 

linkage between two opposing guanine molecules. The formation of cross

link in the DNA molecule interferes with transcription while eventually 

may lead to cell death. It is now generally accepted that the cell

killing action of UV- and X-irradiation and various mutagens and cyto

toxic chemicals is mediated by damage to DNA (Cleaver, 1970; Griggs and 

Bender, 1972; Roberts et a\» 1974). The role played by mutation as a 

fundamental mechanism in teratogenesis has also been established, but 

few experimental investigations have been reported. In fact, somatic 

cell mutations have been assigned a minor role (Wilson, 1977). Attempts 

to demonstrate how a drug-induced mutation could disrupt developmental 

processes, leading to abnormal morphogenesis, have been carried out by 

using the thymidine analogue, 5-bromodeoxyuridine. BUdR is a mutagen, 

teratogen, and carcinogen, and at proper concentration, it can inhibit 

or reverse differentiation without apparent cytotoxicity (Goz, 1978). 

In in vitro studies, BUdR has been shown to inhibit differentiation as 

reflected both in cellular morphology and in the synthesis of special

ized cell products characteristic of differentiated cells (Stockdale et 

al., 1964; Rutter et al_., 1975; Agnish and Kochhar, 1976). Almost all 

of these effects are derived from the action of BUdR through its incor

poration into DNA. The mutation caused by this agent is due to the 

incorporation of BU in place of thymine in replicating DNA, causing 

mispairi ng of BU with guanine rather than with adenine. The more recent
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in vivo study indicated that BUdR did not cause fetal malformations by 

inhibiting or altering differentiation of embryonic cells, but rather 

by its growth retarding and cytotoxic effects (Bannigan and Langman, 

1978). Therefore, it seems reasonable that DNA-damaging lesions could 

be the initial event leading to cell death as well as mutations with 

resulting changes in cell behavior, and that both of these factors play 

important roles in causing birth defects.

Many alkylating agents are known to be potent teratogens and trans

placental carcinogens. Attempts to correlate the extent of ONA alkyla

tion with the teratogenic and transplacental carcinogenic effects of 

these agents have been extensive. Bochert et aj_. (1978) found no corre

lation between teratogenicity and the formation of N^-methylguanine and 
o

N -methyladenine in mouse embryonic ONA treated with MNU and MMS. They 

suggested a working hypothesis that the formation of O^-alkylguanine is 

responsible for the induction of malformations during pregnancy, but 

this still has not been proven. In a number of investigations, the 

major product of ONA alkylation, N^-alkylguanine, has been shown to be 

nonmutagenic and is probably not responsible for tumor induction 

(Schoental, 1969; Swann and Magee, 1968, 1971 ; Kleihues and Magee, 1973). 

In contrast to the N^-alkylguanine, O^-alkylguanine which is a minor 

alkylation product has been suggested to be correlated with mutagenesis 

and carcinogenesis by a mispairing mechanism (Loveless, 1969). There 

is an indication that the capacity of different tissues to remove 0^- 

alkylguanine from ONA may correlate with the organ-specific carcinogenic 

effect of certain alkylating agents. In the case of ENU-induced trans

placental carcinogenesis, a high incidence of nervous system tumors has 

been found after a single administration of ENU given to rats during the 
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perinatal period (Ivankovic and Druckery, 1968). This tissue specifi

city of the carcinogenic effect of ENU is of particular interest because 

the formation of the ultimate reactant, an ethyl cation, occurs non- 

enzymatically under physiological condition and, hence, is not tissue 

specific. It has been demonstrated that the initial degree of base 

ethylation in the DNA of different tissues does not provide an explana

tion for the nervous system-specificity of ENU (Goth and Rajewsky, 1972, 

1974b). Instead, there is a significant difference between brain and 

other tissues with regard to the elimination rate of O^-ethylguanine 

from DNA. 0^-ethylguanine is removed from brain DNA much more slowly 

than from liver DNA or from the DNA of other pooled tissue in 10-day- 

old rats exposed to ENU (Goth and Rajewsky, 1974a, 1974b). The observed 

selective persistence of O^-ethylguanine in brain DNA, together with the 

high rate of DNA replication, may be an important factor in determining 

the probability of neoplastic transformation.

As in the case of the other related compound, it has been shown 

that MNU also induces neurogenic tumors in rats following transplacental 

treatment (Alexandrov, 1969). A low capacity for the elimination of 
O^-methylguanine from DNA has been found to correlate with the organ

specific effects of MNU. After a single injection of MNU in adult rats, 
O^-methylguanine is removed more slowly from DNA of the brain than from 

DNA of the liver (Kleihues and Margison, 1974). The brain is the prin

cipal target organ in MNU carcinogenicity, whereas the liver is not 

susceptible. There is no such established relationship between the 

persistence of O^-methylguanine and the location of tumors produced by 

MNU observed in experiments with mice. Two strains of mice, A/J and 

CgHeB/FJ, which differ considerably in their susceptibility to the 
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neuro-oncogenic effect of MNU, were chosen for a comparison of the rates 

of loss of 06-methylguanine from cerebral DNA. No differences were 

detected in cerebral excision capacity and furthermore, both strains of 

mice are susceptible to hepatic tumor induction by MNU, but lost 0®- 

methylguanine from liver DNA at significantly different rates (Blfcheler 

and Kleihues, 1977). It was therefore suggested that the location of 

tumors does not depend only on the formation and persistence of this 

product in DNA. However, to some extent, O^-alkylation of guanine base 

does play an important role in carcinogensis.

Phosphotriesters constitute one of the principal products of the 

reaction of DNA with alkylating agents including MNU and ENU. Analyses 

of DNA alkylated in vitro by MNU (Lawley, 1973) and ENU (Sun and Singer, 

1975) have shown that 20% and 70% of the total products of alkylation, 

respectively, are phosphotri esters. The observations on the stability of 

phosphotriesters in DNA in vivo suggest that these lesions are chem

ically stable and that they are not excised by cellular DNA-repair 

systems (Shooter and Slade, 1977; Shooter et al_., 1977). In long-term 

feeding experiments with dimethylnitrosamine and diethylnitrosamine, 

significant concentrations of methyl and ethyl phosphotri esters can be 

found in DNA of liver after the course of a year of treatment (Shooter, 

1978). This indicates that the accumulation of these lesions in tissues 

may be used as a measure of damage to DNA in long-term carcinogenesis 

studies. At the present time, no direct involvement of phosphotriesters 

in DNA in the process of carcinogenesis has been reported.

4. DNA repair may be important in both teratogenesis and 

transplacental carcinogenesis. A number of observations suggest that 

DNA repair plays an important role in determining the frequency of birth 



defects. X-rays and multifunctioning alkylating agents, which produce 

repairable DNA damage, are the most predictable producers of birth 

defects (Wilson, 1973b). Studies have reported that inhibitors of DNA 

repair, particularly chloroquine and caffeine, can enhance the terato

genic effects of X-rays and certain alkylating agents (Yielding et al., 

1976; Fujii et al_., 1976; Nomura, 1977). Yielding et al_. (1976) have 

proposed the mechanism of coteratogenesis by which some agents enhance 

the teratogenicity of known teratogens by inhibiting DNA repair proces

ses. Repair of teratogenic insults during the period of organogenesis 

has generally been viewed in terms of tissue regeneration or of restor

ative proliferation of surviving cells to replace dead cells. Recently, 

Bochert et ak (1978) observed that the persistence of 06-methylguanine 

in DNA of embryonic tissue following MNU and MMS treatment to pregnant 

mice on day 12 of gestation is higher than in maternal liver DNA but 

less than maternal brain DNA. Maternal liver and brain have been used 

as marker tissues with suggested high and low repair activity, respec

tively. Malformations of the extremities have been seen when MNU and 

MMS were administered to mice on this day of gestation. Although this 

experiment was performed by using whole embryonic tissues instead of 

particular organs that undergo malformation after exposure to terato

gens, it at least showed a possible correlation between slow rates of 

excision of 0®-alkylguanine in embryonic tissues and the production of 

malformations.
A similar relationship between the persistence of O^-ethylguanine 

and the development of tumor in animal organs exposed transplacentally 

to a direct-acting alkylating agent, ENU, has been reported by Goth and 

Rajewsky (1974b). They observed that only neuroectodermal neoplasms in
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the central and peripheral nervous system developed after a single dose 

of END given to rats during the perinatal period. They showed that 

06-ethy1guanine was removed from the brain DNA at a very much slower 

rate than from other tissues. They concluded that this slow rate of 

excision combined with the relatively high rate of DNA replication which 

takes place in the developing brain could account for the increased 

probability of neoplastic conversion. Evidence of a strong correlation 

-between the accumulation (lack of repair) of 0^-alkylguanine in the DNA 

of certain tissues and their susceptibility to tumor production by many 

carcinogens has been demonstrated (Kleihues and Margison, 1974; Margi- 

son and Kleihues, 1975; Nicoll et al_., 1975). Although there are some 

studies arguing against this correlation (Margison et al_., 1977; 

Craddock, 1975; Rogers and Pegg, 1977; Bücheler and Kleihues, 1977), 

the possibility that DNA repair plays a role in carcinogenesis and 

probably in teratogenesis still exists and requires further investiga

tions.

In summary, a variety of DNA-damaging agents has been shown to be 

potent teratogens and transplacental carcinogens. Although it has not 

been established with absolute certainty that the interaction of these 

agents with DNA is causally related to the induction of tumors or mal

formations, there is considerable evidence in support of this concept. 

The process whereby the embryos cope with teratogenic insults is 

fundamental to understanding the mechanisms of teratogenesis. A 

deleterious response may occur only after the defense mechanisms are 

overwhelmed. Therefore, analysis of the capacity of embryonic cells to 

repair lesions in DNA during development would be of great interest and 

might supply a sensitive approach for establishing that there is a 
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relationship between DNA damage, its repair and teratogenesis. The 

in vivo study of DNA damage and repair in developing embryos was con

ducted to test this hypothesis.



MATERIALS AND METHODS

Two groups of studies were performed in this research: 1) the more 

general biological studies; and 2) the specific biochemical studies. In 

the biological studies, the mal development of tissues or organs induced 

transplacentally by DNA-damaging agents was observed, and the mechanisms 

by which these agents reacted with cellular DNA of specific tissues or 

organs were investigated in the biochemical studies. The experimental 

procedures will be described in detail in this section. Table I pro

vides a description of the solutions used.

BIOLOGICAL STUDIES

A. Animals

Groups of SAF/ICR male and female mice (Southern Animal Farms, 

Prattville, AL), 8 to 10 weeks old, were used in these studies. All 

animals were allowed Purina Mouse Chow and fresh tap water ad libitum. 

Females were mated with males (2 females to 1 male) during 4 hour period 

from 2 a.m. to 6 a.m., the females then were separated and examined 

immediately for the presence of a vaginal plug. The beginning hour of 

the mating period was considered as 0 hour for timing developmental 

stages of embryos. About 80% of vaginally plugged mice actually became 

pregnant.

35
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B. Teratological experiments

These experiments were designed to determine at what times after 

treatment with the DNA-damaging agents, X-rays and cytoxan, abnormali

ties of specific organs or tissues could be observed. It was then 

determined whether chloroquine, an inhibitor of DNA repair, could en

hance the teratogenic effects of these agents. In these studies, preg

nant mice were treated during the period of organogenesis from day 

6 1/2 to 10 1/2. A minimum of 9 animals was used for each experimental 

group. For X-irradiation, pregnant females received whole body X-irra

diation at a dosage of 200 rads. A Picker Cobalt 60 was used as an 

X-irradiation source, giving a dose rate of 98.4 rads/min at a target 

distance of 30 cm. Cytoxan (Mead Johnson) was dissolved in sterile 

water and used immediately. Cytoxan was injected intraperitoneally 

into animals at 10 mg/Kg body weight. Chloroquine, 25 mg/Kg, was given 

as a single intraperitoneal injection in 0.1 ml of normal saline 3 hours 

before X-irradiation or cytoxan administration. Treatment groups con

sisted of pregnant females, at different gestational days, given with 

the following: (1) saline only; (2) chloroquine only; (3) saline 

and X-irradiation; (4) chloroquine and X-irradiation; (5) saline and 

cytoxan; and (6) chloroquine and cytoxan.

