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In five separate experiments, weight-adjusted doses

of TEM, EMS, and ENU were injected intraperitoneally into

twelve week-old female mice six hours after mating. On day

seventeen of gestation, the females were sacrificed and their

uterine contents were examined. The effect of each agent

was determined by its ability to cause malformations and death

to the developing embryos.

All treatment groups showed statistically significant

elevated levels of malformations in comparison to their cor-

responding control groups. The reproductive damage induced

in these experiments cannot be singularly attributed to

teratogenesis or mutagenesis but a combination of the two.
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CHAPTER I

INTRODUCTION AND ANCIENT TERATOLOGY

Introduction

The continued existence of the human race is dependent

upon the success of four major biological processess: (1)

gametogenesis, or the development and maturation of the male

and female germ cells, (2) fertilization, or the uniting of

those germ cells, (3) intrauterine development of the con-

ceptus, and (4) postnatal growth and development (Shepard 1983).

Teratology is the science dealing with the causes, mechanisms,

and prevention of intrauterine developmental defects, both

structural and functional (Shepard 1983). A teratogen, or

teratogenic agent, is defined as anything that has the ability

to cause a congential defect, which is any defect that arises

during embryonic or fetal development and consists of a major

or minor deviation from normal morphology or function (Shepard

1980). A variation in the population should be considered

a minor defect when it is found in less than 2 or 3 percent

of the population. Statistically, only those anomalies falling

outside of three standard deviations from the mean are con-

sidered to be defects (Smith 1970).

A teratogenic agent may be a chemical, drug, virus,

physical state, or deficiency state (Shepard 1983). The

1
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definition of a teratogen can be made more specific by using

a modification of Koch's postulates (Shepard 1980):

Koch's postulates Teratologic postulates

1) A specific micro- 1) The agent must be present
organism must be present during the critical periods
in each case of the of development.
disease.

2) A pure culture of 2) The agent should produce
the microorganism should congenital defects in an
produce the same disease experimental animal and the
in an experimental defect rate should be statis-
animal. tically higher than in a

control animal receiving the
same vehicle and procedure.

3) The original micro- 3) Proof should be obtained
organism must be that the agent in an unaltered
recovered from the state acts upon the conceptus
experimental animal either directly or indirectly
and grown in pure through the placenta.
culture.

Fulfillment of the first two conditions is sufficient to

define a teratogenic agent with the third condition being

desirable but not essential.

Man's fascination with monstrous births and his

attempts to understand them have led to the modern ideas

of teratogenesis and mutagenesis and the development of a

variety of experimental systems to explore the mechanisms

of fetal anomalies.

Ancient Teratology

Monstra . . . id est ubi forma materiam non domuit.
[Monsters . . . where the form did not give rise to
the matter.]

Aristotle Fasica II
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The history of man's fascination with congenital mal-

formations is at least as old as the written word. Many of

the monsters referred to in early writings are obviously

figments of the imagination. Others, however, have great

basis in fact and, when described, are easily recognized by

physicians as actual, though in some cases rare, congenital

malformations. The history of these actual monstrous births

is the history of teratology.

The birth of babies who are malformed, monstrous, or

"marked by God" has always had a great effect upon those who

have seen them. These malformed offspring have caused

bewilderment, fright, horror, and in some cases have been

given religious significance. Man has always believed that

"like begats like"; yet these creatures in some cases only

rudimentally resembled their normal human parents. Man has

always tried to explain his universe on the basis of his

knowledge and abilities, and the existence of human "monsters"

is no exception. Theories of the origin and meaning of

congenital malformations are summarized by Ballantyne (1904)

and Warkany (1971).

Malformations as Portents

One of the earliest reactions of man to congenital

birth defects was to perceive them as portents. It must have

seemed obvious to ancient man that such unique and intriguing

events must have some sort of underlying meaning. Monstrous
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births have been interpreted as good or bad omens in Asiatic

countries, Greece, and Rome. Such occurrences can be traced

back to the early records of the priests of Mesopotamia

(Warkany 1971). The most extensive early records of con-

genital malformations are those of Babylonian priests. These

records are in the form of clay tablets found near the Tigris

River (Warkany 1971; Oppert 1871). The appearance of children

or animals born with striking defects was used for telling

the future. Malformations of the ears, nose, mouth, sex

organs, and digits were thought to indicate the future of the

King, the land, or the parents of the offspring (Ballantyne

1904; Dennefield 1914; Warkany 1971). During the Middle Ages,

interpretation of monstrous births played an important role in

times of crises. Many popular pamphlets stated that unusual

births predicted catastrophes (Warkany 1977). Ambroise Pare's

Chyrurgery, written in 1579, considered monstrous births to

be "signs of punishment at hand" (Warkany 1977).

Early Etiology

The Theory of Hybridization

In addition to trying to understand the meaning of

monstrous births, there were many attempts at explaining the

causes of such events. One such early explanation was the

theory of hybridization, the once widespread belief that

different species, namely men and animals, could interbreed

to produce monstrous offspring (Warkany 1977). As absurd
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as this idea seems today, it is easy to see its origin since

several congenital malformations result in human offspring

having the appearance of animals or having animal-like parts

or appendages. A brief survey of a pictoral catalog of human

congential malformations reveals many such abnormalities if

one is predisposed toward such an interpretation. An unusual

partial arhinencephally with bilateral proboscis combined

with unilateral anophthalmos appears to be a child with a

pair of horns (Gitlin and Behar 1960). Microcephalics and

anencephalics have a simian appearance. Humans with caudal

appendages appear to have a tail (Warkany 1971).

Indeed, many modern medical terms for malformations

are based upon their similarities to animals or animal-like

parts. A child with cebocephaly has a face characterized by

a flat and rather rudimental nose that supposedly resembles

that of a platyrrhinic monkey. Other examples of animal

resemblences are phocomelia, or seal limbs, and "lobster claw"

(Warkany 1971).

Malformations from Demonic Influences

Yet another theory considered the cause of malformations

the result of associations between human beings and demons,

witches, or other evil consorts. A predisposed populace

assumed that deformities resembling any of the imaginary

features of the devil must be of demonic origin. Such signs

included hairy nevi, ichthyosis, club feet, shortening of the
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upper extremitis, long and deformed ears, and syndactylism

(Warkany 1977). Many pamphlets and broadsheets exist which

supposedly show creatures of demonic origin with wings in

place of arms, probably illustrating such malformations as

phocomelia, syndactylism, or polydactylism. Other illus-

trations included the tails and trunk-like noses mentioned

above (Hollaender 1922).

Malformations from Maternal Impressions

Another cause of congenital malformations was thought to

be maternal impressions. Supposedly, the visual impressions

and the emotions of a woman during pregnancy could effect

the formation of the fetus. This theory was very widely

accepted. Unlike hybridization and Satanic influence, which

generated much debate and were very hard to prove scien-

tifically, it was almost always possible for a mother to

connect what she might have seen during pregnancy with the

resultant monstrous offspring. Additionally, the idea of

maternal impressions allowed the mothers of malformed children

to be considered innocent victims of accidental sightings

rather than active participants in some deviant activity.

Consequently both mother and child were better tolerated by

society. Some of the best minds of the sixteenth century

adopted the theory of maternal impressions. Pare considered

a wayward maternal imagination as one of his thirteen causes

of monsters (Warkany 1971). At about the same time the French
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essayist Montaigne (1892), also known as "the great sceptic,"

wrote an essay entitled, "On the Power of Imagination."

As knowledge of embryology and animal teratology

increased, many scientists objected to such a primitive

explanation for malformations. Despite such protestations,

the theory lasted through the nineteenth and twentieth

centuries. In 1899, Keating's Cyclopedia of the Diseases

of Children recorded ninety instances of defective children

giving for each the. "cause or nature of the impression"

(Keating 1889). There was a publication as late as the

twentieth century which explained the teratogenic effects

caused by the release of cortisone during stress (Strean

1958) which was latter disproved (Warkany and Kalter 1962).



CHAPTER II

BIOLOGICAL THEORIES OF MALFORMATION

Early Ideas

While superstitious and fantastic explanations of con-

genital malformations prevailed, biological theories also

existed. These theories date back to early periods .of history.

The Greek philosopher Empedocles, who lived in the fifth cen-

tury B.C., considered montrosities as a type of stabilizing

selection in a surprisingly modern idea of evolution (Ballantyne

1904; Burnet 1930; Osburn 1899; Warkany 1971). Pliny the

Elder (1939), who lived in the first century A.D.., mentioned

many monstrosities in his Natural History. Though many of

his descriptions are utterly fantastic, others provide

excellent knowledge of known congenital malformations. In

the Bible there is evidence of knowledge of the effects of

alcohol and improper nutrition on the developing embryo in

an admonition of an angel to Manoh: "Now, therefore beware,

I pray thee, and drink no wine or strong drink, and eat not

any unclean thing" (Judges 13:4).

Aristotle (1943) showed that he had a good knowledge

of teratologic facts in his Generation of Animals. He knew

of the redundance and reduction of fingers, toes, hands and

feet; imperforate anus; absence of the gallbladder, spleen,

8
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and kidneys; and even situs inversus and polysplenia. He

also accurately described hermaphroditic and pseudoherma-

phroditic individuals. He did not believe in the theory of

hybridization if the body sizes and gestation periods of the

two interbreeding organisms were too dissimilar. Aristotle's

knowledge of malformations and his sound judgment are thought

to represent the height of ancient teratology (Warkany 1977).

