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Because genetically based diseases have a major impact on human health, the National Institute of Environmental Health
Sciences (NIEHS) has conducted a research and testing program for more than a decade to address chemical induction
of heritable genetic damage in the germ cells of mammals. Although most genetic disease results from preexisting muta-
tions, a portion is due to the occurrence of new mutations. The supposition that exposure to mutagenic chemicals contributes
to the sccurrence of new mutations in the human population is strongly supported by the results from animal models. Such
studies clearly demonstrate the potential of environmental chemicals 1o induce mutations in both somatic and reproductive
cells of mammals. This NIEHS program has become a Jeader in the identification of genetic hazards in the environment
and in the acquisition of animal model data used by regulatory agencies in assessing genetic risks to human health.

The Human Health Issue

Genetically based diseases have a major impact on human
heaith. Of the nearly 5000 human gene loci exhibiting char-
acteristics of Mendelian inheritance (/) (Table 1), many are
associated with some degree of health disorder. Although the fre-
quency of any single genetic disease s low, the total incidence of
genetic disorders makes a significant impact on human health
(2-5) (Table 2). Further, decreased infant mortality due to reduc-
tions in the toll of nutritional and infectious diseases has led to
an increase in the contribution of genetic disorders to the overall
human disease burden (9).

It has been estimated that 1% of liveborn infants express a
single gene disorder and that as many as 0.6% are born with a
major chromosome abnormality. An additional 1% may manifest
a serious genetic disorder sometime after birth. Emphasizing the
impact of genetic disease on childhood heaith is the estimate (J0)
that nearly 10% of pediatric hospital admissions in North Ameri-
ca are for care and treatment of genetic disorders. A higher pro-
portion of humans may exhibit late-onset disorders associated
with polygenic traits as aresult of preexisting or new mutations
in any one of several genes. These mutatiops may lead to
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Table 1. Number of human gene loci identified in
McKusick’s Ninth Edition (7).

Mode of inheritance No. of loci
Autosomal dominant 1864 (1183)*
Autosomal recessive 631 (923)
X-Linked 161 (175)
Tota! 2656 (2281)

*Additional loci not fuily identified or vaiidated in parentheses.

Table 2. Incidence of genetic diseases in human newborns (6-8).
Mode of inheritance

Incidence per K00 newborns

Autosomal dominant 1,.4-10
X-Linked 0.4-0.8
Recessive 1.7-2.5
Multifactorial 47-%0

Chromosomal 1.9-6.2

increased susceptibility to some forms of heart disease, diabetes,
or cancer (/1.

In a study by Baird et al. (4) with a sample of more than 1
million consecutive live births, almost 8% developed some type
of genetically based disease before age 25. In a study on the
human health impact of 351 Mendelian disorders compatible
with survival beyond early childhood, Costa et al. (9) found that
25% of the disorders were apparent at birth and more than 90%
by the end of puberty. In addition, life span was reduced in 57 %
of the disorders, and reproductive capacity was impaired in 69%.
Treatment prognosis was found to be poor for most of these
disorders, with only 10-15% of the phenotypes exhibiting signifi-
cant improvement in response to treatment (J2).



Likewise, the impact of chromosomal disorders is severe, and
prognosis following medical treatment is poor. Of all recognized
pregnancies { > 5 weeks gestation), 15% are lost before term;
as many as 0% of these conceptuses have detectable chromo-
some anomalies (/3) (Table 3). Loss of conceptuses before
recognized pregnancy, which is estimated to be 30-50% (/4),
is likely to involve a high frequency of chromosomal anomalies.

The total contribution of de nove mutations to the incidence
of genetic disease is not well established but, in the case of domi-
nant or X-linked disorders, it is possible to determine if the
muration was preexisting or newly arisen. In addition, most
chromosome anomalies that are lethal or cause infertility are ob-
viously not preexisting. Based on a review of the literature, it has
been estimated that 81 % of all chromosome abnormalities and
20% of single gene disorders are due to de nove mutations in
reproductive cells (77,/5). In a more recent examination of
1549 malformed infants of 20 weeks gestation or greater,
Nelson and Holmes (6) found that of the 48 malformations
resulting from identifiable single mutant genes (i.e., autosomal
dominant, autosomal recessive and X-linked traits), 44 % were
due to a presumed new mutation (Table 4).

The scientific evidence that exposure to environmental mut-
agens can induce mutations in both somatic and germinal

Table 3. Conception loss and cytogenetic abnormalities in recognized human
pregnancies {7.11).