All females were sacrificed by cervical dislocation 18 days after 

the appearance of vaginal plugs. The uterine contents from these 

females were removed, and the fetuses were recorded as being alive, dead 

or resorbed. The live fetuses were weighed and examined for gross 

abnornalities under a dissecting microscope.
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C. Transplacental exposure to methyl nitrosourea

These experiments were designed to study the effects on mouse 

offspring of MNU administered transplacentally late in gestation, and 

to determine whether some specific inhibitors of DNA repair could 

affect those MNU effects. Treatment late in gestation assures comple

tion of organogenesis except for the eye and certain other parts of 

central nervous system. It is possible then to study specific and 

limited developmental defects in fetuses which otherwise are viable. 

Groups of SAF/ICR pregnant mice, 16 days of gestation, were used in 

these studies. MNU (K and K Chemicals) at different doses, 5, 20, or 

50 mg/Kg, was prepared freshly and given to pregnant animals as listed 

below. Chloroquine (25 mg/Kg) or INH (50 mg/Kg) was given to some 

groups of animals immediately after MNU treatment. All chemicals were 

dissolved in normal saline and given as a single intraperitoneal admin

istration not exceeding 0.1 ml in volume. Experimental animals were 

treated as follows: (1) 5 mg/Kg MNU; (2) 20 mg/Kg MNU; (3) 50 mg/Kg 

MNU; (4) 5 mg/Kg MNU and chloroquine; (5) 20 mg/Kg MNU and INH; 

(6) chloroquine only; and (7) INH only.

One day prior to delivery, pregnant mice were placed in separate 

cages and were allowed to rear their young. The offspring were weaned 

at 3 weeks. At the age of 3 to 6 weeks, the mouse offspring were 

sacrificed by cervical dislocation, the visceral organs and the eyes 

were removed and fixed in 10% buffered formaldehyde solution. These 

organs were examined for gross abnormalities. After suitable fixation, 

the eyes were dehydrated through series of 70%, 95%, and absolute 

ethanol, cleared in xylene and embedded in paraffin. Sections were cut 

at 8 p and stained with hematoxylin and eosin. For the examination of
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the retina, sagittal sections of the eyes through or close to optic 

nerves were used.

BIOCHEMICAL STUDIES

A. Animals

Groups of CD-1 male and female mice (Charles-Ri ver Breeding Labora

tories, Wilmington, MA), 8 to 10 weeks old, were used in these experi

ments. Females were caged with males (2 females to 1 male) for 15 hours 

from 5:00 p.m. to 8:00 a.m., then the females were separated and exam

ined for the presence of a vaginal plug. The 24 hour period beginning 

approximately at the middle of the mating period was considered as day 0 

of gestation. Pregnant mice at 10 1/2, 11 1/2, and 12 1/2 days of ges

tation were used because these were days of high sensitivity to terato

genesis by DNA-damaging agents. All animals were maintained on Purina 

Mouse Chow'and water.

B. Treatment of animals with DNA-damaging agents

Pregnant mice were injected intraperitoneally on the selected days 
D 

of gestation with 500 pCi/Kg H-thymidine. One and a half hour after 
o 
H-thymidine administration, during which extensive labeling of cells 

was achieved, the mice were treated with DNA-damaging agents, including 

X-rays, MMS, and MNU. The X-irradiation was given as a single whole

body exposure at 600 rads or 235 rads. Both MMS and MNU were dissolved 

in normal saline immediately before administration. In most cases, MMS 

was given as a single intraperitoneal injection at 25 mg/Kg, but in 

some cases 50 or 100 mg/Kg MMS was used. MNU at a dose of 20 mg/Kg was 
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given as a single intraperitoneal administration. Control animals 
o 

received only H-thymidine without DNA-damaging agents.

C. Administration of inhibitors of DNA repair for biochemical 

experiments

Chloroquine. In studies with the effect of chloroquine (a DNA 

excision repair inhibitor) on MMS-induced DNA damage and repair, 

chloroquine (Sigma) was given as a single intraperitoneal injection at 

25 mg/Kg in 0.1 ml normal saline immediately or 30 minutes after MMS 

treatment.

Caffeine. For studies of the effect of caffeine (reported to 

inhibit postreplication repair (Roberts et al_., 1974) on MNU-induced 

DNA damage and repair), caffeine (Eastman Organic Chemicals) at 50 mg/Kg 

in 0.1 ml normal saline was given intraperitoneally as a single dose 

or as 2 doses at different times after MNU treatment. A single dose 

of caffeine was given immediately, 1 hour or 2 hours after MNU treatment. 

Two doses of caffeine were given 2 hours and 5 hours after MNU adminis

tration, respectively.

Isonicotinic acid hydrazide. In studies with the effect of INH 

(reported to inhibit postreplication repair on MNU damage (Klamerth, 

1978)) on MNU-induced DNA damage and repair), INH (Sigma) at 50 mg/Kg in 

0.1 ml normal saline was given intraperitoneally as a single dose at 

30 min after MNU treatment or as 2 doses at 2 hours and 5 hours after 

MNU injection, respectively.

D. Isolation of embryonic tissues

After varying experimental periods of time, the mothers were 

sacrificed by cervical dislocation. The embryos were removed from the 
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uterine horns and placed in a petri dish containing cold PBS for tissue 

homogenization, or placed in a petri dish containing PBS at room temp

erature for tissue trypsinization. Under a dissecting microscope, the 

embryos were dissected free from their membranes by using 2 pairs of 

forceps. Care was taken not to damage the embryos. To remove the whole 

embryonic liver, 2 pairs of forceps were used to open the abdomimal 

wall and to clear other tissues attached to the liver. The liver then 

was carefully removed and placed in a test tube containing PBS. The 

limb buds of the embryos were pinched off by a pair of forceps and 

placed in a test tube containing PBS. Cold PBS or PBS at room tempera

ture was used depending upon the methods of cell disaggregation to be 

used.

E. Tissue homogenization

The whole embryonic tissue of 10 1/2-day-old mouse embryos and the 

liver tissue of 12 1/2-day-old embryos were used for tissue homogeniza

tion. The tissue to be studied was washed twice in cold PBS. Three 

embryos or the liver tissue from 6 embryos were homogenized in 1 ml cold 

PBS using a Ten Broeck homogenizer, clearance 0.005-0.007 inches. The 

tissue was homogenized with 5 strokes. The homogenate was filtered 

through nylon mesh in order to remove clumps of unbroken tissue and 

connective tissue. The filtrate was kept in an ice bath for the 

analysis of nucleoid sedimentation.

F. Tissue trypsinization

The whole embryonic tissue of 10 1/2-day-old embryos, the liver 

tissue of 12 1/2-day-old embryos and the tissue of limb buds of 11 1/2- 

or 12 1/2-day-old embryos were used for tissue trypsinization. The 
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tissue to be studied was washed twice in PBS at room temperature, and 

placed in a test tube containing trypsin-EDTA solution (Flow Labora

tories) . Five embryos, 6 to 8 embryonic livers, or all limb buds of 

the entire litter were incubated in 3 ml trypsin-EDTA solution at 37°C 

for 30 min with occasional agitation. After incubation, the mixture 

was pipetted up and down to dissociate cells, then filtered through 

nylon mesh. The filtrate was centrifuged for 5 min at 4000 rpm, the 

supernatant was discarded and the pellet was washed twice with 2 ml 

cold PBS, followed by centrifugation for 5 min at 4000 rpm. The final 

pellet of cells was suspended in 0.25-0.5 ml cold PBS in order to get 

4 x 106 to 1 x 107 cells per ml, and gently pipetted up and down to 

break up clumps. Cell counts were performed using trypan blue stain 

(0.4 g in 100 ml of 0.9% NaCL) and a hemocytometer. The use of trypan 

blue was based on the ability of viable cells to exclude the dye. 

Therefore, both total and viable cell counts were obtained by this 

method. The cell suspension was then kept in an ice bath for nucleoid 

sedimentation analysis.

G. Neutral sucrose gradient sedimentation analysis

Changes in density of nuclear DNA particles were measured by sedi

mentation velocity in neutral sucrose gradients. The procedure was 

based upon that of Cook and Brazell (1975) with some modifications. 

Gradients of !5 to 30% sucrose (Schwarz/Mann), 4.2 ml, were prepared 

over a 0.5 ml shelf of 60% sucrose in 1/2 x 2" cellulose nitrate tubes 

by using a Buehler density gradient maker. When studying the sedimen

tation response of nucleoids to ethidium bromide, the drug was added 

to sucrose gradients at concentrations varying from 4 to 20 pg/ml. A 
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layer of 150 pl lysing solution was added carefully to the surface of 

the gradients immediately prior to addition of the cell suspension, 

50 pl containing 2 to 5 x 10$ cells. Another aliquot of 50 pl lysing 

solution was layered gently on the top of the cell suspension to ensure 

complete lysis. The cells were allowed to lyse for 15 min at room 

temperature and another 15 min at 20°C. The tubes were centrifuged at 

20°C using an SW 50.1 rotor in a Beckman L2-65b ultracentrifuge at 

30,000 rpm for 30 min. After centrifugation, fractions of 8 drops each 

were collected on Whatman #1 chromatography paper strips. The papers 

were allowed to dry, then submerged successively in jars of 5% cold 

trichloroacetic acid (TCA) and cold 95% ethanol. After drying, the 

paper strips were cut, then each piece was placed in a glass vial 

containing 3 ml of counting cocktail 302a (Research Products Interna

tional Corp.), and the radioactivity was counted with a Beckman scintil

lation counter. Data were expressed as percent of total radioactivity.
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TABLE I

SOLUTIONS

15 or 30% sucrose solution (pH 8.0)

For 100 ml

1.95 M NaCl (11.31 g)

0.001 M EDTA (0.034 g)

0.01 M Tris-base (0.121 g)

15 or 30% sucrose (15 or 30 g)

Lysing solution (pH 8.0)

For 100 ml

2.6 M NaCl (15.08 g)

0.133 M EDTA (4.482 g)

0.003 M Tris-base (0.032 g)

0.67% Triton X-W0 (0.67 ml)

Phosphate buffered saline (pH 7.2)

For one liter

0.14 M NaCl (8.0 g)

0.003 M KC1 (0.2 g)

0.008 M Na2HP04 (1.15 g)

0.001 M KH2P04 (0.2 g)



RESULTS AND DISCUSSION

BIOLOGICAL EXPERIMENTS

A. Effects of X-rays on developing mouse embryos

A single exposure of X-rays, 200 rads, to groups of pregnant SAF/ 

ICR mice on gestational days 6 1/2 through 10 1/2 resulted in increased 

numbers of resorptions and a variety of teratogenic effects. As illus

trated in Table 11, days of treatment may be selected to produce abnor

malities of specific tissues or organs in characteristic high frequency. 

Treatment on days 7 1/2 and 8 resulted in a marked increase in numbers 

of resorptions. Resorptions refer to early post-implantation deaths. 

Dead implants are represented as "deciduomata" which actually are 

endometrial tissue stimulated into growth by the eggs which were about 

to implant but have died without trace (Bateman, 1973). These deciduo

mata are visible as small, brown masses containing necrotic tissue and 

fibrin clots interspersed between live fetuses. Exencephaly was ob

served in a high level when X-irradiation was administered on days 7 1/2 

through 8 1/2. Supernumerary digits were frequent anomalies of the 

limbs. They were identified as an excess number of digits with an 

extra tiny digit usually protruding from the lateral side of the paw. 

A high incidence of this defect occurred when the pregnant mice were 

exposed to X-rays on days 8 1/2 and 9. Other limb abnormalities such as 

ectrodactyly, syndactyly, clubbed feet, also occurred but at lower

44
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TABLE II

DEFECTS WHICH OCCUR IN TYPICAL HIGH FREQUENCY FROM 
X-IRRADIATION (200 RADS) OF MOUSE EMBRYOS ON 

SELECTED DAYS OF GESTATION.