The Beginning of Experimental Teratology

Much of the early work done in experimental animal

teratology was done on chicken eggs. Artificial incubation

of eggs was known in ancient Egypt. Both Hippocrates and

Aristotle noted the variability of embryos during the hatching

of eggs. In the eighteenth century, artificial incubation

was scientifically established by Reaumur, a French physicist

and physician (1683-1757). It was probably the failures of

artificial incubation, and the subsequent production of mon-

strosities, that stimulated the interest in eggs as the choice

for experimental teratology. In fact, Reaumur conducted

experiments on the effects of controlled temperature changes

on the chicken embryo (Warkany 1977). Etienne Geoffroy Saint-

Hilaire developed various teratogenic methods involving the

shaking and waxing of eggs to produce abnormalities (Ballantyne

1904). The experiments were repeated and extended by his

son, Isidore, and by Thompson in Scotland and Panum in Germany.

In the second half of the nineteenth century, Camille Dareste
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(1891) found that different teratogenic methods could result

in similar teratogenic effects as a result of arrested

development. By using chemicals and microbic toxins, applied

externally or injected into the albumin of the egg, Charles

Fere found alcohol, nicotine, and many drugs to be teratogenic

(Fere 1893-1901).

Many investigators of experimental teratology were also

very interested in development embryology. These investigators

laid the ground work for Stockard (1921) who, early in the

twentieth century, deduced that the specificity of an inducing

agent was not as important as the stage of embryologic develop-

ment at the time of interference.

The nineteenth century was a peak in the science of

teratology (Warkany 1971). While experimentalist were concen-

trating on the eggs of lower animals, pathologists of the

nineteenth century began to show a great deal of interest

in human congenital malformations. Many books were written

which were dedicated to cataloging and describing human

malformations. These include J. F. Meckel's Handbuch der

Pathologischen Anatomie (1812-1816); Etienne Geoffroy Saint-

Hilaire's Philosophie Anatomique des Monstruosities Humaines

(1822); Isidore Geoffroy Saint-Hilaire's Histoire Generale

et Particuliere des Anomalies de L'Organisation chez L'Homme

et les Animaux (1832); Otto's Monstrorum Sexcentorum

Descriptio Anatomic (1841); A. Forster's Die Missbildungen
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des Menschen (1865); F. Ahlfeld's Die Missbildungen des

Menschen (1880-1882); and C. Taruffi's eight-volume Storia

della Teratologia (1881-1984). As a result of the ground

work laid in the nineteenth century, two of the great works

on human malformations appeared in the early twentieth century.

These are J. W. Ballantyne's classic Manual of Antenatal

Pathology and Hygiene (1904), and E. Schwalbe's series, Die

Missbildungen des Menschen (1906), which is still being

continued and supplemented today.

One of the most important contributions to teratology

came during the nineteenth century from outside the field.

Mendel's Versuche an Pflanzen Hybriden (1866), though little

noticed for almost forty years, finally gave researchers a

possible mechanism for the appearance and inheritance of

malformations--a genetic explanation of teratology.

Twentieth Century Teratology

The idea that there might be mammalian teratogens was

not developed until recently. At the beginning of the

twentieth century, it was widely assumed in biology and

medicine that the mammalian embryo, because of its position

inside the uterus and maternal body, was not susceptible to

the same types of environmental factors as the externally

developed embryos of amphibians, fish, and chickens. This

idea was supported by Jackson (1925) who, in summarizing

earlier nutritional experiments, reported that maternal
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inanition or general malnutrition did not cause congenital

malformations. In 1929, however, Goldstein and Murphy (1929)

published accounts that terata had been observed in pregnant

women and animals after exposure to ionizing radiations.

This implied a susceptibility of the mammalian embryo to

environmental factors.

Between 1933 and 1937, Hale (1933, 1935, 1937) reported

that sows fed a vitamin A deficient diet during pregnancy

produced piglets without eyeballs. Some of the piglets also

had facial clefts, accessory ears, misplaced kidneys, and

occasionally, malformed hindlimbs. Hale believed that the

deficiency had disturbed the internal factors that control

the mechanism of development (Hale 1933). By performing

back-crosses, Hale was able to prove that the condition was

not hereditary (Hale 1935). It took more than twenty years,

however, to confirm the teratogenic effect of vitamin A

deficiency in pigs (Palludin 1961).

There were observations that gross mechanical factors,

such as trauma, hemorrhage, or anmiotic anomalies could

damage a fetus in utero, and that large doses of X-rays

could result in congenital malformations of the embryo

(Goldstein and Murphy 1929; Kaven 1938). These were con-

sidered uncommon, exceptional, and insignificant in

accounting for the bulk of congenital malformations.

In the 1940s Warkany and his associates were the first

to call attention to the fact that environmental factors,
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such as maternal dietary deficiencies and X-irradiation,

could adversely affect the intrauterine development of mammals

(Warkany and Nelson 1940; Warkany and Schraffenberger 1947).

Unfortunately, these findings did little to cause concern

about risks to the human embryo. Even Gregg's (1941) findings

that the rubella virus could change the course of normal

development in the human embryo was initially considered an

isolated occurrence.

Widespread realization that extrinsic factors could

adversely effect human development occurred only after the

appearance of an epidemic of limb-reduction malformations in

newborns caused by pregnant mothers taking thalidomide, a

supposedly harmless sedative-hypnotic drug. As reported by

Lenz (1961) and McBride (1961), the thalidomide catastrophe

called attention to the fact, as had no prior event, that

human and other mammalian embryos can be highly vulnerable

to certain environmental agents, even though these have

negligible or no toxic effects in postnatal individuals

(Wilson 1977).



CHAPTER III

PRINCIPLES OF MODERN TERATOLOGY

As research has progressed, certain generalizations

concerning the nature of the susceptibility of the mammalian

embryo to teratogenesis have emerged. First proposed in

1959, these six basic principles have been accepted by

various groups, including the World Health Organization

Scientific Group (1966), and the Panel on Reproduction of

the Food and Drug Administration's Advisory Committee on

Protocals of Safety Evaluation (1969).

Susceptibility to Teratogenesis Depends on the
Genotype of the Conceptus and the Manner

in Which This Interacts with Adverse
Environmental Factors

Some species respond more readily to certain teratogenic

agents than others. There are several possible causes for

this phenomenon. Different species have different genomes

and therefore do not possess identical metabolic pathways.

An agent that is teratogenic in one species may be metabolized

into a harmless compound in another. Thalidomide, for

instance, which is extremely teratogenic in humans, monkeys,

and rabbits has little, if any effect on rats and mice (Shepard

1983). Along the same lines, the metabolic characteristics

of the maternal animal may act as a controlling factor in

14
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species differences. It is now recognized that maternal meta-

bolic patterns may also be involved in interactions between

various chemical agents (Burns 1970).

Within a single species there also exist strain

differences. Varying incidences of cleft palate in different

strains of mice similarly treated with cortisone were observed

by Fraser and Fainstat (1951). Zimmerman and Bowen (1972)

compared the sensitivity of three strains of mice prone to

triamcinolone-induced cleft palate and found that maternal

animals from the different strains metabolized the drug at

various rates. This resulted in different doses of the drug

being delivered to the conceptuses of the different strains.

Even within homogeneous strains of animals, it is well known

that all offspring in a litter do not react similarly to

teratogenic treatment. A single agent often causes some

embryos to die and resorb, some to be stillborn at term, and

some to survive with varying degrees of malformation, while

others develop normally.

Maternal phenotype and implantation site within the

uterus may also act with the genotype of the embryo to cause

deviations from normal development. In 1960, Trasler, using

a stock of mice prone to spontaneous cleft-lip, observed that

embryos implanted near the ovaries were significantly more

prone to defects than those at other sites in the uterus.

This difference occurred with or without teratogenic treatment

(Wilson 1973).
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Susceptibility to Teratogenesis Varies with the
Development Stage at the Time -of Exposure

to an Adverse Influence

The Early Refractory Period

Through fertilization, cleavage, the blastocycst stage,

and the early germ-layer stages, there is little teratogenesis,

though appreciable lethality may occur. This refractory

period has been repeatedly demonstrated with a variety of

agents including irradiation (Hicks 1953; Russell 1958; Wilson

1954), vitamin deficiencies (Cheng, Chang, and Bairnson 1957;

Nelson et al. 1955), and vitamin excess (Cohlan 1954). The

refractory period is thought to be the result of the non-

differentiated state of the cells. Before differentiation

all cells are alike in their metabolic needs and will probably

react similarly to a teratogenic insult. A teratogenic

stimulus adequate to kill or damage a portion of such a homo-

geneous population of cells would kill the embryo or retard its

growth but ordinarily would not cause specific malformations

(Wilson, Brent, and Jordon 1953).

Highest Susceptibility During Organogenesis

The greatest teratogenic danger to the conceptus occurs

during early organ development (organogenesis). During

organogenesis the major processes within the embryo are

differentiation, mobilization, and organization of cells and

tissue groups into organs. Interference with development at

this stage causes gross structural defects or malformations.



17

During this time the embryo is the most susceptible to

teratogens and many agents produce their highest incidence

of malformations (Ingalls and Curley 1957; Hicks 1953;

Russell 1950; Cheng, Chang, and Bairnson 1957; Nelson et al.

1955; Cohlan, 1954; Wilson 1957).

Although malformations are often most easily produced

soon after the structural differentiation of the target

organ begins, there may or may not be a correlation between

developmental events and the time that an agent is active.