Day of Treatment

7 1/2 and 8

7 1/2 through 8 1/2

8 1/2 and 9

10 and 10 1/2

10 and 10 1/2

Frequency of Abnormalities

Resorptions (56.2%)

Exencephaly (13.7%)

Supernumerary digits (15.6%)

Cleft palate (21.0%)

Tail abnormality (23.6%)

Groups of pregnant mice were treated with 200 rads X-rays 
on days 6 1/2 through 10 1/2 of gestation. Pregnancies 
were terminated on the 18th day, and the fetuses were 
examined for gross abnormalities. The numbers in paren
theses represent the average percentages of resorptions 
and other malformations observed in the minimum of 9 
litters. The calculations of all abnormalities were 
based on fetuses affected per total number of live fetuses, 
except for resorptions, for which the calculation was 
based on the number of resorptions per total number of 
fetal implantations. In untreated control mice, all 
abnormalities except resorptions were apparent less than 
1.0%. The occurrence of resorptions was about 20.0%.

frequency. Cleft palate and tail abnormalities were observed at high 

levels when the mothers were X-irradiated on days 10 and 10 1/2. Ab

normal tails were noted as kinky tails or unusually short tails. In all 

embryos exposed to X-irradiation from days 6 1/2 through 10 1/2, body 

weights were reduced from normal. This is in agreement with previous 
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observations (Brent, 1977) that at sufficiently high doses, intrauterine 

growth retardation can result from radiation exposure delivered any time 

during gestation after the time of implantation. Growth retardation is 

closely associated with teratogenesis. In groups of irradiated embryos 

that exhibit major congenital anomalies, there also is a concomitant 

reduction in weight and various physical measurements at term. The 

results obtained in these SAF/ICR mice support those reported previously 

(Russell and Russell, 1952) that abnormalities are produced in great 

abundance by irradiating during the period of major organogenesis, and 

that there are very clearly defined critical periods for almost all the 

abnormalities obtained.

B. Effects of cytoxan on developing mouse embryos

A single intraperitoneal injection of cytoxan, a radiomimetic 

alkylating agent, to groups of pregnant SAF/ICR mice on gestational 

days 6 1/2 through 10 1/2 in a dosage of 10 mg/Kg also produced a great 

variety of abnormalities. Characteristic high frequency of abnormali

ties of specific tissues or organs on selected days of treatment was 

illustrated in Table III. A high increase in number of resorptions 

occurred when the drug was administered on days 8 1/2 and 9. Treatment 

on day 8 resulted in a high incidence of exencephaly. Tail abnormali

ties were noted in animals treated on day 9 1/2. Cleft palate and open 

eyes were apparent with high frequencies from treatment on days 9 1/2 

and 10. As in the case of X-ray teratogenesis, cytoxan resulted in 

decreased growth rates of all fetuses treated on days 61/2 through 

10 1/2. At the same dosage of cytoxan, 10 mg/Kg, Gibson and Becker 

(1968) observed an increase in resorptions and a decrease in growth



47

TABLE III

DEFECTS WHICH OCCUR IN TYPICAL HIGH FREQUENCY FROM CYTOXAN 
TREATMENT (10 mg/Kg) OF MOUSE EMBRYOS ON SELECTED DAYS 

OF GESTATION.

Day of Treatment Frequency of Abnormalities

8 Exencephaly (7.1%)

8 1/2 and 9 Resorptions (32.0%)

9 1/2 Tail abnormality (8.9%)

9 1/2 and 10 Cleft palate (13.8%)

9 1/2 and 10 Open eyes (14.0%)

Groups of pregnant mice were treated with 10 mg/Kg 
cytoxan on days 6 1/2 through 10 1/2 of gestation. 
Pregnancies were terminated on the 18th day, and the 
fetuses were examined for gross abnormalities. The 
number in parentheses represent the average percen
tages of resorptions and other malformations observed 
in the minimum of 9 litters. The calculations of all 
abnormalities were based on fetuses affected per total 
number of live fetuses, except for resorptions, for 
which the calculation was based on the number of re
sorptions per total number of fetal implantation. In 
untreated control mice, all abnormalities except re
sorptions were apparent less than 1.0%. The occur
rence of resorptions was about 20.0%.

rates but they found no discernible anomalies of other tissues or organs 

in Swiss Webster mice. The dosage required to induce the fetal anomalies 

in Swiss Webster mice was 20 mg/Kg which was higher than the dosage re

quired in SAF/ICR strain. Thus, the SAF/ICR mice appear to be more 

sensitive to the teratogenic effects of cytoxan.
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As illustrated here, the results of X-ray and cytoxan teratogenesis 

have confirmed other observations that the extent and types of fetal 

anomalies are dependent upon the gestational day on which these agents 

are administered. Both X-rays and cytoxan are DNA-damaging agents, 

X-rays induce single-strand breaks in DNA whereas cytoxan is known to 

produce alkylated bases and cross-linkages in DNA either between adja

cent areas of one strand or by joining together opposite strands of the 

helix (Brookes and Lawley, 1961). DNA is the genetic material for all 

higher organisms, and intracellular alterations of this information 

system can result in severe damage and abnormality or death of cells. 

Since both of these agents are potent teratogens, it is possible that 

these agents cause gene damage that is phenotypically expressed as 

gross embryonic abnormalities. Such damage is normally subject to 

repair mechanisms, but if repair inhibitors are also present in the 

system, the efficiency of maintaining the gene integrity is decreased 

so that more damage persists.

C. Effects of chloroquine on X-ray and cytoxan teratogenesis 

Chloroquine, an antimalarial drug which has been reported to 

inhibit DNA excision repair (Gaudin ejt aj_., 1972a; Michael and Williams, 

1974), was used in conjunction with X-rays or cytoxan. Cytoxan and X-rays 

produced high frequencies of many abnormalities when the animals were 

treated on days 10 and 10 1/2, respectively. Chloroquine at the dosage 

of 25 mg/Kg was given 3 hours before cytoxan and X-ray administrations 

to pregnant mice on gestation days 10 and 10 1/2, respectively. The 

influence of pretreatment with chloroquine on the frequencies of gross 

abnormalities induced by X-rays and cytoxan is shown in Table IV.
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Chloroquine enhanced significantly the teratogenic effects of X-rays ex

pressed as cleft palate and tail abnormalities, and the frequencies of 

cleft palate and open eyes caused by cytoxan. The significance of lev

els of enhancement was evaluated by using the binomial expansion method 

of Goldstein (1964). All calculations were based on the numbers of fe

tuses affected per total number of live fetuses. Control experiments 

showed that saline and chloroquine alone produced no gross abnormalities.

The present data showed that concurrent administration of chloro

quine with X-rays or cytoxan increased significantly the incidence of 

abnormalities. Chloroquine was also found to decrease the survival rate 

in X-ray-treated adult mice (Gaudin et al_., 1972a), to increase the 

cytotoxic effect of cyclophosphamide (Kovacs and Steinberg, 1972), and 

to increase the toxicity of MMS damage to mammalian cells in culture 

(Michael and Williams, 1974). Preliminary observations on the effect 

of chloroquine on neutron irradiation teratogenesis (Yielding, L. W., 

unpublished data) showed that there was no synergistic effect of the 

drug on teratogenesis. The damage from neutron irradiation is largely 

non-repairable due to the extensive DNA double-strand breaks (Ritter 

and Cleaver, 1977). From these previous observations, it was concluded 

that the enhancing effect of chloroquine on the effectiveness of those 

DNA-damaging agents could be a consequence of the inhibition of repair. 

The results observed here, therefore, suggest that DNA repair may be 

important to the teratogenic effects of X-rays and cytoxan. At the 

present time, the roles of DNA repair processes in birth defects have 

not been determined. Repair of teratogenic insults has generally been 

regarded in terms of tissue regeneration or of restorative hyperplasia 

of surviving cells to replace dead cells. Thus, the analysis of the 
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capacity of embryonic cells to repair lesions in DNA during development 

may contribute to an understanding of the mechanisms of teratogenesis.

It is well known that the fetal and neonatal periods of development 

are states of generally high susceptibility to carcinogens. Many chem

ical carcinogens, including cytoxan, require enzyme-mediated metabolism 

for conversion to a chemically reactive derivative, or ultimate carcino

gen, in order to induce neoplastic transformation. Since the enzyme 

systems required for these transformations are present at low levels or 

not at all in fetal rodent tissues until shortly before birth (Klinger 

and Muller, 1976), the ultimate metabolite must be found in maternal or 

placental tissues and must be sufficiently stable to reach the fetus. 

Therefore, in studying the transplacental effect of carcinogens, cytoxan 

seems not to be satisfactory, whereas enzyme-independent agents such as 

direct-acting alkylating agents are more effective. Methyl nitrosourea, 

a direct-acting alkylating agent, is a potent mutagen, teratogen, and 

carcinogen. This compound has been found to be interesting because its 

action is independent of metabolic activation. MNU is a very short

acting agent (lifetime in vivo about 20 min) (Bochert et a^., 1978), it 

is uniformly distributed throughout the fetal organism shortly after 

transplacental administration. This substance decomposes spontaneously 

in vivo and yields an electrophilic residue which reacts readily with 

biological macromolecules, particularly DNA. It is likely that MNU 

produces its mutagenic, teratogenic and carcinogenic effects through 

its alkylation products. MNU methylates many sites of DNA in vivo. Of 

these alkylation products, 06-methylguanine has been suggested to play 

an important role in carcinogenesis; since the ability of target tissues 

to remove this product is less than that of non-target tissues (Kleihues 
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and Margison, 1974). In addition to 0^-methylguanine, phosphotriesters 

now have received more attention. Since these lesions are chemically 

stable and they are not excised by cellular DNA-repair systems (Shooter 

and Slade, 1977; Shooter et aJL, 1977), it has been suggested that the 

accumulation of these lesions in tissues may be used as a measure of 

the extent of damage to DNA in long-term carcinogenesis study (Shooter, 

1978).

D. Transplacental effects of methylnitrosourea

The effects on mouse offspring of administering MNU in different 

doses to pregnant SAF/ICR mice on day 16 of gestation are presented in 

Table V with data referring to incidence of abnormalities. The abnor

malities found in these offspring observed at 3 to 6 weeks of age 

included lens opacity, lung nodules, cystic kidneys, and retinal 

dysplasia. The frequency of induction of abnormalities was clearly 

dependent on the dose of MNU except for the lens lesion which showed no 

difference between the 2 higher dose levels of MNU, 20 mg/Kg and 

50 mg/Kg. The striking finding was the occurrence of retinal dysplasia 

since the nervous system is not a primary target in MNU carcinogenicity 

in mice. Retinal dysplasia is a mal development of retina characterized 

by the formation of rosettes which consist of complicated infoldings 

of the outer part of the retina so that their lumina are bounded by 

the external limiting membrane through which project the rods and 

cones (Lahav et al_., 1973). At a lower dose, 5 mg/Kg, MNU resulted in 

mild or moderate degree of retinal defects. Few rosettes were found in 

the photoreceptor layer, particularly in the anterior retina, while 

the cytoarchitecture of the remaining retina appeared normal (Fig. 2).
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TABLE V

TRANSPLACENTAL EFFECTS OF METHYLNITROSOUREA ON MOUSE OFFSPRING

Retinal Lens Lung Cystic
Dose

Dysplasia Opacity Nodules Ki dneys

7/36 0/36 2/36 0/36
5 mg/Kg

(19.4%) (5.6%)

20 mg/Kg 72/77 4/77 41/77 43/77

(93.5%) (5.2%) (53.2%) (55.8%)

13/13 4/83 52/83 78/83
50 mg/Kg

(100.0%) (4.8%) (62.7%) (94.0%)

Groups of pregnant mice were treated with methyl nitrosourea 
in different doses on day 16 of gestation. The offspring 
were killed at the age of 3 to 6 weeks, and examined for 
macroscopic and microscopic lesions. The numbers in the 
categories of lesions represent the numbers of affected off
spring per total number of offspring observed. In untreated 
control mice, no abnormalities had been found.

At higher doses, 20 mg/Kg and 50 mg/Kg, the cytoarchitectural lesions of 

MNU-treated retina were most pronounced. The retina was severely 

atrophic with many rosettes over the entire retina (Fig. 3). The normal 

appearance of mouse retina is seen in Fig. 1. Retinotoxic effects 

induced by MNU have also been observed in Syrian hamsters (Herrold, 

1967) and in rats (Murthy et ak, 1972), but the retinal changes are 

not similar to those observed in these mouse studies. No retinal
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Figure 1 : Photomicrograph of the normal retina of 

5-week-old mouse (320X). Note the clearly 

visible cell layers of the retina.
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Figure 2: Photomicrograph of the retina from the mouse 

treated with 5 mg/Kg methyl nitrosourea on 

day 16 of intrauterine life, and sacrificed 

at 5 weeks of age (320X). Note a few 

rosettes formed in the outer nuclear layer, 

while the cytoarchitecture of the remaining 

retina appears normal.
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Figure 3: a) Photomicrograph of the retina from the mouse 

treated with 20 mg/Kg methyl nitrosourea on 

day 16 of intrauterine life, and sacrificed 

at 5 weeks of age (320X). Note the marked 

atrophy and extreme dysgenesis of the retina 

with many rosettes scattered over the entire 

retina.

b) The higher power (800X) shows that the cells 

of the outer nuclear layer are arranged in 

a radiating formation about a central lumen, 

through which project the rods and cones, 

to form a rosette.
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rosettes were found in those animals which were treated after weaning. 

It appears therefore that MNII, when administered prenatally to mice, 

can produce selective damage to the retinal elements.

The development of the eyes in mice is later than other organs. 

At the last stage of development (day 16 to birth), mouse fetuses are 

nearly mature. The differentiation of most organs is complete, but 

not the lens and especially not the retina. During this period and 

in early postnatal life, active cellular proliferation is taking place 

in the neural retina producing neurons at the outer and inner nuclear 

layers. It has been shown that the developing retina is very vulnerable 

to X-rays (Lahav et ail_., 1973) and cytosine arabinoside (Shimida et al., 

1973). The appearance of rosettes in the retina exposed to these 

agents was the striking feature. These authors suggested that the 

mal development of the retina might be a sequel to the inhibition of 

cellular proliferation caused by these agents. Both X-rays and cytosine 

arabinoside interfere with DNA structure or function, as does MNU. 

Therefore, it seems likely that these agents exert their effects upon 

the DNA of the developing retina. Damage to cellular DNA leads to an 

interference with replication or transcription, or both. Thus, DNA 

synthesis is usually affected first. Inhibition of DNA synthesis may 

lead to cellular killing or to inhibition of cellular proliferation 

and thus cause mal development of the retina. Alternatively,mutated 

cells may persist as abnormal clones.

Since many MNU-induced lesions in DNA are known to be repaired, 

evaluations of the consequences of damage and repair must take into 

account the fact that the cells must not only be protected from damage 

but also from errors which might arise from error-prone repair processes.
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It has been suggested that such error-prone postreplication repair 

accounts for the major biological effects of MNU (Roberts et al-, 1974). 

The earlier studies of both X-ray and cytoxan teratogenesis were con

sistent with the conclusion that chloroquine exerted its enhancing 

effect on teratogenesis by inhibiting DNA repair, presumably excision 

repair. Isonicotinic acid hydrazide, a very effective tuberculostatic 

agent, has been reported to inhibit the postreplication repair process 

of MNU-induced damage (Klamerth, 1978), and to have the same effect as 

caffeine as inhibitors of postreplication repair of mitomycin C-induced 

chromosome damage (Okoyama and Kitao, 1981). It was of interest, 

therefore, to study the effects of these two types of repair inhibitors 

on the production of retinal damage induced by MNU. Chloroquine was 

studied at low teratogen dose for its possible enhancing effect while 

INH was tested at high level of insult for its protective effect.

E. Effects of chloroquine and isonicotinic acid hydrazide on MNU- 

induced retinal dysplasia

The effects of chloroquine and INH, when given to pregnant mice on 

day 16 of gestation immediately after MNU administration, on the produc

tion of retinal dysplasia in mouse offspring are shown in Table VI. 

The frequency of retinal dysplasia obtained, when chloroquine was given 

in conjunction with the low dose of MNU (5 mg/Kg), was higher than 

that induced by MNU alone, but the difference was not statistically 

significant. Concurrent administration of INH with the high dose of 

MNU (20 mg/Kg) did not reduce the incidence of retinal damage. 

Chloroquine or INH alone had no effects on the production of retinal 

dysplasia. Thus, it appeared that the concentrations of chloroquine and 

INH used in these experiments did not affect the retina.
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TABLE VI

EFFECT OF CHLOROQUINE AND ISONICOTINIC ACID HYDRAZIDE 
ON MNU-INDUCED RETINAL DYSPLASIA

Treatment

5 mg/Kg MNU

Retinal Dysplasia

7/36 (19.4%)

5 mg/Kg MNU + 25 mg/Kg chloroquine 21/64 (32.8%)

20 mg/Kg MNU 72/77 (93.5%)

20 mg/Kg MNU + 50 mg/Kg INH

25 mg/Kg chloroquine

50 mg/Kg INH

34/36 (94.4%)

0/107

0/35

Groups of pregnant mice, 16 days of gestation, were treated with 
different doses of methyl nitrosourea with and without added treat
ment of inhibitors. The offspring were sacrificed at 3 to 6 weeks 
of age, and their eyes were examined for the appearance of retinal 
dysplasia. The data were expressed as the number of mice with 
retinal mal development per total number of mice observed.

The interesting finding was the enhancing effect of chloroquine 

on retinal dysplasia induced by the low dose of MNU, although the dif

ference could not be proved to be statistically significant (p £ 0.08). 

This trend is consistent with enhancing effects of chloroquine observed 

on birth defects induced by X-rays and cytoxan. A low dose of MNU may 

produce mild damage to the DNA of retinal cells so that the cellular 

repair process can operate on it. Since chloroquine is thought to 

inhibit excision repair, and the mammalian excision repair is mainly 

an error-free process (Maher and McCormick, 1979), it is possible 

that the repair of this kind of damage in retinal cells is an 
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error-free process, and thus the inhibitor serves an enhancing role for 

retinal damage.

Another possibility that the induction of retinal dysplasia may 

be closely connected with misrepair of DNA lesions was also investi

gated. Since the frequency of the occurrence of retinal dysplasia was 

closely dependent on the dose of MNU, a high dose of MNU was used to 

cause severe damage to the retinal cells. It is possible that after 

such a high dose of MNU, the extent of DNA damage was so high that the 

error-free repair process was overloaded. Therefore, an alternative 

repair pathway may have been induced and this process may have been 

error-prone, leading ultimately to the net increase of retinal lesions. 

There are suggestions that tolerance repair or postreplication repair 

mechanisms can increase the frequency of tumors induced in animals by 

chemical carcinogens (Maher and McCormick, 1979), and that the incidence 

of these tumors is reduced in the presence of caffeine which is commonly 

known to inhibit postreplication repair. It has been suggested that the 

reducing effect of caffeine on tumor production may be related to the 

possibility that caffeine suppresses the repairing action of error-prone 

repair system (Kondo, 1977). Since INK has been reported to inhibit 

postreplication repair of MNU damage (Klamerth, 1978) and to have the 

same effect as caffeine in decreasing the frequency of interchromatid 

exchanges induced by mitomycin C (Okoyama and Kitao, 1981), it should 

have a protective effect on retinal dysplasia induced by MNU if this 

incidence is closely connected with misrepair of DNA lesions. The 

finding that INH had no influence on the frequency of retinal dysplasia 

following MNU damage did not support a role for the error-prone repair 

process in the induction of retinal mal development. However, it has not 
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been established that INK, under these in vivo conditions, has an 

effect on such repair process.

The results obtained here may help provide evidence that the final 

expression of malformations after teratogenic insults is related to ef

fects on DNA repair, but which pathways for repair are operating is 

still unclear. Based on these teratological studies, it is reasonable 

to hypothesize that DNA damage and repair mechanisms play important 

roles in teratogenic processes and should be studied during embryonic 

development. These studies must be direct, however, since such biologi

cal experiments as reported here can only provide suggestions of their 

importance.

BIOCHEMICAL STUDIES

A. DNA damage and repair in whole embryonic cells

From previous biological studies, it has been found that mouse 

embryos at 10 to 10 1/2 days of intrauterine life are very susceptible 

to many teratogens which damage DNA. Therefore, embryos at 10 1/2 days 

of age were used to study DNA damage and repair in vivo. Low levels 

of damage and the small amount of tissue available have presented a 

formidable challenge to provide a method of sufficient sensitivity. 

The method of nucleoid sedimentation has proved to be the most sensitive 

method available for detecting the production and closure of single

strand breaks in nuclear DNA during damage and repair processes (Cook 

and Brazell, 1976b). The rapid sedimentation of nucleoids in neutral 

sucrose gradients is consistent with a highly supercoiled structure of 

their DNA. Introduction of single-strand breaks either directly by 

damage or during the course of excision repair results in a release of 
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such supercoils and a decrease in sedimentation rate. Repair of the 

breaks restores the DNA to its original state and reestablishes the 

high sedimentation rate. Therefore, treatment of embryonic cells with 

agents which are known to induce single-strand breaks should be expected 

to change the sedimentation properties of nucleoids isolated subsequent

ly. Since X-rays have been shown to produce many malformations during 

this period of embryonic development in earlier studies, and they have 

also been known to produce single-strand breaks in DNA of cultured 

mammalian cells, X-rays are suitable for this purpose. Another agent, 

methyl methanesulfonate, a direct-acting alkylating agent, is known 

to produce adducts in DNA which result secondarily in single-strand 

breaks due to spontaneous chemical events and DNA excision repair 

processes. Because of their properties, both X-rays and MMS were used 

as DNA-damaging agents and also agents for testing whether the nucleoid 

sedimentation method could be used for studying strand breaks and repair 

of DNA in developing mouse embryos. In each instance the insult was 

administered in utero followed by removal of embryos at selected time 

intervals to follow the time course of DNA damage by comparison with 

untreated controls. Fig. 4 shows the effect of X-rays, 600 rads, 

delivered in utero, on the sedimentation of nucleoids from whole 

embryonic cells of 10 1/2-day-old mouse embryos isolated subsequently. 

The cells were obtained from the whole embryonic homogenate as described 

in Materials and Methods. There was no difference in the sedimentation 

rates between control and X-irradiated nucleoids. Both of them sedi

mented slowly, as seen by the presence of sharp peaks near the top of 

the gradients. A similar result was obtained with MMS treatment (Fig. 5). 

MMS was administered intraperitoneally to the pregnant mouse at the dose
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Figure 4: Effect of X-rays on the sedimentation of 

nucleoids from whole embryonic cells in 

neutral sucrose gradients. Whole body 

X-irradiation was administered to pregnant 

mice on day 10 1/2 of gestation at a dose 

of 600 rads. Whole embryonic cells were 

prepared by homogenization. The arrow 

indicates the direction of nucleoid 

sedimentation.

• : untreated control ; o: X-rays, 10 

minutes.
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Figure 5: Effect of methyl methanesulfonate on the 

sedimentation of nucleoids from whole 

embryonic cells in neutral sucrose gradients. 

Methyl methanesulfonate was given as a single 

intraperitoneal injection to pregnant mice on 

day 10 1/2 of gestation at a dose of 100 mg/Kg 

body weight. Whole embryonic cells were 

prepared by homogenization. The arrow 

indicates the direction of nucleoid sedi

mentation. • : untreated control ; 

o: methyl methanesulfonate, 30 minutes.
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of 100 mg/Kg body weight. High doses of X-rays and MMS were used to 

insure that the damage by these agents could be detected by this 

experimental approach. The DNA of higher animals usually is in the 

superhelical state. Therefore, the nucleoids which contain supercoiled 

DNA should sediment rapidly toward the bottom of the sucrose gradients. 