For example, renal anomalies can be induced in rat embryos

by irradiating them on day nine of gestation even though

differentiated renal cells generally are not observed until

day twelve (Wilson, Brent, and Jordon, 1953). Skeletal

abnormalities have also been produced many hours before even

rudimentary skeletal structures are recognizable (Murphy

1959; Russell 1956). Despite this, most organs experience

their greatest susceptibility to teratogens during their

early development, that is, after the organ has begun to

differentiate. Even so, the total period of organ-specific

sensitivity may extend over several days. Many organs have

more than one susceptible period, reflecting the fact that

their development is multiphasic with vulnerable stages at

different times (Russell and Russell 1954; Landauer 1954).
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Teratogenic Resistance Increases During
the Fetal Period

As organogenesis advances during the latter part of the

embryonic period, but before it is complete, histogenesis

begins and teratogenic susceptibility decreases. As a result

of successive cellular and tissue specializations, the

characteristics of early organ formation become less obvious

as primordial organs develop into definitive ones. If the

progress of histogenesis is disturbed, it may result in

structural defects at the tissue level which would be less

conspicuous than organ defects. As the organs become more

complete, both teratogenicity and lethality steadily decline,

a sign of increasing resistance to teratogenic agents (Fraser

and Fainstat 1951; Kalter 1954; Dagg and Karnofsky 1955;

Wison 1954; Wilson, Brent, and Jordon 1953).

While histogenesis proceeds, functional maturation

begins and both processes continue throughout the fetal

period. With individual organs collectively becoming more

resistant to teratogenesis, the embryo as a whole also

becomes more resistant (Hicks 1953; Nelson et al. 1955).

The fetal period also includes growth toward the size and

proportions typical of the newborn infant. Interference

with development during the fetal period will primarily

result in growth retardation and functional disturbances.

Teratogenesis can even occur at a diminished level for a

short time after birth (Wilson 1973).
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Teratogenic Agents Act in Specific Ways
(Mechanisms) on Developing Cells and
Tissues to Initiate Sequences of
Abnormal Developmental Events

(Pathogenesis)

Unfavorable factors in the environment are able to

cause changes in developing cells or tissues that alter the

course of development. It is likely that an ordered sequence

of events lies between the initial change induced by an

environmental influence and the resulting pathogenesis. The

ultimate expression of that induced pathogenesis is a defect.

Nine such influences have been suggested as the teratogenic

mechanisms that act upon the developing systems of the con-

ceptus to initiate abnormal development. These include gene

mutations, chromosomal mutations, mitotic interference,

altered nucleic acid integrity or function, lack of normal

biochemical precursors, altered energy sources, changes in

membrane characteristics, osmolar imbalance, and enzyme

inhibition. These mechanisms may occur singly or in com-

bination. Any causative agent may initiate one or more of

these mechanisms just as any one mechanism may be set off

by many different causes (Wilson 1973).

As a result of these mechanisms, pathogenesis can

usually be shown to begin as the result of one or more

occurrences. These include cell death (Gruenwald 1958;

Menkes, Sander, and Ilies 1970); reduced biosynthesis

(Ritter, Scott, and Wilson 1971; Scott, Ritter and Wilson
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1971); impaired morphogenic movement (Trinkaus 1965); failed

tissue interaction (induction) (Saxen and Toivonen 1962);

and mechanical disruption (Grabowski 1970). All five types

of abnormal embryogenesis conceivably could lead to a

situation where there are too few cells or cell products for

normal localized morphogenesis or functional maturity to

occur. In fact the majority of developmental defects involves

deficiencies of tissue elements or of their biochemical

products (Wilson 1973).

Even the final defects which do not overtly involve

tissue deficiency may include, in their early pathogenesis,

a phase in which cell death plays a part. It has been

observed that certain cytotoxic agents, which kill cells and

initially cause localized cellular depletion, ultimately may

result in tissue-excess abnormalities (Scott, Ritter, and

Wilson 1975).

The Final Manifestations of Abnormal Development
are Death, Malformation, Growth'Retardation

and Functional Disorder

Though the final manifestations of abnormal development

are death, malformation, growth retardation, and functional

disorder, animal experiments with radiation have shown that

these are not equally likely to occur at all exposure times

(Brent 1969; Russell and Russell 1954; Wilson 1954). During

early organogenesis both embryonic death and malformation
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have been readily induced by most teratogenic agents (Nelson,

Asling, and Evans 1952; Nelson, Baird, and Wright 1956;

Landauer 1958; Grabowski and Parr 1958; Waddington and Carter

1952; Wilson 1955). As intrauterine development progresses,

both death and malformation of the conceptus become less

likely to occur, and the possibility of growth retardation

and functional deficiency increases (Hurley 1968).

Even though embryonic death and malformation reach

their peaks at approximately the same time, in many

situations they should be regarded as separate mani-

festations rather than as different degrees of reaction

on the part of the embryo to the same type of injury. If,

after teratogenic treatment, embryonic stages are examined,

several types of malformations are found which are rarely

seen if the offspring are allowed to reach term (Beck and

Lloyd 1963; Kaven 1938; Wilson and Warkany 1949). This

implies that certain malformations themselves are the cause

of death in utero but does not exclude the possibility that

some induced mortality is independent of malformations.

The Access of Adverse Influences to
Developing Tissues Depends on the
Nature of the Influence (Agent)

There are two major types of teratogenic influences

or agents--physical and chemical. The parental body offers

some degree of protection from physical influences, but the

effectiveness of this shielding varies with the type of
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agent. A notable exception among physical factors is ionizing

radiation which, although reduced in intensity by its passage

through parental tissues, is able to penetrate developing

tissues in some fraction of its air dosage (Wilson 1973).

This implies an effect, not only upon developing embryonic

tissues, but also upon both male and female germ cells.

Chemical agents, when present at a level that is more

than negligible, probably always reach germ cells, embryos,

or fetuses in some fraction of their concentration in the

parental bloodstream. The concentration of foreign agents

in the parental bloodstream tends to be reduced by such pro-

cesses as catabolic degradation (detoxification), excretion,

protein binding, and tissue storage. The reduction of the

initial concentration by half (half-life) may require many

hours (Wilson 1973).

Depending.on the nature of the compound, the placenta

is often able to maintain a concentration gradient that is

lower on the embryonic or fetal side than on the maternal

side. Nevertheless, the placenta can not be regarded as an

impervious barrier because it probably does not absolutely

exclude any chemical agent (Villee 1967). The amount of

chemical transported per unit time ultimately depends on its

lipid solubility, degree of ionization, whether it is com-

plexed with other compounds, existence of transplacental

concentration gradient, and metabolism of the compound by
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the placenta itself. Even molecules of large size and high

electrical charge are known to cross the placenta at a slow

rate (Moya and Thorndike 1962; Ginsburg 1971).

Regardless of its effectiveness in vitro, a particular

agent may fail to be teratogenic or mutagenic in mammals.

It simply may never reach the in vivo embryo or germ cell

in an effective dosage. The degree of absorption, metabolism,

and elimination of a chemical agent by the paternal organism,

as well as its transport by the placenta, are determined by

the properties of the agent (Wilson 1973).

Manifestations of Deviant Development
Increase in Frequency and Degree as

Dosage Increases, from the
No-Effect to the Totally

Lethal Level

The effect of a teratogenic agent changes with dosage.

Initially, there is a no-effect level of dosage. At this

level the rate of malformation and intrauterine death does

not exceed those levels seen in control populations. As

dosages increase, a threshold is reached at which both

embryonic deaths and malformations are readily induced. The

appearance of both of these manifestations occurs at approxi-

mately the same dosage. As the dosage level continues to

climb, both tend to increase in dose-related fashion (Nelson,

Asling, and Evans 1952; Nelson et al. 1955; Nelson, Baird,

and Wright 1956; Landauer 1958; Grabowski and Parr 1958;

Waddington and Carter 1952; Wilson 1955).
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The dose response curve for embryotoxic effects has,

a steep slope, sometimes going from minimum to maximum by

merely doubling the dose. Within the embryotoxic range,

increased dosage produces an increased degree of response.

Increased dosage also can lengthen the period of gestation

during which a particular defect may be induced (Russell

1956; Warkany and Schraffenberger 1947). In addition, the

composition of the syndromes observed at various dosages in

terms of the varieties of defects seen can also be expected

to expand as dosage increases.

High embryotoxicity has frequently been shown to be

associated with minimal maternal toxicity (Giroud et al.

1951). If dosages continue to be increased, high embryo-

toxicity, with its high rate of malformations, will begin

to yield to embryolethality. This will continue to the

point that there will be no survivors at term. Further

increases in dosage beyond that causing total embryolethality

will eventually reach levels that are first toxic, and then

lethal to the maternal organism (Wilson 1973).



CHAPTER IV

MUTAGENESIS

From Teratogenesis to Mutagenesis

As the basic principles of teratogenesis were being

established, it became evident that all types of abnormal

development could not be explained in terms of teratogenic

agents. As a result, a new field has emerged--mutagenesis.

Mutagenesis is any process that results in a mutation--a

transmissable change in the nucleotide sequence or number

of one or more strands of chromosomal DNA. Though somatic

cell mutations do occur, in terms of abnormal development

mutagenesis refers to changes in the genome of germ cells.

The different types of mutations are summarized in Table 1.

Just as with teratogenesis, mutagenesis may have an

immediate impact at birth if it is a dominant mutation, a

sex-linked mutation, or a chromosomal aberration. However,

the expression of mutagenesis may not occur for two or more

generations if it is a common recessive, and perhaps never

if it is a rare recessive.

Mutagens do not seem to require the immature target

tissues that teratogens do. Gene mutations have not been

shown to be more easily induced in germ cells or immature

tissues than in mature ones. On the contrary, one study with

25
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mice revealed that alkane sulfonic esters are more likely

to induce dominant lethal mutations in mature sperm than in

spermatids (Ehling et al. 1968). Additionally, mutagenic

agents rarely show agent-response specificity common to

teratogens (Wilson 1961).