Since control nucleoids sedimented at the same slow rate as treated 

nucleoids, three possibilities were considered: 1) the DNA of mouse 

embryonic cells is not intact supercoiled, it may already be nicked 

or in the relaxed form; 2) the high dose of H-thymidine, 500 yCi/Kg, 

may produce damage to the DNA of embryonic cells and thus cause the 

loss of its superhelical structure; 3) the phosphodi ester bonds may 

be nicked by the action of nucleases released after homogenization of 

the whole embryos, causing the loss of supercoils in both control and 

experimental specimens. It was of interest, therefore, to investigate 

the properties of DNA of more differentiated and homogeneous cells such 

as embryonic liver cells, for comparison with DNA from the whole 

embryos. Mouse embryos at 12 1/2 days of intrauterine life were used 

because their livers could be removed and enough material could be 

obtained to perform the experiment. Whole embryonic cells and liver 

cells from untreated embryos were prepared by homogenizing the tissues 

in cold PBS, and used for neutral sucrose gradient analysis. Fig. 6 

shows the sedimentation profiles of nucleoids from whole embryonic cells 

and liver cells of 12 1/2-day-old mouse embryos. There was a marked 

difference in the sedimentation rates between whole embryonic and 

liver nucleoids. The nucleoids of liver cells sedimented more rapidly 

than those of whole embryonic cells. The peak of liver DNA was near 

the bottom of the gradient whereas the DNA peak of whole embryonic cells
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Figure 6: Sedimentation profiles of nucleoids from 

whole embryonic cells and liver cells of 

12 1/2-day untreated mouse embryos in 

neutral sucrose gradients. Both types 

of cells were prepared by homogenization. 

The arrow indicates the direction of 

nucleoid sedimentation. •: nucleoids of 

whole embryonic cells; i: nucleoids of 

1iver cells.
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was near the top of the gradient. This indicated that the isolated 

nucleoids of embryonic liver cells either were larger in size or were 

more supercoiled than those of whole embryonic cells. If the latter 

were true, the embryonic liver cells could be used conveniently for 

studying DNA damage and repair in developing embryos. These results 
o 

also indicated that the use of H-thymidine at the dose of 500 pCi/Kg 

did not cause detectable strand breaks in DNA of embryonic liver cells. 
3
H-thymidine passes the placenta, but the labeling of the embryos is 

up to 8 times lower than that of the mother (Herken, 1977). Thus, the 
o 

high dose of H-thymidine was used in order to obtain satisfactory 
3 

labeling, and at a dose of 500 pCi/Kg, H-thymidine proved effective 

in labeling DNA of embryonic tissues.

The slow sedimentation of nucleoids from whole embryonic cells 

suggested that their DNA was not in the intact superhelical state. 

The question was asked whether the homogenization of the whole embryos 

may have caused disruption of the cells prior to nucleoid preparation, 

releasing nucleases and allowing extensive enzymatic breakdown of 

endogenous DNA. In order to answer this question, another disaggre

gation procedure, trypsinization of the tissue, which causes little 

or no damage to the cells, was used to dissociate the whole embryos 

into its constituent cells. A comparison of the sedimentation of 

nucleoids prepared by homogenization and by trypsinization was carried 

out in neutral sucrose gradients. Whole embryonic cells of 10 1/2-day- 

old mouse embryos were prepared by incubating the tissue of whole 

embryos in trypsin-EDTA solution as described in Materials and Methods, 

and this preparation was used for the analysis of nucleoid sedimentation 

in neutral sucrose gradients. Fig. 7 shows the sedimentation of
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Figure 7: Neutral sucrose gradient profiles of nucleoids 

from whole embryonic cells of 10 1/2-day-old 

mouse embryos prepared by 2 different methods. 

The arrow indicates the direction of nucleoid 

sedimentation. •: cells obtained by homogen

ization; o: cells obtained by trypsinization.
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nucleoids from whole embryonic cells obtained by the two different 

methods, homogenization and trypsinization. There was a difference in 

the sedimentation rates of nucleoids prepared by these two methods. 

The nucleoids obtained by trypsinization sedimented more rapidly than 

those obtained by homogenization. The DNA peak of the former banded 

near the bottom of the gradient, indicating that the DNA of whole 

embryonic cells actually was also in a superhelical state prior to 

homogenization. The striking finding was the difference in the 

viability of cells prepared by these two methods. Most or all of the 

cells obtained by trypsinization were alive whereas many cells obtained 

by mechanical homogenization were dead. The viability of cells was 

detected by the use of trypan blue staining, based on the ability of 

viable cells to exclude the dye. Therefore, mechanical homogenization 

of the tissue of whole embryos caused damage to the cells, leading to 

cell death. Upon the death of cells, the membranes of the lysosomes 

disintegrated, releasing lytic enzymes, probably nucleases which induced 

breaks in DNA strands, with consequent loss of supercoils. Alternative

ly, the use of trypsin-EDTA solution to disaggregate embryonic cells 

did not cause cell damage. The chelating agent, ethylenediamine tetra

acetic acid (EDTA), also inactivated nucleases by removing divalent 

cations required for nuclease activity (Shack and Byrum, 1964), pre

venting rapid fragmentation of DNA. Thus, the cells obtained by 

trypsinization were alive. In contrast, most of the liver cells pre

pared by homogenization were still alive, and their nucleoids sedimented 

rapidly toward the bottom of the gradient. Consequently, it can be 

predicted that liver nucleoids retain their supercoiling.
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In order to confirm the superhelical state of DNA in nucleoids 

from whole embryos and embryonic liver cells, sedimentation experiments 

were performed with ethidium bromide added to the sucrose gradients. 

The intercalating agent affects the sedimentation of supercoiled DNA 

in a characteristic manner (Cook and Brazell, 1975). Fig. 8 illustrates 

the characteristic response of nucleoids from cells of untreated mouse 

embryos to varying concentrations of ethidium bromide. Whole embryonic 

cells were obtained from 10 1/2-day-old mouse embryos, where liver cells 

were obtained from 12 1/2-day-old mouse embryos. The distance sedi

mented by nucleoids in sucrose gradients containing different concen

trations of ethidium bromide is expressed as a ratio relative to that 

of nucleoids sedimenting in the absence of ethidium bromide. As 

expected, the sedimentation of nucleoids from whole embryonic cells 

prepared by trypsinization and from liver cells prepared by homogeniza

tion showed biphasic effects in response to increasing concentrations of 

ethidium bromide, confirming that the DNA of mouse embryonic cells 

actually was supercoiled. In contrast, there was no change in the sedi

mentation rates of whole embryonic nucleoids prepared by homogenization 

in response to varying concentrations of ethidium bromide. The presence 

of strand breaks in DNA has been shown to abolish the biphasic response 

to ethidium bromide (Cook and Brazell, 1976b). Thus, the results 

obtained here indicated that there were indeed strand breaks in DNA 

prepared from cells disrupted by homogenization, and also explained why 

there were no differences in the sedimentation rates between the control 

and X-ray-treated or MMS-treated nucleoids in previous experiments 

(Fig. 4 and Fig. 5). Introduction of strand breaks results in an 

unwinding of supercoils and a decrease in sedimentation. If the
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Figure 8: Effect of ethidium bromide on the sedimentation 

of nucleoids from whole embryonic cells of 10 1/2- 

day-old mouse embryos and liver cells of 12 1/2- 

day-old mouse embryos. The cells were prepared 

either by homogenization or by trypsinization. 

The distance sedimented by nucleoids in neutral 

sucrose gradients containing different concen

trations of ethidium bromide is expressed as a 

ratio relative to that of nucleoids sedimenting 

in the absence of ethidium bromide.

e: whole embryonic cells (homogenization); 

o: whole embryonic cells (trypsinization); 

i: embryonic liver cells (homogenization).
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supercoils are completely unwound, then a minimum sedimentation rate 

should occur. In case of X-ray- and MMS-treated nucleoids, high doses 

of these agents may cause many breaks in DNA strands which lead to a 

complete unwinding of supercoils. In the same way, it is possible that 

in dying or dead cells, there might be a rapid fragmentation of DNA, 

and thus complete loss of supercoils. Therefore, both control and 

treated nucleoids sedimented at the same minimum rates.

B. DNA damage and repair in embryonic liver cells

From the earlier experiments, liver cells proved useful for 

studying DNA damage and repair by the nucleoid sedimentation method. 

Therefore, the embryonic liver cells of 12 1/2-day-old mouse embryos 

prepared by homogenization were used for this purpose. Agents capable 

of producing damage to DNA, including X-rays, MMS, and MNU, were used 

in these studies.

1. The effect of X-irradiation on the sedimentation of 

nucleoids. A single exposure of pregnant mice to X-rays*on day 12 1/2 

of gestation resulted in damage to DNA of embryonic liver cells isolated 

subsequently, which was reflected by a decrease in sedimentation rate 

of nucleoids in neutral sucrose gradients. Fig. 9 shows the effect of 

X-rays to pregnant mice at a dose of 235 rads on the sedimentation of 

nucleoids isolated from embryonic liver cells. The embryos were re

moved from mothers at different times after X-irradiation. Ten minutes 

after X-irradiation, the nucleoids sedimented most slowly indicating a 

decrease in superhelical density of liver DNA. Such a decrease in 

sedimentation rate can be attributed to the presence of single-strand 

breaks induced by X-rays resulting in loss of supercoils. At 30 min,
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Figure 9: Effect of X-rays on the sedimentation of embryonic 

liver nucleoids in neutral sucrose gradients. 

Whole body X-irradiation was administered to 

pregnant mice on day 12 1/2 of gestation at a 

dose of 235 rads. The embryos were removed from 

the mothers at 10 minutes, 30 minutes, and 5 hours 

after X-irradiation. The embryonic liver cells 

were prepared by homogenization. The arrow 

indicates the direction of nucleoid sedimentation. 

•: untreated control; A: X-rays, 10 minutes; 

■: X-rays, 30 minutes; o: X-rays, 5 hours.
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the sedimentation profile began to shift toward the bottom of the 

gradient, indicating a partial repair of DNA damage. By 5 hours, the 

repair was complete as shown by the restoration of the sedimentation 

rate to that of control nucleoids. These results suggested that X-ray 

damage to the DNA in embryonic cells could be detected almost immedi

ately after transplacental exposure. The rapid repair of X-ray-induced 

breaks is in agreement with other studies. This rapid rejoining of 

strand breaks is widely presumed to result from excision repair 

(Hutchinson, 1978). The finding that the embryonic liver cells can 

repair X-ray-induced strand breaks rapidly may explain why the liver 

is not a target organ of X-ray teratogenicity. This study also demon

strated that the method of nucleoid sedimentation is sensitive and 

useful for the study of DNA damage and repair of embryonic cells 

during development. The nucleoids sediment as a single peak, and 

strand breaks are expressed as a change in density of the whole struc

tures rather than heterogeneous fractions. The change in sedimentation 

(Fig. 9) resulted from rejoining of strand breaks rather than new DNA 

synthesis because the DNA of the embryonic liver cells had been pre

labeled with H-thymidine and any new DNA would not be detected as 
o

labeled. H-thymidine has been used experimentally to label DNA in 

proliferating cells, the major reason being its unique specificity in 

labeling, thymidine is incorporated only into DNA. Cells can be 
q

labeled with H-thymidine only during the S-phase. In mouse embryos, 

about 6-8 times more cells are in the S-phase of the cell cycle than 

in mitosis (Herken, 1977). The percentage of cells incorporating 
q
H-thymidine in control mouse embryos is high at 90 minutes. Injected 

thymidine is available only a short time due to breakdown of the 
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thymidine by hepatic enzymes. Therefore, it is reasonable to assume 

that the normal high sedimentation rate of liver nucleoids after X-ray 

damage is due to repair of DNA.