Teratogenesis is an acute toxicologic phenomenon in

which only short or instantaneous exposure can result in a

manifestation within a relatively short time. In some cases,

such as with X-rays, mutations may also be instantaneously

induced. In other situations, however, they seem to be the

consequence of continuous or repeated "hits" on the genome.

The final expression of mutagenesis may be delayed in the

extreme.

Zero-tolerance is a controversial concept which implies

that an agent found toxic at any dose is unsafe at all doses,

regardless of how small. Zero-tolerance denies the existance

of a "no-effect" range of dosage. Authorities such as Herman

J. Muller have contended for many years that there is no safe

dose of ionizing radiation as far as mutations are concerned

(Wilson 1972). Conversely, teratogenic agents can, under well

controlled conditions, usually be shown to have a no-effect

range of dosage (Wilson 1964, 1968).

The Major Tests for Chemical
Mutagenesis

Chemical mutagens are found virtually everywhere in

our environment. Today, more than four million chemicals
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exist with an additional six thousand new chemicals being

synthesized each week. Of these it is estimated that some

sixty-five thousand are in "common use" (Singer and Grun-

berger 1983). Obviously, not all chemicals are a mutagenic

threat. Even so, the potential for chemically induced human

mutagenesis is enormous and growing every day. Since it is

impossible for potential mutagens to be tested on humans,

many non-human mammalian screening tests have been and are

being developed. Below is a brief summary of some of the

major tests for chemical mutagenesis as reviewed by Adler

(1983) and Generoso (1986). Where available, the results

of the mutagenic tests for the three agents used in the

experimental research for this paper have been included.

These agents are triethylenemelamine (TEM), ethylnitrosourea

(ENU), and ethyl methanesulfonate (EMS).

Testing for Gene Mutations
in Germ Cells

There are several tests available for measuring the

induction of gene mutations in the germ cells of mice. The

specific-locus test (SLT) was developed in the late forties

(W. L. Russell 1951). In the SLT the parents are homozygous

for a number of recessive markers that produce externally

visible phenotypes. These include coat color, eye color and

pigment distribution, and external ear morphology. One parent

is treated with the suspected mutagenic agent and the other
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is not. Consequently, a recessive mutation, or the loss of

corresponding loci in the treated parent, will cause a pheno-

typic change. This change is usually detectable in Fl offspring

within two weeks of birth (Generoso 1986). The SLT has been

extensively used in the study of radiation induced mutations

in mice, and some twenty-four chemicals have been tested.

Using the SLT, TEM has been shown to cause mutations in both

spermatogonial and post-spermatogonial germ cells. EMS was

positive in post-spermatogonia and negative in spermatogonia.

ENU showed positive results in spermatogonia and inconclusive

results in post-spermatogonia (Adler 1983).

The specific-locus test with biochemically detected

markers, developed about 1973, is one variation of the SLT

(Valcovic and Malling 1973; Malling and Valcovic 1977, 1978;

Narayanan 1977; Feuers et al. 1982). Instead of morphological

markers, biochemical markers and techniques are used for the

detection of mutations. In this test the electrophoretic

patterns of thirty-two proteins from the F1 mice are compared

to the patterns of their parents. This test has been used

with X-rays, TEM, ENU, EMS, and procarbazine hydrochloride.

Yet another variation of the specific-locus test

involves immunological markers. The specific-locus test with

immunological markers (H test) is used to detect changes in

the alleles of about forty histocompatibility genes. Mutations

are indicated by the rejection of skin grafts among F1 progeny



30

or between the parents and the Fl progeny (Harnasch and Stumpf

1984). Six chemicals have been tested to date.

Two other methods for detecting chemically induced germ

cell mutations are the skeletal mutation assay and the cataract

mutation assay. The skeletal mutation assay was developed

in the sixties (Ehling and Randolph 1962; Ehling 1965, 1966).

It is designed to detect dominant mutations that affect the

skeletons of mice. This assay has been used for radiation and

with ENU. The cataract mutation assay was developed in the

late seventies (Kratochvilova and Ehling 1979; Kratochvilova

1981). It has also been used with radiation work and ENU.

There is also a test for X-linked recessive lethal

mutations in mice. So far this test has been used for

radiation work only (Luning and Eiche 1975; Lyon, Phillips,

and Fisher 1982).

Mutagenically induced abnormalities in male germ cells

can be detected by the sperm abnormality assay (Bruce, Furrer,

and Wyrobek 1974). Developed in the seventies, this assay has

been used with radiation and about sixty chemicals including

EMS which has been shown to cause sperm abnormalities. TEM and

ENU have not been tested (Adler 1983). The sperm abnormality

test has also been modified and complemented by the addition

of staining for glycerolphosphate dehydrogenase activity

(Burkhart, Ray, and Malling 1982). This method has been used

with procarbazine hydrochloride.
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Testing for Gene Mutations in Somatic Cells

The mammalian spot test can detect gene mutations in

somatic cells (L. B. Russell and Major 1957; L. B. Russell

1977; L. B. Russell et al. 1981; Fahrig 1977, 1978; Braun,

Russell, and Schoneich 1982). Results are based on fur

color spots in mice which are supposed to be the results of

mutations at several of the recessive loci used in the

specific-locus test. TEM, EMS, and ENU all show positive

results in this test (Adler 1983). A new method has been

developed to test for somatic mutations at the cellular

level (Searle and Stephenson 1982). This test makes use

of the fact that recessive mutations at two loci can change

the shape of the pigment cells in the hair follicle. So

far this test has been used with radiation and procarbazine

hydrochloride.

Testing for Chromosome Mutations

The best established test system for chromosome

mutations is the heritable translocation test (HTT). This

test was originally developed for radiation work (Snell 1934;

Carter, Lyon, and Phillips 1955; Leonard and Deknudt 1968).

Chromosomal rearrangements, mostly reciprocal translocations

that are passed on to viable offspring, can be detected with

the HTT. Mutant F1 males are identified by cytological

examination or on the basis of any deviation from normal

fertility (Generoso 1986). This test produced conclusive
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results for twenty-one agents (L. B. Russell et al. 1984).

TEM has been shown to have a weakly positive effect in

spermatogonia and a positive effect in post-spermatogonia.

Both EMS and ENU showed positive results in post-spermatogonia

with ENU also showing positive for spermatogonial cells

(Adler 1983).

The test for sex chromosome loss uses a genetic marker

system for the detection of XO's in the Fl offspring. The

parental animals used in the cross have different alleles

at one or more loci on the X chromosome. If an X or Y

chromosome is lost from the treated parent's germ cells, the

resultant daughter will be a mutant, visibly distinguishable

from normal XX daughters (Generoso 1986). This test has been

used with TEM, methyl methanesulfonate, isopropyl methane-

sulfonate, and hycanthone (L. B. Russell 1976).

The dominant-lethal test (DLT) (W. L. Russell, L. B.

Russell, and Kimball 1954; Bateman 1960) is based upon the

dominant-lethal effect. The dominant-lethal effect is the

killing of conceptuses during early embryonic development

by genetic damage induced in erm cells. This damage is

usually in the form of a major genetic imbalance as a

result of postmeiotically induced chromosome breakage or

asymmetrical exchanges. It may also be the result of

premeiotically or meiotically induced translocations or

nondisjunction. The dominantrlethal test is the most widely
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employed mammalian germ line test (Generoso 1986). EMS

and TEM both test positive in the dominant lethal assay.

Specifically, TEM induces chromosomal aberrations in

differentiating spermatogonia. Both also have been shown

to induce chromosomal damage in somatic cells (Adler 1983).

Cytogenic Assays

Cytogenic assays are available on almost every

mitotically active somatic and germ cell (Adler 1983).

Meiotic chromosomes can also be evaluated (Brewen and

Preston 1973). The micronucleus assay provides an analysis

of chromosome damage in anucleate polychromatic erythrocytes

(Schmid et al. 1971). The sister-chromatid exchange test

(SCE), first used in vitro (Wolff and Perry 1974), has since

been modified into an in vivo test with both somatic and

germ cells (Allen and Latt 1976; Bayer and Marquardt 1977).

Test for Nondisjunction

A test for X-chromosome nondisjunction in male germ

cells has recently been developed (Tates et al. 1979). In

this test, using the field vole (Microtus oeconomus), the

various distribution patterns of heterochromatic blocks in

early spermatids are distinguished between the completely

heterochromic Y and the centromeric heterochromatin of the

autosomes and the X-chromosome. Accordingly, the stage of

meiosis at which nondisjunction occurs can be determined.



34

If it occurs in the meiosis I, an XY spermatid will result.

In meiosis II, XX and YY spermatids will be generated (Adler

1983).

Tests in Maternal Organisms

In the past, testing for germ-line mutagenesis has

focused upon the effects of mutagens on male germ cells.

One of the main reasons for this is the possible existence

of a "maternal effect". When the maternal organism is treated,

the chemical agent being tested could have a long-lasting

effect upon the health of that organism. This raises the

possibility that anomalies observed in the offspring, either

at or before term, may be the result of the inability of the

mother to provide normal gestation. In contrast, the effect

of a mutagenic agent on the health of the male organism can

be discounted as long as it does not impair his ability or

willingness to mate.



CHAPTER V

INTRODUCTION TO MOUSE EMBRYOLOGY

The experiments which were the catalyst for this thesis

utilized the common house mouse, Mus musculus, as a mammalian

model for the screening of teratogenic and mutagenic chemicals.

Accordingly it is important to understand the embryology,

and specifically the early embryology, of the mouse as treat-

ment of the embryos occurred six hours after mating.

The common house mouse is considered by many to be the

best animal to use in modern biochemical research. It has

many varieties, convenient size, good fertility, short

gestation, and is easily maintained. In addition to this,

and perhaps equally important, the mouse is variably

susceptible and resistant to different infections and has

exemplification of many diseases that affect man (Morse

1981). There are nearly three hundred highly imbred strains

of mice available for laboratory research. From these, over

four hundred genetic loci have been identified (Wilkins 1986).

The Structure of the Mouse Genome

The diploid chromosome number in Mus musculus is forty.

There are nineteen pairs of autosomes and one pair of sex

chromosomes. Sex determination in the mouse is by the X-Y

35
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system with XX individuals being female and males being XY.

Sex is determined by the absence or presence of the Y chromo-

some. All chromosomes are acrocentric (Wilkins 1986).

There are 3 x 109 base pairs in the haploid mouse

genome with 8-10% of the genome consisting of highly repeated

satellite DNA. This is principally a 140 bp adenine-thymine-

rich repeat reiterated 106 times in the centromeric hetero-

chromatin. The single copy fraction of the genome is 60-76%

and the midrepetitive fraction is 15-25% (Church and Schultz

1974; Ginelle et al. 1977).

The functional significance of the pattern of sequence

interspersion is not known. Individual midrepetitive.

sequences probably do not have major, direct roles in con-

trolling the expression of individual genes. It is thought

that they may have some general function in chromosome

folding or in replication, implying an indirect influence

on gene expression (Wilkins 1986).

The Development of the Mouse Oocyte

The development of the mouse oocyte, which begins even

before the maternal organism is born, occurs in two distinct

phases. The first phase begins during the midembryogenesis

of the maternal animal and continues until five days after

its birth. During this time, primordial germ cells form

into oogonial stem cells. These stem cells then give rise
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to the immature occytes which are held in the late diplotene

stage of meiosis I.

The second phase, which begins when the maternal

organism reaches sexual maturity, involves the growth and

maturation of the oocyte. Major cytoplasmic organelles, such

as the ribosomes, endoplasmic reticulum, and mitochondria,

differentiate during this phase. There is also marked

synthesis and accumulation of proteins (Wilkins 1986). This

includes histone proteins (Wasserman and Mrozak 1981) and

tubulin (Schultz et al. 1979). The second phase is also one

of active transcription of both ribosomal and informational

RNA (Bachvarova 1974). This includes the synthesis of poly

A+ mRNA which accounts for 9.6% of the total RNA count in

the mature oocyte (Bachvarova and DeLeon 1980).

Oocyte growth and differentiation ends about six days

prior to ovulation. In the last nine to ten hours before

ovulation, the oocyte reenters meiosis and completes the

first meiotic division, giving rise to the first polar body.

Then the oocyte nucleus, without reformation of the nuclear

membrane, goes directly into meiosis II, halting at meta-

phase (Wilkins 1986).

Ovulation and Conception

The female mouse copulates only during estrus when

ova are becoming ready for fertilization (Rugh 1968). The

timing of fertilization can be gauged fairly accurately under
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controlled conditions because receptivity to mating closely

correlates with ovulation (Wilkins 1986). Estrus usually

begins around midnight with mating most commonly occurring

during the night hours, generally around 2 A.M. (Rugh 1968).

Upon ovulation, the ovum is released from the follicle into

the oviduct. It is surrounded by a polysaccharide-rich

envelope, the zona pellucida, and a group of follicle cells,

the cumulus oophorus (Wilkins 1986).

Spermatozoa introduced into the vagina can be found

in the ampulla of the uterus within minutes. Regardless,

a considerable time may elapse between copulation and

fertilization of the ova if its cumulus cells are not mature

at the time of mating. Generally, all eggs of a single female

are fertilized within six hours of mating. This is possible

because spermatozoa retain their motility and ability to

fertilize for eight hours. Because of the need in experiments

to pinpoint the actual time of fertilization, morning matings

are used by most labs to insure that ripe eggs, ovulated six

to eight hours earlier, are in the ampulla of the oviduct.

This technique is possible because the fertilizable life of

an ovum is approximately fifteen hours (Rugh 1968).

Fertilization involves sperm penetration through the

cumulus oophorus and the zona pellucida. Following entry,

the sperm head is converted into the pronucleus and loses

its compliment of chromosome-coating protamines. These are
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replaced by histones and acidic proteins from the maternal

cytoplasm (Wilkins 1986). Pronuclear synthesis begins at

about twelve hours after mating. It reachs a maximum at 16

hours, and ends at 20.5 hours (Tanaka 1981). The first

cleavage of the ovum does not occur until twenty-four hours

after fertilization. Successive divisions occur about every

twelve hours (Wilkins 1986).

Evidence of a successful mating is a vaginal plug.

The vaginal plug is a coagulum of fluid .from the vesicular

and coagulating glands of the male. The plug occludes the

vaginal orifice and usually hardens to such a degree that

mechanical removal would injure the vaginal mucosa and

uterine ligaments (Rugh 1968).

Embryonic and Fetal Growth

The period of embryonic and fetal growth is the time

from fertilization to birth. During the first 4.5 days, the

conceptus remains an unattached, independent embryo under-

going cleavage. When the embryo implants in the uterine

wall during the late blastocyst phase, it will contain

approximately 120 cells. These cells represent two major

cell populations, the outer trophectoderm layer, and an

enclosed inner cell mass. The embryo proper, the fetus,

will eventually develop from the inner cell mass (McLaren

1976).



40

Implantation marks the beginning of maternal-dependent

growth and development. During the first stages of post-

implantational development the three germ layers form within

the inner cell mass. After 7.5 days, only 3 days after the

120 cell stage, the embryo proper consists of approximately

105 cells (McLaren 1976). Major periods of organogenesis

occur at days 6-8 and 10-12 (Generoso et al. 1987). Term

is reached sometime between days 18-20.

Expression of the Zygote Genome During
Preimplantation Development

The maternal mRNA pool is unusually large in the mouse

zygote. This maternal mRNA pool was found to decline to 60%

of its prefertilization content during the first twenty-four

hours of development (Bachvarova and DeLeon 1980). Despite

this, the embryo becomes dependent upon its own genome for

transcription early in its development. Using [3Hiuridine

incorporation, Knowland and Graham (1972) placed the beginning

of embryonic transcription at the middle of the two-cell stage.

With the same label, Levey et al. (1978) similarly located

the beginning of nonribosomal nuclear RNA and of poly A+ mRNA

at this point. However, when [3 H]adenosine, which is taken

up more efficiently than uridine, is used, the synthesis of

new species of nuclear RNA and poly A+ mRNA is found to begin

in the middle of the one-celled stage. However, the formation

of labeled poly A+ messengers at the one-celled stage primarily
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involves the addition of poly A tails to preexisting maternal

mRNAs (Clegg and Piko 1982).

Protein synthesis is active throughout early

development and even occurs in the unfertilized oocyte. Much

of this early synthesis is carried out on maternal templates

with zygotic genome-encoded protein products detectable by

the early two cell stage (Pratt et al. 1983).

There appears to be some posttranscriptional regulation

of the maternal mRNA pool. These regulated messengers code

for a group of proteins of 35 kd which first appear in the

late one-cell stage. The scheduled synthesis of. these pro-

teins occurs at normal levels, even in the presence of a drug

concentration of the transcription inhibitor gamma-amanitin

sufficient to inhibit all in vivo RNA polymerase II activity.

Furthermore, in an in vitro protein synthesizing system,

maternal mRNAs extracted from unfertilized eggs were found

to be translated into protein quantities comparable to those

of two-celled embryos (Brande et al. 1979). This would

suggest that the responsible mRNAs are held in a state that

is unfavorable for translation until the two-cell stage of

development. At this point something must occur which turns

on the translational apparatus. This signal could be a timed

polyadenylation of the messengers which would permit them

to be transported out of the nucleus. Indeed, the onset of

translation correlates with the approximate period in which
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long poly A tails are added to preexisting maternal mRNAs

(Cleg and Piko 1982). This same phenomenon has also been

observed in Drosophila (Mermod et al. 1980) and in the sea

urchin (Wells et al. 1981; Raff 1983).

The cellular functions of these posttranscriptionally

controlled proteins, and the significance of their controlled

translation is unknown. One possible explanation is that

these regulated mRNAs might code for proteins required in

abundance by the early embryo, and therefore must be supplied

by maternal templates. It is also possible that their "pre-

mature" translation could cause some kind of damage to the

embryo (Wilkins 1986).



CHAPTER VI

MATERIALS AND METHODS

The experiments carried out in conjunction with this

thesis are an extension of the work being done by J. C.

Rutledge, M.D., Department of Pathology, University of Texas

Health Sciences Center, Dallas, and the Children's Medical

Center; and of W. M. Generoso, Biology Division, Oak Ridge

National Laboratory, Oak Ridge, Tennessee. These experiments

were designed to investigate three questions: (1) is the

extent of the teratogenic damage observed in mouse embryos

treated with ethylmethane sulfonate dependent upon the strain

of mouse used in the experiment, (2) is the extent of tera-

togenic damage observed in mouse embryos treated with

ethylnitrosourea dose related, and (3) does the teratogenic

damage caused by treatment of mouse embryos with triethylene-

melamine in any way resemble that caused by the other two

agents.