2. The effect of methyl methanesulfonate on the sedimentation 

of nucleoids. Methyl methanesulfonate, a well known methylating agent, 

has been used widely in studying DNA damage and repair both in vivo and 

in vitro due to its property of producing adducts in DNA. It was of 

interest, therefore, to use this agent for studying the appearance and 

elimination of DNA strand breaks during embryonic development. MMS was 

given as a single intraperitoneal injection to pregnant mice on day 

12 1/2 of gestation, and the embryos were removed at varying periods of 

time thereafter. Embryonic liver cells were prepared by homogenization 

and the nucleoids were analyzed in neutral sucrose gradients as des

cribed in Materials and Methods. Fig. 10 shows the effect of MMS, at 

a dose of 100 mg/Kg, on the sedimentation of nucleoids from liver of 

treated embryos. The nucleoids after MMS treatment of the embryos 

sedimented more slowly than did those from untreated controls. Further

more, the decrease in sedimentation was dependent on the interval of 

time after treatment. As time increased, the distance sedimented 

decreased progressively. At 24 hours after MMS treatment, all embryos 

removed from the uterine horns were already dead, and the mother looked 

sick. Therefore, the high dose of MMS, 100 mg/Kg, was very toxic to 

the cells of both mothers and embryos. It is possible that such a high 

dose of MMS caused such severe damage to DNA, that the cells could not 

repair successfully. Another possibility is that MMS had some inhibi

tory action on the repair enzyme system so that an increase in dose, in 

addition to causing more damage to DNA, would also inhibit repair.
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Figure 10: Effect of methyl methanesulfonate, 100 mg/Kg, 

on the sedimentation of nucleoids from embryonic 

liver cells in neutral sucrose gradients. Methyl 

methanesulfonate was given as a single intra

peritoneal injection to pregnant mice on day 

12 1/2 of gestation. The embryos were removed 

from the mothers at 30 minutes, 5 hours, and 

10 hours after methyl methanesulfonate adminis

tration. The embryonic liver cells were prepared 

by homogenization. The arrow indicates the 

direction of nucleoid sedimentation.

t: untreated control ; A: methyl methanesul

fonate, 30 minutes; ■: methyl methanesulfonate, 

5 hours; o: methyl methanesulfonate, 10 hours.
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Such a mechanism has been suggested to account for the lack of a dose 

response in repair replication following MMS induced damage in other 

systems (Thielman et al_., 1975). The inability of cells to repair DNA 

lesions would probably result in cell lethality.

Since the high dose was very toxic, lower doses of MMS, 50 mg/Kg 

and 25 mg/Kg, were used instead. Fig. 11 shows the effect of MMS, 

50 mg/Kg, on the sedimentation of nucleoids from liver cells of 12 1/2- 

day-old mouse embryos. DNA damage was detected at 30 min after MMS 

treatment, the nucleoids from MMS-treated embryos sedimented more 

slowly than those from untreated controls. Partial repair of DNA damage 

was apparent by 5 hours following treatment as shown by the shift of 

the DNA peak toward the bottom of the gradient. At 24 hours, there was 

a complete return to the control sedimentation rate, indicating a repair 

of the damage induced by MMS. Similar results were obtained when MMS 

was given at a dose of 25 mg/Kg, as shown in Fig. 12. Therefore, the 

low dose of MMS, 25 mg/Kg, was used as the reference dose for all MMS 

experiments.

In order to contrast the degree of supercoiling in DNA of MMS- 

treated nucleoids, sedimentation experiments were performed with dif

ferent concentrations of ethidium bromide added to the sucrose gradients. 

Fig. 13 shows the effect of ethidium bromide on the sedimentation of 

nucleoids of embryonic liver cells from embryos treated with MMS after 

varying periods of time. At 30 min, the sedimentation rate of MMS- 

treated nucleoids was not affected by increasing concentrations of 

ethidium bromide (Cook and Brazell, 1976b). After 16 and 24 hours of 

MMS treatment, the nucleoids had regained their biphasic responses to
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Figure 11: Effect of methyl methanesulfonate, 50 mg/Kg 

on the sedimentation of nucleoids from 

embryonic liver cells in neutral sucrose 

gradients. Methyl methanesulfonate was 

given as a single intraperitoneal injection 

to pregnant mice on day 12 1/2 of gestation 

The embryos were removed from the mothers 

at 30 minutes, 5 hours, and 24 hours after 

methyl methanesulfonate administration. 

The embryonic liver cells were prepared by 

the homogenization method. The arrow 

indicates the direction of nucleoid 

sedimentation. •: untreated control ; 

A: methyl methanesulfonate, 30 minutes; 

■: methyl methanesulfonate, 5 hours; 

o: methyl methanesulfonate, 24 hours.



89

to
ta

l 
ra

di
oa

ct
iv

it
y

12

16

20

12
FRACTION NO

16 20 24



90

Figure 12: Effect of methyl methanesulfonate, 25 mg/Kg, 

on the sedimentation of nucleoids from 

embryonic liver cells in neutral sucrose 

gradients. Methyl methanesulfonate was given 

as a single intraperitoneal injection to 

pregnant mice on day 12 1/2 of gestation. 

The embryos were removed from the mothers 

at 30 minutes, 7 hours and 24 hours after 

methyl methanesulfonate administration. The 

embryonic liver cells were prepared by the 

homogenization method. The arrow indicates 

the direction of nucleoid sedimentation, 

e: untreated control; A: methyl methane

sulfonate, 30 minutes; ■: methyl methane

sulfonate, 7 hours; o: methyl methanesul

fonate, 24 hours.
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Figure 13: Effect of ethidium bromide on the sedimen

tation of nucleoids from liver cells of 

mouse embryos treated with 25 mg/Kg methyl 

methanesulfonate. The embryos were removed 

from the mothers at 30 minutes, 16 hours, 

and 24 hours after methyl methanesulfonate 

treatment. The distance sedimented by 

nucleoids in neutral sucrose gradients 

containing different concentrations of 

ethidium bromide is expressed as a ratio 

relative to that of nucleoids sedimenting 

in the absence of ethidium bromide.

• : untreated control ; ■: methyl methane

sulfonate, 30 minutes; A: methyl methane

sulfonate, 16 hours; o: methyl methane

sulfonate, 24 hours.
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ethidium bromide, indicating that the breaks were rejoined and the DNA 

had returned to its normal superhelical state.

These observations indicated that transplacental administration of 

MMS resulted in single-strand breaks in DNA of embryonic cells which 

was reflected in a loss of supercoils in nucleoid DNA. Completed repair 

of these breaks restored the supercoiling.

3. The effect of chloroquine on the sedimentation of MMS- 

treated nucleoids. In biological studies, chloroquine was found to 

enhance the teratogenic effects of X-rays and cytoxan, and it has been 

concluded that chloroquine may have exerted its enhancing effect by 

inhibiting DNA repair. Chloroquine also has been demonstrated to 

inhibit the repair of DNA damage induced by MMS in cultured mammalian 

cells (Michael and Williams, 1974). It was of interest, therefore, to 

investigate the role of chloroquine in DNA damage and repair induced by 

MMS in developing mouse embryos. Chloroquine was given to pregnant 

mice at a dose of 25 mg/Kg body weight 30 min after MMS administration, 

when the maximum breakage in DNA was obtained. The effect of chloro

quine on the sedimentation of MMS-treated nucleoids from embryonic 

liver cells observed at 7 hours and 24 hours after MMS injection are 

presented in Fig. 14 and Fig. 15, respectively. There were no differ

ences in the sedimentation rates between nucleoids treated with MMS 

alone and those treated with MMS plus chloroquine. Partial repair was 

apparent at 7 hours, and complete repair was observed at 24 hours after 

MMS plus chloroquine treatment. Treatment with chloroquine alone caused 

no change in the sedimentation of liver nucleoids from that of control 

(Fig. 15), indicating that the dose of chloroquine used here did not 

produce any strand break in the DNA of embryonic liver cells. These
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Figure 14: Neutral sucrose gradient profiles of nucleoids 

from liver cells of mouse embryos treated with 

methyl methanesulfonate with and without 

chloroquine. Chloroquine, 25 mg/Kg, was 

given as a single intraperitoneal injection 

to 12 1/2 day pregnant mice 30 minutes after 

methyl methanesulfonate administration. The 

embryos were removed from the mothers at 7 

hours after methyl methanesulfonate treatment. 

The embryonic liver cells were prepared by 

homogenization. The arrow indicates the 

direction of nucleoid sedimentation.

• : untreated control ; A: methyl methane

sulfonate, 7 hours; ■: methyl methanesul

fonate plus chloroquine, 7 hours.
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Figure 15: Neutral sucrose gradient profiles of nucleoids 

from liver cells of mouse embryos treated with 

methyl methanesulfonate with and without 

chloroquine and chloroquine alone. Chloro

quine, 25 mg/Kg, was given as a single intra

peritoneal injection to 12 1/2 day pregnant 

mice either alone or with methyl methanesul

fonate (30 minutes after methyl methanesulfo

nate administration). The embryos were 

removed from the mothers at 24 hours after 

methyl methanesulfonate or chloroquine treat

ment. The embryonic liver cells were prepared 

by the homogenization method. The arrow 

indicates the direction of nucleoid sedimen

tation. • : untreated control ; à: methyl 

methanesulfonate, 24 hours; ■: methyl 

methanesulfonate plus chloroquine, 24 hours; 

o: chloroquine, 24 hours.
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results also did not show any inhibitory effect of chloroquine on the 

repair of MMS-induced DNA damage in embryonic liver cells. The effect 

of chloroquine observed here, therefore, contrasted sharply from that 

observed in cultured mammalian cells (Michael and Williams, 1974), 

and did not support the earlier conclusion that chloroquine exerted 

its enhancing effect on birth defects by inhibiting DNA repair. 

Based on previous teratogenic studies, chloroquine enhanced the fre

quencies of cleft palate, abnormal tails, etc., which are common 

targets for X-ray teratogenesis. The liver is not a target for 

teratogenesis, and one possible explanation for this might be due 

to its high capacity to repair DNA that has been damaged subi ethally 

by the agents. Therefore, the possible argument is that the wrong 

systems (wrong target and wrong agent) have been used to demonstrate 

the inhibitory effect of chloroquine, and thus it could not be simply 

proved that way.

Earlier studies demonstrated that transplacental exposure of methyl- 

nitrosourea produced abnormalities in many organs in mouse offspring. 

MNU, like MMS, is a direct-acting alkylating agent, but its chemical 

reaction mechanism is different from that of MMS. MNU reacts through 

an S^I mechanism which follows first-order kinetics, the rate depend

ing only on the concentration of the alkylating agent but not on the 

nucleophiles, whereas MMS reacts through an S^2 mechanism, in which 

the reaction is selectively directed by the nucleophilicity of the 

site, as well as the concentration of the alkylating agent. As a 

result of this difference in reaction mechanism, alkylation of DNA is 

affected differentially by these two agents. Although both MMS and MNU 

react with DNA primarily at the principal nucleophilic center, N-7 of 
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guanine, MMS is less likely to attack the less nucleophilic 0-6 atoms in 

DNA, while MNU reacts more extensively at the less nucleophilic 0-6 

position of guanine in DNA and the phosphate groups of the sugar

phosphate backbone (Lawley, 1974). The alkylated bases can be removed 

from DNA either by spontaneous chemical hydrolysis or by enzymatic 

excision, resulting in the formation of apurinic sites which are subse

quently converted to single-strand breaks by specific endonucleases 

(Ljungquist and Lindahl, 1974; Ljungquist et a]_., 1974). Available 

evidences suggest that the apurinic sites are probably subjects to 

repair reactions in vivo, and thus DNA strand breaks may result from the 

action of endonucleases in the initiation step in repairing the damage 

(Verly and Paquette, 1972; Lindahl and Anderson, 1972). Studies with 

phosphotriesters, another kind of O-alkylation products, have suggested 

that these lesions are chemically stable and are not excised by the 

enzymatic repair system of cells (Shooter and Slade, 1977). However, 

these lesions could lead to DNA strand breaks under alkaline hydrolysis 

(Walker and Ewart, 1973a).

Several investigations have demonstrated that MNU is able to induce 

DNA damage and subsequent repair both in vitro (Walker and Ewart, 

1973b) and in vivo (Zubroff and Sarma, 1976). In the present research, 

experiments with MMS have shown that repair of DNA strand breaks 

induced transplacentally by this agent can be observed in mouse embry

onic liver cells. Since MNU is a potent teratogen, it was of interest 

to study the effect of MNU on the DNA of developing mouse embryos by 

using nucleoid sedimentation technique.

4. The effect of methyl nitrosourea on the Sédimentation of 

embryonic liver nucleoids. The experiments were carried out in the 
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same way as MMS experiments but MNU at a dose of 20 mg/Kg body weight 

was used instead. The results are shown in Fig. 16. At 30 min after 

MNU treatment, the nucleoids of embryonic liver cells sedimented most 

slowly, reflecting the presence of DNA strand breaks. An increase in 

the sedimentation rate was apparent at 7 hours, and by 24 hours the 

sedimentation rate had been restored to that of control nucleoids, 

indicating partial and complete repair of MNU damage, respectively. 

When nucleoids from MNU-treated embryonic liver cells were sedimented 

in sucrose gradients containing different concentrations of ethidium 

bromide, the results obtained were consistent with the above finding 

that at 30 min, the presence of strand breaks in DNA caused the loss 

of supercoiling and abolished the biphasic response to ethidium bro

mide. At 16 and 24 hours, repair of the damage restored normal super

coiling, and regained the biphasic response to ethidium bromide (Fig. 

17). These observations showed that MNU, after reaching the embryos, 

reacted directly with DNA of embryonic cells to cause damage and 

measurable repair. This is consistent with the hypothesis that MNU 

exerts its teratogenic effect through reaction with DNA of embryonic 

cells.

5. Effects of caffeine and isonicotinic acid hydrazide on 

the sedimentation of MNU-treated nucleoids. Both caffeine and INK 

have been reported to inhibit postreplication repair of MNU-induced 

DNA damage in cultured mammalian cells (Fujiwara, 1975b; Klamerth, 

1978). Teratogenic studies have shown that caffeine altered the 

frequency of malformations induced by some teratogens, and suggested 

that these changes were mediated by caffeine-induced inhibition of DNA 

repair (Nomura, 1977; Yielding et al_., 1976). Although these studies
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Figure 16: Effect of methyl nitrosourea on the sedimenta

tion of embryonic liver nucleoids in neutral 

' sucrose gradients. Methyl nitrosourea was 

given as a single intraperitoneal injection 

to pregnant mice on 12 1/2 day of gestation 

at a dose of 20 mg/Kg body weight. The 

embryos were removed from the mothers at 

30 minutes, 7 hours, and 24 hours after 

methyl nitrosourea treatment. The embryonic 

liver cells were prepared by homogenization. 

The arrow indicates the direction of nucleoid 

sedimentation. •: untreated control ;

A: methyl nitrosourea, 30 minutes; 

■ : methyl nitrosourea, 7 hours; o: methyl - 

nitrosourea, 24 hours.



103

%
 TO

TA
L R

A
D

IO
A

C
TI

VI
TY

28

24

20

16

20 24
FRACTION NO.



104

Figure 17: Effect of ethidium bromide on the sedimen

tation of nucleoids from liver cells of 

mouse embryos treated with 20 mg/Kg 

„ methyl nitrosourea. The embryos were re

moved from the mothers at 30 minutes and 

16 hours after methyl nitrosourea adminis

tration. The distance sedimented by nucleoids 

in neutral sucrose gradients containing dif

ferent concentrations of ethidium bromide 

is expressed as a ratio relative to that of 

nucleoids sedimenting in the absence of 

ethidium bromide, e: untreated control ; 

■ : methyl nitrosourea, 30 minutes;

A: methyl nitrosourea, 16 hours.
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have not demonstrated that DNA repair is related directly to birth 

defects, they provided evidence in support of this concept. Since the 

damage and repair of DNA induced by MNU can be demonstrated in embryonic 

liver cells by using the method of nucleoid sedimentation, it was of 

interest to examine whether caffeine and INH would inhibit the repair 

of DNA damage caused by MNU in these liver cells.

Caffeine and INH, each at a dose of 50 mg/Kg, were given intra

peritoneally to pregnant mice as a single dose or two doses at dif

ferent times after MNU treatment as described in Materials and Methods. 

At 7 and 24 hours after MNU administration, the embryos were removed 

from the uterine horns, and the embryonic liver cells prepared by 

homogenization method were used for nucleoid sedimentation analysis. 

The results of these experiments were similar and will not all be 

presented, but Fig. 18 was selected to show that posttreatment of 

both caffeine and INH had no measurable effect on the sedimentation 

of MNU-treated nucleoids. This figure represents the sedimentation 

profiles of nucleoids from animals treated with MNU alone and those 

treated with MNU plus 2 doses of caffeine or INH administered at 2 and 

5 hours after MNU treatment. The effect of caffeine or INH on the 

sedimentation of MNU-treated nucleoids was observed at 24 hours. It 

can be seen that there was no difference in the sedimentation rates 

between nucleoids treated with MNU alone and those treated with MNU 

plus inhibitors. All nucleoids sedimented rapidly toward the bottom 

of the gradients, indicating the repair of MNU-induced DNA damage. 

Therefore, the effects of caffeine and INH observed here contrasted 

from their inhibitory effects on the repair of MNU damage observed 

in cultured mammalian cells. It is possible that caffeine-sensitive or
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Figure 18: Neutral sucrose gradient profiles of nucleoids 

from liver cells of mouse embryos treated with 

methyl nitrosourea with and without caffeine or 

isonicotinic acid hydrazide. Methyl nitrosourea, 

20 mg/Kg, was given as a single intraperitoneal 

injection to pregnant mice on day 12 1/2 of 

gestation. Two doses of caffeine or isonico

tinic acid hydrazide, each at 50 mg/Kg, were 

given intraperitoneally to methyl nitrosourea- 

treated mice at 2 hours and 5 hours after 

methyl nitrosourea administration. The embryos 

were removed from the mothers at 24 hours after 

methyl nitrosourea treatment. The embryonic 

liver cells were prepared by homogenization. 

The arrow indicates the direction of nucleoid 

sedimentation. •: methyl nitrosourea, 24 

hours; A: methyl nitrosourea plus 2 doses of 

caffeine, 24 hours; ■: methyl nitrosourea 

plus 2 doses of isonicotinic acid hydrazide, 

24 hours.
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INH-sensitive DNA repair mechanisms are not present in embryonic liver 

cells. Not all DNA repair mechanisms are caffeine-sensitive and the 

difference in caffeine-response found between different cell cultures 

may reflect the relative importance and efficiency of the different 

repair mechanisms in the cell lines (Timson, 1977). Caffeine does 

not inhibit repair replication in Hei a cells or in normal human 

fibroblasts, and it has been suggested that these cells may perform 

an alternative replication repair which is not caffeine-sensitive 

(Fujiwara and Tatsumi, 1976b). Another possibility is that caffeine 

inhibits an S-phase specific postreplication repair by inhibiting the 

filling of gaps in newly synthesized DNA strands. In the present 

experiment with MNU, all embryonic DNA was prelabeled before the damage 

was introduced, so that it was the repair of those lesions in prelabeled 

DNA strands, not newly synthesized DNA strands, which was demonstrated 

by the nucleoid sedimentation assay. Therefore, the inhibitory effect 

of caffeine could not be seen in the present experiment due to the 

different assay used. There are only a few reports in the literature 

of the inhibitory effect of INH on postreplication repair in cultured 

mammalian cells, and the mechanism by which INH exerts its effect 

has not been established. However, the effects of caffeine and INH on 

DNA repair mechanisms may depend on many factors, and thus require 

further investigations.

Experiments with MNU and MMS demonstrated that these two agents 

administered transplacentally produced damage in the DNA of mouse 

embryonic liver cells which provoked subsequent DNA repair processes 

as measured by the sedimentation rate of liver nucleoids in neutral 

sucrose gradients. Liver nucleoids prepared by trypsinization responded 
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to the effects of both MMS and MNU in a manner similar to those prepared 

by homogenization. The DNA strand breaks induced by these agents were 

observed in 30 min, and complete repair of the damage was apparent 

within 24 hours (Fig. 12 and Fig. 16). In mice, both MNU and MMS are 

distributed rather uniformly in the body (Bochert et al_., 1978). In 

pregnant animals, transplacental passage into embryos occurs shortly 

after an intraperitoneal injection. The approximate life time of 

these substances in vivo have been shown to be 120 min for MMS and 

about 20 min for MNU. Thus, the initial reactions of these chemicals 

with DNA in vivo are quite rapid; methylation of DNA is maximal within 

3 hours after MMS administration and within 1 hour after MNU treatment. 

This is in agreement with the present finding that DNA strand breaks 

induced by both MNU and MMS could be detected in embryonic liver 

cells within 30 min after administration. It was also shown in the 

present experiments that the embryonic liver cells had the ability to 

repair the damage induced by either MNU or MMS, and the repair occurred 

rather rapidly. There is evidence that cells that can repair lesions in 

DNA are less sensitive to the effects of alkylating agent. An alter

nate, but not exclusive, explanation for the organotropic carcinogeni

city of alkylating agents involves the capacity of various animal tis

sues to repair DNA damage induced by those agents. Michael and Sarma 

(1973) demonstrated different rates of DNA repair in animal livers 

exposed to various carcinogens. Preliminary data suggest that DNA 

damage induced by MNU which is not a hepatocarcinogen is rapidly 

repaired, whereas damage induced by hepatocarcinogens, such as acetoxy

acetyl-ami nofluorene and dimethylnitrosamine, is slowly restored.
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Thus, the ability of embryonic liver cells to repair lesions in their 

DNA rapidly might be correlated with the observation that the liver 

is not the target organ for teratogenesis caused by many teratogens, 

including MNU, MMS and X-rays. Because of this, therefore, it is 

difficult to evaluate the significance of DNA repair in the process of 

teratogenesis by using embryonic liver cells.

C. Effects of methyl nitrosourea and methyl methanesulfonate on the 

sedimentation of nucleoids from limb bud cells

MNU is a potent teratogen, while MMS is a weak teratogen. Both 

MNU and MMS have been reported to cause malformations of the extremities 

when given to pregnant NMRI mice on days 10 1/2, 11 or 12 of gestation 

(Bochert et a]_., 1978). The minimal dose that causes a teratogenic 

effect for MNU is 2.4-2.8 mg/Kg, and for MMS is 85-95 mg/Kg. No 

differences in the type of malformations were seen after MNU or MMS 

treatment. Thus, the limb buds seem to be the principal targets in MNU 

and MMS teratogenesis in mice. In order to examine whether MNU and MMS, 

at the doses studied earlier in embryonic liver cells, produced any 

malformation in mouse embryos of CD-1 strain, it was first necessary to 

study the teratogenic effects of these substances in CD-1 mice.

MNU or MMS was given as a single intraperitoneal injection to 

pregnant CD-1 mice on days 11 1/2 or 12 1/2 of gestation, and the 

occurrence of mal formations was studied on day 18. Two pregnant mice 

were used for each experiment. Treatment with 20 mg/Kg MNU resulted in 

decreased fetal body weights, and produced 100% malformations of 

extremities, but the degree of severity observed in animals treated on 

day 11 1/2 was higher than in those treated on day 12 1/2. The limb 
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abnormalities included oligodactyly and adactyly of the fore and the 

hind limbs. In contrast, treatment with 25 mg/Kg MMS either on day 

11 1/2 or on day 12 1/2 produced no malformation. At a higher dose 

of MMS, 50 mg/Kg, almost all embryos died, and a few embryos that 

were still alive showed no malformation. MMS at 100 mg/Kg caused 

100% fetal death. Therefore, the dose of MMS at 25 mg/Kg was non

toxic and non-teratogenic to the mouse embryos. As a rough measure 

of the toxicity to the animals of the doses of MNU and MMS used, the 

doses of MNU (20 mg/Kg) and MMS (25 mg/Kg) were about 1/6 of the 

LD50 of MNU (123.7 mg/Kg) and 1/7 of the LD5Q of MMS (176.2 mg/Kg), 

respectively. Thus, the selection of the doses of MNU and MMS seemed 

to be appropriate for a comparison of the effects of these two agents. 