Characteristics of the Chemical Agents

The three chemical agents used in this experiment are

ethylmethane sulfonate (EMS), triethylenemelamine (TEM), and

N-ethyl.-N-nitrosourea (ENU). EMS has the following physical

properties: (1) General formula--CH3 SO2OCH2CH3, (2) Molecular

43
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weight--124.15, and (3) Percentage composition--C 29.02%,

H 6.49%, 0 38.66%, S 25.82%. EMS is also known as methane-

sulfonic acid ethyl ester, ethyl methanesulfonic acid, and

ethyl mesylate.

TEM has the following physical properties: (1) General

formula--C9 H1 2N6 , (2) Molecular weight--204.23, and

(3) Percentage composition--C 52.92%, H 5.92%, N 41.15%.

TEM is also known as 2,4,6-tris(1-aziridinyl)-s-triazine,

2,4,6-tris(ethylenimino)-s-triazine, tretamine, NSC-9706,

2,4,6-triethyleneimino-1,3,5-triazine, and triamelin.

ENU has the following physical properties: (1) General

formula--H5N(NO)CONH2 , (2) Molecular weight--117.10, and

(3) Percentage composition--C 30.77%, H 6.02%, N 35.88%,

0 27.33%. ENU is also known as ethyl nitrosourea.

Actions of the Chemical Agents

EMS is a direct acting, monofunctional alkylating agent

that has been shown to react with the nitrogen atoms of the

G, A, and C nucleosides. It also causes ethylation of UMP

or dTMP. In double stranded polynucleotides it has been shown

to modify A, G, C, U, and T (Singer 1983). EMS is a known

mutagen, having been widely used with plants (Amano and Smith

1965) arid animals (Carlson and Oster 1962). Damage by EMS

is largely chromosome breakage. It has been shown to cause

dominant lethal mutations, heritable translocations, and a

few point mutations (Cummings and Walter 1970). It has also
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shown positive results in the specific-locus and sperm

abnormality tests (Adler 1983). EMS has an in vivo half-life

of four hours.

ENU is also a direct acting, monofunctional alkylating

agent. It has been shown to ethylate all oxygens and nitro-

gens in the nucleic acids of mammalian cells (Singer 1983).

ENU has also been shown to alkylate the ribose of RNA (Singer

1976). In fact, every oxygen in polyribonucleotides can

react with ENU. This has an adverse effect on mRNA function

Singer and Kusmierek 1976). Alkylation of nucleic acids by

ENU can cause gaps and random miss-pairing. In both DNA and

RNA, alkyl phosphotriesters are formed (Singer 1976). Phospho-

triesters inactivate RNA and therefore are lethal (Singer,

Sun, and Fraenkel-Conrat 1975). NU has been shown positive

in its ability to cause mutations in the specific-locus test

(Adler 1983). ENU has a in vivo half-life of eight minutes

(Singer 1983).

TEM is a difunctional alkylating agent. It has the

ability to cause cross-links in t4in-strands of DNA by the

difunctional alkylation at the N-7 of guanine (Lawley and

Brookes 1967). Interstrand crossi'links have been shown to

cause reversible denaturation of DNA (Geiduschek 1961). TEM

has been shown to cause dominant-lethal mutations as a result

of chromosome aberration (Fahmy arnd Fahmy 1954; Generoso et al.

1979). It has also shown positive results in the heritable



46

translocation test (Adler 1983; Cattanach and Williams 1971)

and the specific-locus test (Adler 1983). TEM has an _in vivo

half-life of eight hours.

Treatment

The treatment phase of this experiment was carried

out in the laboratories of W. M. Generoso at the Oak Ridge

National Laboratory. This experiment utilized five separate

groups of mice. Each group, regardless of strain or chemical

agent, was treated in the same general fashion. Twelve week-

old female mice were mated to 12-24 week-old males of the

same strain. Mating occurred during a thirty minute period

beginning at 7 A.M. At the end of the mating, those females

with vaginal plugs were randomized into treatment and control

groups. Six hours after mating, the mice in the treatment

group were injected intraperitoneally with the chemical agent

being tested. The dose was adjusted to individual body

weight. Mice in the control group were similarly injected

with an equal volume of the same transport medium used with

the chemical agent.

Two of the five experimental groups were treated with

250 milligrams of EMS per kilogram of body weight (250 mg/kg).

In one of these experimental groups, both males and females

were of the hybrid stock (C3H x C57BL)F1. In the second

experimental group both males and females were of the highly
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inbred T-stock. In both groups the transport medium was

Hanks' Balanced Salt Solution (HBSS) (Hanks and Wallace 1949).

In two additional experimental groups ENU was the

chemical agent being tested. In both groups all males and

females were of the hybrid stock (C3H x C57BL)F1. One group

was treated at a rate of 50 mg/kg, and the other group was

treated at a rate of 75 mg/kg. The control mice from these

two groups were treated with HBSS or a P04 buffered solution.

The last experimental group was used to test the effects

of TEM. The treatment group of mice received 1.2 mg/kg, and

the control group was treated with HBSS.

Preparation of Embryos

Pregnant females, from all experimental groups above,

were killed on day seventeen of gestation. The uterine con-

tents were examined for resorption moles, early embryonic

deaths, and late embryonic deaths. Resorption moles are

embryos that died just after implantation. Early embryonic

deaths are determined by the presence of embryonic masses

that lack eye pigment. This places their time of death prior

to the eleventh day of gestation when eye pigment generally

appears. Late embryonic deaths are those occurring after day

eleven. Both late dead and live fetuses were placed in neu-

tral buffered formalin for subsequent anatomical examination.

The bottles containing the fixed fetuses were coded and
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shipped to the laboratory of J. C. Rutledge, where the final

examinations were carried out.

Examination of Fetuses

The fixed, coded embryos were individually examined

at 16X magnification with a dissecting scope to detect

external anomalies. Additionally, a coronal section was

made through the area of the mouth to detect cleft palates,

and a crown-rump measurement was made to check for growth

retardation. Only definite anomalies, as periodically con-

firmed by Rutledge, were included in the final count. Dead

fetuses were not scored for anomalies since, in many cases,

tissue deterioration made it impossible to accurately do so.

When all scoring for an experimental group was completed and

confirmed, the code was broken so that the data could be

divided into the proper control or treatment group.

When possible, the most descriptive term was chosen

for each individual anomaly. In some cases, however, several

closely related anomalies were grouped under a single term.

The following is a list of the terms used, along with a brief

explanation of each:

1. A coloboma is eye pigment in the shape of a horseshoe.

2. The term slight lens defect indicates that one, or both

lenses were three-quarter moon-shaped, cat's-eye shaped,

or red.
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3. Eyelid anomalies (also called open eyes by Rutledge)

indicate the absence of upper and/or lower eyelids on

one or both eyes.

4. Exencephaly refers to the condition where the brain is

located outside of the skull.

5. A large omphalocele is where the intestines and the

liver are located outside of the abdominal wall.

6. A small omphalocele has occurred when only the small

intestines are outside of the abdominal wall.

7. An epigastric hernia means that the intestines are con-

tained inside of a sac that protrudes from the abdominal

wall.

8. Hindlimb anomalies refer to curved or rectilinear

positioning of one or both hindlimbs (Pinto-Machado

1985).

9. Forelimb anomalies mean that one of the forepaws is in

a dropped position (Pinto-Machado 1985).

10. Six digits means that an extra digit was found on one or

both forepaws. No extra digits were found on hindlimbs.

11. If the tail was in an unusual position or tightly curled,

it was noted as a tail anomaly.

12. The term abdominal wall defect was used when the mus-

culature in the abdominal wall was missing in the area

of the umbilicus. The severity of this defect ranged

from the appearance of an unusually wide base on the
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umbilicus, to the protrusion of the tip of the liver

through the abdominal wall. The nature of this defect

was confirmed through histological examination.

13. Edema, or fluid accumulation under the skin gave some

embryos a swollen, loose-skinned look.

14. One fetus had a redundant flap of skin on one nostril.

15. One fetus had a bump on the brow above one eye.

16. Growth retardation refers to those fetuses whose seven-

teen day crown-rump measurement was less than 1.6 cm.

An additional parameter, which can be highly correlated

with the crown-rump measurement is dry weight. Any

fetus whose dry weight was less than 75% of the mean

litter dry weight was considered small. Weighing was

used in some marginal cases to confirm retarded growth.

These measurements were made to reduce interobserver

variability.

Data

The data gathered from these experiments has been con-

densed into tabular form. Tables 2 through 7 list the raw

and calculated data from each of the three different compounds

tested. Tables 8 through 12 are summaries of the anomalies

detected in each individual experimental group. Please note

that the data for EMS 250 mg/kg hybrid stock and ENU 75 mg/kg

were collected by Rutledge.
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TABLE 2

RAW EXPERIMENTAL DATA--EMS

EMS EMS
(Hybrid Stock) (T-Stock)

Raw Data 250 mg/kg @ 6 Hours 250 mg/kg @ 6 Hours

Treatment Control Treatment Control

Vaginal Plugs . . 60 14 58 57

Pregnant ...... 57 14 52 53

Implants .... . .608 142 344 444

Resorption Moles . 190 7 144 67

Live Embryos . . . 231 134 101 367

Early Dead 55 --- 65 6

Late Dead ... 0 132 1 34 4

Live Fetuses with
Anomalies . . . . 68 1 63 6

Normal Fetuses . . 163 133 36 362

Anomalies .... 84 1 177 9
Pregnancies Leading

to Anomalies . 41 1 36 5
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TABLE 3

CALCULATED DATA--EMS

EMS EMS
(Hybrid Stock) (T-Stock)

Calculated Data 250 mg/kg @ 6 Hours 250 mg/kg @ 6 Hours

Treatment Control Treatment Control

Fertile . . . . . . 95.00% 100.00% , 89.66% 92.98%

Implants/Female . . 10.67 10.14 6.62 8.38

Living/Female . . . 4.05 9.57 1.94 6.92

Normal/Female . . . 2.86 9.50 0.69 6.83
Resorption Moles/

Female . . . . . 3.33 0.50 2.77 1.26

Early Dead/Female 0.96 ---- 1.25 0.11

Late Dead/Female . 2.32 0.07 0.65 0.08
Post-Implantation

Loss/Female . . . 6.61 0.57 4.67 1.45

Malformed Live
Fetuses/Female 1.19 0.07 1.21 0.11

Malformed Fetuses/

Live Fetuses . 29.44% 0.75% 62.38% 1.63%
Average Malformations

/Affected Fetus . 1.24 1.00 2.81 1.50

Living . . . . . . . 37.99% 94.37% 29.36% 82.66%

Resorption Moles . . 31.25% 4.93% 41.86% 15.09%

Early Dead . . . . . 9.05% ---- 18.90% 1.35%

Late Dead . . . . . 21.71% 0.70% 9.88% 0.90%

Live Malformed . . . 11.18% 0.70% 18.31% 1.35%

Normal . . . . . . . 26.81% 93.66% 10.47% 81.53%

Pregnancies Leading

to Anomalies . . 71.93% 7.14% 69.23% 9.43%

Post-Implantational

Reproductive Loss 73.19% 6.34% 81.10% 18.47%

Total Reproductive

Loss . . . . . . 57.68% ---- 71.96% ----
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TABLE 4

RAW EXPERIMENTAL DATA--ENU

ENU ENU
50 mg/kg @ 6 Hours 75 mg/kg @ 6 Hours

Raw Data

Treatment Control Treatment Control

Vaginal Plugs . . 66 36 58 13

Pregnant ..*.. ... 59 35 22 13

Implants .... .... . 303 381 70 134

Resorption Moles . 110 11 34 8
Live Embryos . . . 187 360 33 126

Early Dead 5 3 3

Late Dead 1 6

Live Fetuses with
Anomalies . . 16 1 5 1

Normal Fetuses . . 165 359 28 125

Anomalies . .. 0.0 28 2 6
Pregnancies Leading

to Anomalies . 13 1 5 1
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TABLE 5

CALCULATED DATA--ENU

ENU ENU
50 mg/kg @ 6 Hours 75 mg/kg @ 6 Hours

Calculated Data

Treatment Control Treatment Control

Fertile . . . . . .
Implants/Female
Living/Female .
Normal/Female .
Resorption Moles/

Female ..0 ..
Early Dead/Female
Late Dead/Female
Post- Implantation

Loss/Female .
Malformed Live

Fetuses/Female
Malformed Fetuses/

Live Fetuses .
Average Malformations

/Affected Fetus
Living ..*... ...
Resorption Moles
Early Dead......
Late Dead
Live Malformed .
Normal........
Pregnancies Leading

to Anomalies . .

Post-Implantational
Reproductive Loss

Total Reproductive
Loss . . . . . .

89.39%
5.14
3.17
2.80

1.86
0.08
0.02

1.97

0.27

8.56%

1.75
61.72%
36.30%

1.65%
0.33%
5.28%

54.46%

22.03%

45.54%

69.19%

97.22%
10.89
10.29
10.26

0.31
0.09
0.17

0.60

0.03

0.28%

2.00
94.49%
2.89%
0.79%
1.57%
0.26%

94. 23%

2.86%

5.77%

_____________ +

37.93%
3.18
1.50
1.27

1.55
0.14

1.68

0.23

15.15%

1.20
47.14%
48.57%
4.29%

7.14%
40.00%

22.73%

60.00%

84.52%

100.00%
10.31
9.69
9.62

0.62

0.62

0.08

0.79%

94.03%
5.97%

0.75%
93.28%

7.69%

6.72%
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TABLE 6

RAW EXPERIMENTAL DATA- -TEM

TEM
1.2 mg/kg @ 6 Hours

Raw Data

Treatment Control

Vaginal Plugs . . 50 32

Pregnant .. . 44 32
Implants .. . 271 362

Resorption Moles . 153 11
Live Embryos . . . 112 347
Early Dead 5 1
Late Dead 1 3
Live Fetuses with

Anomalies . . 11 4

Normal Fetuses . . 101 343

Anomalies . ..*.0 17 6
Pregnancies Leading

to Anomalies . 11 4
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TABLE 7

CALCULATED DATA--TEM

TEM
1.2 mg/kg @ 6 Hours

Calculated Data

Treatment Control

Fertile 88.00% 100.00%
Implants/Female . 6.16 11.31
Living/Female . . 2.55 10.84
Normal/Female . . 2.30 10.72
Resorption Moles/

Female0.. . 3.48 0.34
Early Dead/Female . 0.11 0.03
Late Dead/Female .. 0.02 0.09
Post-Implantation

Loss/Female . . 3.61 0.47
Malformed Live

Fetuses/Female . 0.25 0.13
Malformed Fetuses/

Live Fetuses . 9.82% 1.15%
Average Malformations

/Affected Fetus . 1.55 1.50

Living ........... 41.33% 95.86%

Resorption Moles . 56.46% 3.04%
Early Dead 1.85% 0.28%
Late Dead 0.37% 0.83%
Live Malformed . . 4.06% 1.10%

Normal .......... 37.27% 94.75%
Pregnancies Leading

to Anomalies . . 25.00% 12.50%

Post-Implantational
Reproductive Loss 62.73% 5.25%

Total Reproductive
Loss .0.. ... 76.47%
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TABLE 8

MALFORMATIONS- -ENU 50

Treatment Control

Number and Type of Malformation

Bump on Brow 1
Cleft Palate 1
Exencephaly 2
Eyelid Anomalies 3 ---
Eyes Missing 1 1
Growth Retardation 5 ---
Hindlimb Anomalies 5 ---
Jaw Malformation 1
Large Omphalocele I
Lens Defects 1
Small Omphalocele 5 ---
Tail Anomalies 2 ---

Total Number of Malformations 28 2

Malformations by Percentage

Bump on Brow 3.57% ---
Cleft Palate 3.57%
Exencephaly 7.14% 50.00%
Eyelid Anomalies 10.71% ---
Eyes Missing 3.57% 50.00%
Growth Retardation 17.86% ---
Hindlimb Anomalies 17.86%
Jaw Malformation 3.57% ---
Large Omphalocele 3.57% ---
Lens Defects 3.57% ---
Small Omphalocele 17.86% ---
Tail Anomalies 7.14% ---

Number of Defects Per Fetus

Number With 1 Defect 8 ---
Number With 2 Defects 6 1
Number With 3 or More Defects 2 ---

Total Number of Malformed Fetuses 16
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TABLE 9

MALFORMATIONS--ENU 75

Treatment Control

Number and Type of Malformation

Exencephaly 2 1
Large Omphalocele 1
Open Eyes 3

Total Number of Malformations 6 1

Malformations by Percentage

Exencephaly 33.33% 100.00%
Large Omphalocele 16.67%
Open Eyes 50.00%

Number of Defects Per Fetus

Number With 1 Defect 4 1
Number With 2 Defects 1
Number With 3 or More Defects

Total Number of Malformed Fetuses 5 1
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TABLE 10

MALFORMATIONS EMS--T-STOCK

Treatment Control

Number and Type of Malformation

Abdominal Wall Defects 34 ---
Cleft Palate 2 ---
Edema 45 ---
Eyelid Anomalies 23 1
Forearm Anomalies 3 ---
Growth Retardation 1 5
Hindlimb Anomalies 38 1
Large Omphalocele 1 ---
Six Digits 4 ---
Small Omphalocele 7 1
Tail Anomalies 19 ---

Total Number of Malformations 177 8

Malformations by Percentage

Abdominal Wall Defects 19.21% ---
Cleft Palate 1.13% ---
Edema 25.42% ---
Eyelid Anomalies 12.99% 12.50%
Forearm Anomalies 1.69% ---
Growth Retardation 0.56% 62.50%
Hindlimb Anomalies 21.47% 12.50%
Large Omphalocele 0.56% ---
Six Digits 2.26% ---
Small Omphalocele 3.95% 12.50%
Tail Anomalies 10.73%

Number of Defects Per Fetus

Number With 1 Defect 12 4
Number With 2 Defects 20 2
Number With 3 or More Defects 31 ---

Total Number of Malformed Fetuses 63 6
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TABLE 11

MALFORMATIONS EMS--HYBRID STOCK

Treatment Control

Number and Type of Malformation

Cleft Palate 3 ---
Edema 21 ---

Exencephaly-- 1
Growth Retardation 7 ---
Large Omphalocele 4 ---
Leg Malformations 27 ---
Open Eyes 18 ---
Small Omphalocele 1
Tail Anomalies 1
Others 2 ---

Total Number of Malformations 84 1

Malformations by Percentage

Cleft Palate 3.57% ---
Edema 25.00%
Exencephaly --- 0
Growth Retardation 8.33% ---
Large Omphalocele 4.76% ---
Leg Malformations 32.14% ---
Open Eyes 21.43%
Small Omphalocele 1.19% ---
Tail Anomalies 1.19% ---
Others 2.38% ---

Number of Defects Per Fetus

Number With 1 Defect 41 1
Number With 2 Defects 20 ---
Number With 3 or More Defects 3 ---

Total Number of Malformed Fetuses 64 1
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TABLE 12