From the teratogenic studies of MNU and MMS, it was shown clearly 

that at doses of similar toxicity to animals, MNU produced limb 

abnormalities, whereas MMS did not. It is important to contrast the 

nature of the lesions and their fate following treatment with these 

two agents. There are differences in reaction mechanisms between MNU 

and MMS as described earlier. Outstanding among these differences 

is the production of significant levels of 0^-methylguanine and phos

photriesters by MNU, contrasting with the barely detectable levels of 

these products following reaction of MMS with DNA. It is possible, 

therefore, that the potent teratogenic effect of MNU is largely 

attributable to these additional DNA modifications. Since the limb 

buds responded to the treatment of MNU and MMS differently, it was 

important to study DNA damage and repair in the cells of limb buds, 

and to determine whether there were any differences in the capacity of 

limb bud cells to repair DNA lesions induced by MNU and MMS.
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MNU (20 mg/Kg) or MMS (25 mg/Kg) was given intraperitoneally to 

pregnant mice on day 11 1/2 or 12 1/2 of gestation 90 minutes after 
o
H-thymidine administration as in previous experiments. At varying 

times after treatment, the embryos were removed from the uterine 

horns. The limb buds of embryos were removed and incubated in trypsin- 

EDTA solution in order to dissociate the cells as described in 

Materials and Methods. By using the trypsinization method, most of 

the cells were still alive, whereas those obtained from mechanical 

homogenization were dead. The limb bud cells were then used for 

nucleoid sedimentation analysis in neutral sucrose gradients. Fig. 19 

shows the sedimentation profiles of nucleoids from limb bud cells of 

12 1/2-day-old mouse embryos after MNU treatment. At 30 min and 7 hours, 

the nucleoids sedimented most slowly as seen by the sharp peaks near 

the top of the gradients. At 24 hours, there was a shift of the peak 

toward the bottom of the gradient, and at 48 hours, the peak was in 

the same position as the control peak, indicating the partial and 

complete repair of DNA strand breaks induced by MNU, respectively. 

Similar sedimentation patterns were obtained when the embryos were 

treated with MNU on day 11 1/2 of intrauterine life (Fig. 20).

In contrast, MMS affected the sedimentation of limb bud nucleoids 

differently as shown in Fig. 21. At 30 min, the MMS-treated nucleoids 

from limb bud cells of 12 1/2-day-old mouse embryos sedimented slowly, 

and at 24 hours they sedimented at the same rate as the untreated 

control nucleoids, indicating complete repair had already occurred by 

24 hours after MMS treatment. Similar results were obtained with MMS 

treatment on day 11 1/2 of gestation (Fig. 22). These observations 

demonstrated that the cells of limb buds responded differently to the
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Figure 19: Effect of methyl nitrosourea on the sedimen

tation of nucleoids from the cells of limb 

buds in neutral sucrose gradients. Methyl- 

nitrosourea, 20 mg/Kg, was given as a single 

intraperitoneal injection to pregnant mice 

on day 12 1/2 of gestation. The embryos 

were removed from the mothers at 30 minutes, 

7 hours, 24 hours, and 48 hours after methyl - 

nitrosourea administration. The cells of 

limb buds were prepared by the trypsiniza- 

tion method. The arrow indicates the 

direction of nucleoid sedimentation.

• : untreated control; A: methyl nitrosourea 

30 minutes; ■: methyl nitrosourea, 7 hours; 

o: methyl nitrosourea, 24 hours; x: methyl

nitrosourea, 48 hours.
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Figure 20: Effect of methyl nitrosourea on the sedimen

tation of nucleoids from the cells of limb 

buds in neutral sucrose gradients. Methyl- 

nitrosourea, 20 mg/Kg, was given as a single 

intraperitoneal injection to pregnant mice 

on day 11 1/2 of gestation. The embryos 

were removed from the mothers at 30 minutes, 

24 hours, and 48 hours after methyl nitro

sourea administration. The cells of limb 

buds were prepared by the trypsinization 

method. The arrow indicates the direction 

of nucleoid sedimentation, e: untreated 

control; A: methyl nitrosourea, 30 minutes; 

o: methyl nitrosourea, 24 hours; x: methyl- 

nitrosourea, 48 hours.
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Figure 21 : Effect of methyl methanesulfonate on the 

sedimentation of nucleoids from the cells 

of limb buds in neutral sucrose gradients. 

Methyl methanesulfonate, 25 mg/Kg, was given 

as a single intraperitoneal injection to 

pregnant mice on day 12 1/2 of gestation. 

The embryos were removed from the mothers 

at 30 minutes and 24 hours after methyl 

methanesulfonate administration. The 

cells of limb buds were prepared by the 

trypsinization method. The arrow indicates 

the direction of nucleoid sedimentation. 

• : untreated control ; A: methyl methane

sulfonate, 30 minutes; o: methyl methane

sulfonate, 24 hours.
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Figure 22: Effect of methyl methanesulfonate on the 

sedimentation of nucleoids from the cells 

of limb buds in neutral sucrose gradients. 

Methyl methanesulfonate, 25 mg/Kg, was 

given as a single intraperitoneal injection 

to pregnant mice on day 11 1/2 of gestation. 

The embryos were removed from the mothers 

at 30 minutes and 24 hours after methyl 

methanesulfonate administration. The 

cells of limb buds were prepared by the 

trypsinization method. The arrow indicates 

the direction of nucleoid sedimentation.

• : untreated control ; A: methyl methane

sulfonate, 30 minutes; o: methyl methane

sulfonate, 24 hours.
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damage of DNA induced by MNU and MMS. They could repair the damage 

induced by MMS completely within 24 hours, but that by MNU required 

48 hours.

The fact that MNU produces more alkylation of the DNA in limb bud 

cells than does MMS might have been predicted by their different 

reaction mechanism. MNU, an S^I reagent, not only can react with 

strongly nucleophilic centers in DNA such as the N-7 of guanine, but 

also can react relatively more extensively with less nucleophilic 

centers, such as the 0-6 of guanine and the phosphate groups in DNA, 

than can MMS which reacts through an 5^2 mechanism. An attempt has 

been made by Bochert et a]_. (1978) to correlate the teratogenic effects 

of MNU and MMS with the extent of methylation of a given base in 

embryonic DNA. They showed that a correlation between teratogenicity 
7 3and the formation of N -methylguanine or N -methyladenine in embryonic 

DNA did not exist, and they suggested a hypothesis that the formation of 

O^-alkylguanine is responsible for the induction of malformations.

Since MNU produced limb abnormalities, whereas MMS did not, it therefore 

seemed reasonable to consider that the formation of 0^-methylguanine 

and phosphotriesters might also correlate with the production of limb 

malformations in the present study. Nucleoid sedimentation analysis 

experiments demonstrated that the limb bud cells in contrast to liver 

cells repaired MNU-induced DNA damage more slowly than MMS-induced 

DNA damage, suggesting that the slow rate of repair of limb bud cells 

might also be related to their susceptibility to the teratogenic 

effect of MNU. In contrast, the MMS-induced lesions were repaired as 

rapidly in limb buds as they were in embryonic liver cells. Since the 

liver showed no susceptibility to teratogenic effects of either MNU or 
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MMS, it is possible that the non-target nature of the liver might be 

due to its ability to repair lesions in DNA rapidly. The similar con

clusion may be suggested for the non-target response of the limb buds 

to MMS administration. In the present study, no attempt has been made 

to determine the extent of DNA methylation caused by MNU and MMS in 

the embryonic tissues, because not enough DNA could be obtained from 

the very small amount of these embryonic tissues. Based on the studies 

with chemically-induced carcinogenesis, it has been shown that 

06-alkylguanine is the most likely lesion responsible for the production 

of tumors, and the persistence of this product in the DNA of certain 

tissues correlates with their susceptibility to tumor induction (Goth 

and Rajewsky, 1974a; Margison and Kleihues, 1975). In addition to 

0^-alkylguanine, phosphotriesters have recently been considered to be 

involved in other biological effects caused by some alkylating agents 

including MNU (Shooter, 1978; Frei and Venitt, 1975). An indication 

that these chemically stable products are slowly lost from the DNA of 

animal tissues led to the conclusion that phosphotriesters are not 

excised by cellular enzymatic repair system. Because of this, the 

accumulation of phosphotriesters might play a more significant role 

in biological effects including carcinogenic and teratogenic effects of 

those alkylating agents. Studies with the RNA-containing bacteriophage 

RI 7 showed that a phosphotri ester group in a single-stranded RNA does not 

itself constitute a lethal lesion but becomes lethal when hydrolysis 

of the group leads to chain scission (Shooter et ajL, 1974). It 

seems probable, therefore, that a phosphotriester might not be itself 

a lethal lesion, a carcinogenic lesion, or a teratogenic lesion in 

DNA. It has been shown that phosphotriesters are resistant to nuclease 
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activity (Jensen and Reed, 1978). Exhaustive enzymatic hydrolysis 

of MNU-treated poly [dA-dT] with nucleases and alkaline phosphatase 

generated nuclease-resistant methyl phosphotriesters, as well as 

unmodified nucleosides, base methylated nucleosides or free- 

methylated bases (Jensen, 1978). Due to its resistance to enzymic 

repair system, it is possible that the presence of phosphotriesters 

might interfere with excision repair of other adjacent DNA lesions 

which are carcinogenic or teratogenic lesions. Thus, the persistence 

of phosphotriesters may contribute to the biological effects of those 

damaging lesions. At the present time, other than indications that 

phosphotriesters are only slowly removed from cellular DNA, the 

biological consequences of these lesions remain obscure.



SUMMARY

The experiments reported here helped provide evidence that DNA is 

the principal target for many teratogens including physical and 

chemical agents. The aim of this dissertation research was to examine 

the capacity of embryonic cells to repair lesions in DNA during 

embryonic development so that this may provide an approach for under

standing the basic mechanisms of teratogenesis.

In conventional experiments involving the induction of malforma

tions in mouse fetuses by X-rays and alkylating agents, it was apparent 

that the extent and types of fetal anomalies were dependent upon the 

gestational day on which the teratogens were administered. Concurrent 

administration of some specific DNA repair inhibitors altered the 

frequency of malformations induced by those teratogens, suggesting that 

DNA repair may play an important role in modifying the teratogenic 

consequences of DNA damage. These observations led to the consideration 

that DNA damage and repair could be studied directly in developing 

embryos.

Analysis of the sedimentation of nucleoids derived from undiffer

entiated and differentiated cells of mouse embryos in neutral sucrose 

gradients containing different concentrations of ethidium bromide 

indicated that their DNA is supercoiled. Nucleoids are structures 

resembling nuclei, containing nuclear DNA and RNA, but depleted of 

nuclear proteins. These structures are released from cells when 
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cells are lysed in the presence of high salt concentrations and non

ionic detergents (Cook and Brazell, 1975; 1976). As their DNA is 

intact supercoiled, nucleoids sediment in neutral sucrose gradients 

rapidly. Introduction of single-strand breaks into DNA causes an 

unwinding of supercoils and a decrease in sedimentation rate. Repair 

of the breaks restores the DNA to its original superhelical structure 

and reestablishes the high normal sedimentation rate. Therefore, this 

method proved useful and highly sensitive for studying DNA damage and 

its repair through detection of single-strand breaks. This approach 

is possible because each strand break results in a measurable change 

in supercoiling. The experiments were performed by treating the 

pregnant mice, during day 11 1/2 or 12 1/2 of gestation, with various 

DNA-damaging agents, including methyl methanesulfonate and methyl nitro

sourea. At different times after treatment, the embryos were removed, 

and the cells from whole embryos, livers, or limb buds were isolated 

and used for nucleoid sedimentation analysis. At the dosages of MMS 

and MNU used in these experiments, it was shown that MMS was not 

teratogenic to mouse embryos, while MNU produced malformations of the 

extremities. The embryonic liver cells obtained from MMS-treated and 

MNU-treated embryos showed the same ability to repair the damage induced 

by these two agents. Complete repair was apparent within 24 hours. 

In contrast, the cells of limb buds responded differently to the 

damage of DNA induced by comparable doses of MMS and MNU. They repaired 

the damage induced by MMS completely within 24 hours, but that induced 

by MNU within 48 hours. These observations suggested a correlation 

between the capacity of the cells to repair DNA damage and the induction 

of malformations. The cells that can repair DNA lesions rapidly showed 
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no abnormality, whereas malformations occurred in organs from which the 

cells showed slow repair. Therefore, these experiments have established 

the importance of DNA repair processes in the production of birth 

defects.
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