MALFORMATIONS--TEM

Treatment Control

Number and Type of Malformation

Cleft Palate 1
Coloboma 1
Edema 1
Epigastric Hernia ---
Exencephaly --- 2
Eyelid Anomalies 2 2
Growth Retardation 2 ---
Hindlimb Anomalies 2 ---
Redundant Skin Flap, Nostril 1
Slight Lens Defects 2 ---
Small Omphalocele 3 1
Tail Anomalies 2 ---

Total Number of Malformations 17 6

Malformations by Percentage

Cleft Palate 5.88% ---
Coloboma 5.88% ---
Edema 5.88% ---
Epigastric Hernia 5.88%
Exencephaly --- 33.33%
Eyelid Anomalies 11.76% 33.33%
Growth Retardation 11.76% ---
Hindlimb Anomalies 11.76% ---
Redundant Skin Flap, Nostril --- 16.67%
Slight Lens Defects 11.76% ---
Small Omphalocele 17.65% 16.67%
Tail Anomalies 11.76% ---

Number of Defects Per Fetus

Number With 1 Defect 8 2
Number With 2 Defects 1 2
Number With 3 or More Defects 2 ---

Total Number of Malformed Fetuses 11 4
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Statistical Evaluation

The statistical tool used to evaluate the data in this

experiment was the one-tailed Fisher exact test. The cate-

gories of data used were "live fetuses with anomalies" and

"normal fetuses." This version of the Fisher exact test

returns two numerical values, an odds ratio and a probability

(See Table 13). In the table, the second group in each con-

dition is the statistic of interest. The odds ratio indicates

how many times greater the statistic of interest occurred

than the first statistic. The numerical probability is an

indication of such results occurring by chance. For example

(line 1 of Table 13), the incidence of abnormal fetuses in

the EMS hybrid stock is 56.5 times greater than that seen

in the control group. The probability that this could happen

by chance is zero, significant to six decimal places.
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CHAPTER VII

EVALUATION OF EXPERIMENTAL RESULTS

As indicated by the one-tailed Fisher exact text, all

treatment groups in these experiments produced malformations

at rates significantly higher than their controls (Table 13).

There is no doubt that the rate of induced malformations could

not have occurred by chance.

Comparison of Hybrid and T-stock Mice
Treated with EMS

Two different stocks of mice were treated with 250 mg/kg

of EMS. The two stocks of mice used were the hybrid stock

(C3H x C57BL)F1 and the highly inbred T-stock. The results

of this procedure are shown in Tables 2, 3, 8, and 11.

In control populations, the T-stock mice suffer three

times the natural mortality of hybrid mice, 18.47% versus

6.34%. The post-implantational loss per female and the per-

centage of resorption moles per female are both higher in

the T-stock than in the hybrid stock, 1.45 versus 0.57, and

15.09% versus 4.93%, respectively. The incidence of malformed

offspring is low in both cases--1.35% for the T-stock and

0.70% for the hybrids--and is not statistically significant.

A comparison of treatment groups shows the T-stock

with four times as many malformations as the hybrid mice

64
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(P = 0.000000). The severity of damage induced in the T-stock

mice is also greater. While 64% of the affected fetuses from

the hybrid stock treated with EMS had only one defect, 49%

of the T-stock fetuses had three or more defects. Furthermore,

the pattern of early and late deaths is essentially reversed

between the two stocks.

The difference in natural mortality betwen the two

control stocks of mice treated with EMS can probably be

attributed to the fact that extensive inbreeding increases

the expression of lethal recessives. The differences in the

treatment groups, however, may be the difference in the

abilities of the two stocks to repair damage to their DNA.

Generoso found that mice egg cells have the ability to repair

premutational lesions carried by male germ cells. In testing

for stock differences with 65 mg/kg of isopropyl methane-

sulfonate, T-stock females consistantly yielded the highest

dominant-lethal frequency. T-stock mice showed 81% dominant

lethals as compared to 9% for (C3H x C57BL)F1 (Generoso et

al. 1979). Similar differences with other stocks have also

been demonstrated with X-rays (Rutledge 1986) and radiation

(Ehling 1964).

Further evidence of a greater amount of unrepaired

genetic damage in T-stock mice is revealed in a comparison

of the observed number of anomalies per affected fetus. The

same hybrid stock was used for ENU and TEM, and similar
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results can be seen (Tables 8, 9, and 12). This supports the

premise that the hybrid stock mice possess repair mechanisms

not found in the T-stock.

Comparison of ENU Dosages

Mice of the hybrid stock (C3H x C57BL)F1 were treated

with two different dosages of ENU. One group received 50 mg

per kg of body weight and a second group received 75 mg/kg.

The results of this procedure are shown in Tables 4, 5, 8,

and 9.

A comparison of treatment groups reveals that the total

reproductive loss was higher at the higher dosage--60% versus

46%. The early death rate was very low and the late death

rate was essentially zero. Most reproductive loss occurred

as resorption moles. At 50 mg/kg, 10.26 moles/female were

recorded as were 9.62 moles/female at 75 mg/kg. The corre-

sponding control rates were 2.8 moles/female, and 1.27 moles/

female. Malformation rates at the two dosages were not

significantly different.

As indicated by a similar pattern of reproductive loss,

the dosages being used may be at a level that is extremely

toxic to the conceptus. If this is the case, the number of

malformed offspring would be depressed because affected

conceptuses simply are not reaching term. Indeed, an earlier

experiment, also performed six hours postmating, but with

25 mg/kg of ENU, produced a reproductive loss of less than
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30% (Generoso et al. unpublished). Even with a greater

spectrum of anomalies and reduced reproductive losses at the

lower dosages, the differences between treatment and control

groups are not statistically significant.

A Comparison of EMS, ENU, and TEM

A comparison of the effects of TEM, EMS, and ENU on

hybrid stocks of mice yeilds some very interesting results.

All three agents are similar in their ability to cause

specific locus mutations, but only EMS and TEM have both

been shown to cause dominant lethal mutations. The number

of anomalies per fetus for each of the three agents is

slightly different for TEM which produced three or more

anomalies in 18% of the affected fetuses.

One of the most interesting aspects of this experiment

was the similarity between ENU and TEM. TEM showed essentially

the same pattern of reproductive loss as ENU. This similarity

extends to both dosages of ENU. It is not accurate to suggest

that the pattern of reproductive loss in TEM treated mice

is the result of cytotoxicity. To the contrary, TEM is known

to induce super-ovulation when given to female mice before

mating (Generoso et al. unpublished). Jurand (1959) found

that a dose of 1.35 mg/kg of TEM, given to 7-9 day old embroys

only induced a 10% mortality. Since the dosage used in this

experiment is 9% lower, it is probable that the mortality

observed is the result of irreparable damage to the genome.
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In the case of EMS, reproductive loss, in addition to

resorption moles, includes midgestational deaths not seen

in ENU or TEM. In terms of induced malformations, the Fisher

exact test reveals no significant difference between TEM and

ENU. There is, however, despite the similarity of mutagenic

action of TEM and EMS, a significant difference between EMS

and all other compounds.

Conclusions

The design execution of these experiments leads several

conclusions. First, it is evident that difference stocks

of mice respond differently to teratogenic and mutagenic agents.

Second, ENU does not show the expected dose-response curve

that would be expected with a teratogenic agent. Third, TEM,

though extremely different in action, is very similar in

effect to ENU.

More important, these experiments lead to a more

important conclusion which was originally not in their design.

As observed in experiments with ethylene oxide (Generoso et

al. 1987), the results of these experiments do not fit squarely

into the realm of teratogenesis or mutagenesis. Teratogenic

susceptibility is supposed to be primarily restricted to the

period of organogenesis. In the mouse, this period occurs

between days 6-8 and days 10-12. This experiment has shown

that teratogenesis can occur well before even the first

cleavage, at a time when the ovum is still in the pronuclear



69

stage. Even in stocks of mice that possess normal repair

mechanisms, significant numbers of malformations were observed.

In addition to this, ENU failed to show the dose-response

curve historically indicative of teratogens. Mutagenesis

in premating germ cells is known to lead only to the death

of the conceptuses near the time of implantation (Generoso

et al. 1987). Yet in these experiments many malformed fetuses

resulted from treatment of the conceptus instead of the germ

cell and would obviously have lived until term.

Experiments such as these ultimately may lead to the

recognition of a new window of vulnerability for placental

mammals, including humans. If so, the period of susceptibility

will have to be redefined to include those periods previously

thought to be safety refractory.

One purpose of any experiment dealing with teratogenesis

or mutagenesis is to better understand the processes involved

so that the impact of such processes on the human population

can be reduced. Human congenital defects existing at birth,

regardless of cause, create a tremendous burden on society.

Approximately 3 precent of all human offspring are born with

some sort of congenital anomaly requiring medical attention.

About one-third of these are life threatening. Twice as many

congenital defects, previously undetected, emerge with an

increase in age. In fact, nearly one-half of the children

in hospital wards today are there because of some sort of
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prenatally acquired malformation. About 3 percent of these

congenital defects are the result of a known teratogenic agent.

Another 5 percent are due to chromosome aberrations, and gene

mutations account for an additional 10 percent (Shepard 1980).

There is a tremendous need for the development of a

reliable method of testing new chemicals for their human

teratogenic and mutagenic potential. This experiment is one

small part of an attempt to determine if the rate of mal-

formation induction might be used as a reliable biomarker

for the detection of mutagenic or teratogenic compounds.

Until such time that this, or some other procedure is

developed and implemented, the screening of harmful agents

will continue to depend upon the manifestation of adverse

effects in the human population.
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