% of lost conceplions with

Gestational age, weeks % Conceptions lost cytogenetic abnormality
5-7 6.3 17.5
8-11 3.3 50.6
12-15 2.5 47.0
16-19 1.0 32.8
20-27 1.4 10.7
Stiliborn 1.0 5.7
Liveborn 0.6
Neonatal death 54
Death < 12 months 6.9

Childhood death 7.4

Table 4. Incidence of malformations among 69,277 infants of at least

20 weeks gestational age (6).
Origin Cases/ 1000 { % of malformations)
Cienetic causes 11.34¢50.H
Chromaosomal 2.27
Nonchromosomat 9.08
Single gene 0.69
Autosomal dominant 0.30
Presumed new mutatton D.14
Affected parent 0.16
X-linked 0.07
Presumed new mutation 0.01
Affected parent 0.06
Autosomal recessive 0.14
Presumed new mutation 0.07
Affected parent 0.07
Uncertain pattern 0.17
Familial 3.25
Multifactorial inheritance 5.14
Other causes
Teratogens 0.71(3.2)
Uterine factors 0.56(2.5)
Twinning 0.09 (0.4
Unknown cause 9.66 (43.2)

tissues is clear. This fact has been thoroughly demonstrated in
a variety of organisms, including mammals. Determining
whether the offspring of individuals exposed to germ cell
mutagens will subsequently develop an observable disease is,
however, much more problematic. Unequivocal epidemio-
logical evidence that exposure to mutagenic chemicals can pro-
duce heritable genetic effects in humans is lacking for several
reasons. First, it is difficult to identify exposed populations. Se-
cond, exposure levels are often low. Third, the population size
of potentially affected offspring is likely to be smalil. Further,
the fact that the exposed and affected individuals are not of the
same generation requires more than a routine surveillance
system (f6~19).

For these reasons, animal models have been used to estimate
the heritable effects of environmental mutagens. A variety of in
vivo genetic assays have been conducted in rodents, including
tests for germ cell mutagenicity on more than 20 chemicals (20).
These tests are supplemented with mechanistic studies to in-
crease our understanding of the mutation process. The National
Toxicology Program (NTP) has taken a prominent role in the
identification of genetic hazards in the environment and in the
acquisition of data that are used by regulatory agencies in asses-
sing genetic risks to human health. For example, NTP-spon-
sored germ-cell mutagenesis studies have been responsible for
the identification of acrylamide as a reproductive hazard
(21--23), and dose-response and dose-rate data on ethylene ox-
ide have been used by the EPA in their hazard assessment ef-
forts. The evaluation of various aspects of germ-cell
mutagenesis such as dose, dose rate, sex, and strain effects; in-
vestigations of mutation induction in cells such as oocytes and
zygotes; and identification of models of human genetic diseases
such as those for S-thalassemia (26,27) and carbonic
anhydrase-2 deficiency (28) are among the contributions made
to the understanding of mammalian germ-cell mutagenesis.
Germ cell genotoxicity assays used by the NTP are described
here along with highlights of results using those assays.

Mouse Assays to Study Germ Cell
Mutations

Dominant Lethal Test

The mouse dominant lethal test (DLT) is the primary test used
to detect the genetic effects of chemicals in germ cells. Damage
induced in the genetic material of the developing male germ cell
may not affect the ability of resuiting sperm to fertilize the ovum,
yet can resuit in the death of the conceptus early in development.
Experimental evidence has shown that the primary class of
genetic damage responsible for domipant Jethality is chromo-
somal aberrations and that the death of the conceptus results
from an imbalance in the normal chromosomal complement
following cell division (e.g., loss of chromosome fragments)
{29). In addition to chromosomal aberrations, aneuploid
gametes (having too few or too many chromosomes) may lead
to dominant lethality and hence constitute a second class of
genetic damage that is detected by this assay.

The basic design of a DLT involves treatment of one parent,
usually the male, with the agent under study. Treated and con-
trol males are mated with untreated females, and the uterine con-
tents of females are analyzed 13-17 days after mating to quan-



titate the incidence of living and dead implants. Definitive domi-
nant lethal effects are evidenced by a significant increase i dead
implants and a concomitant decrease in live implants. Females
may also be used as the treated parent in dominant lethal studies
to assess the genetic effects of chemicals on oocytes. Special
measures must be taken in female dominant lethal tests because
early embryonic survival may be affected by chemical-induced
changes in female reproductive physiology and because of the
limitations on the numbers of litters and offspring obtained from
treated females. Nonetheless, it is important that genetic effects
be assessed in female germ cells, especially following the recent
demenstrations of female-specific germ cell mutagens (3¢, 31).

Because the event detected in the DLT is death of the conceptus,
itis clear that the test does not assess a biological end point that
reflects a potential health risk to future generations. Nonetheless,
the DLT plays a key role in initial attempts to determine whether
an agent reaches the germ cells and induces genetic damage. The
induction of dominant lethality provides clear evidence that the
integrity of the germ-cell genetic material has been affected.
Thus, positive results in a dominant lethal study are adequate
basis for concern that other more serious, heritable effects may
also be induced by the agent under study (20,32).

Heritable Translocation Test

The heritable translocation test (HTT) is designed to detect in-
duced chromosomal damage in germ cells resulting in reciprocal
exchanges of chromosome segments between nonhomologous
chromosomes. Gametes bearing reciprocal translocations nor-
mally are capable of fertilization; the resulting offspring have a
complete complement of chromosomes and are viable. The
primary biological effect in the translocation-carrying offspring
is reduced fertility or, in some cases, complete sterility. The ef-
fect on fertility results from abnormalities in the pairing of
homologous chromosomes at the first meiotic division, an event
unigue to meiosis. Because the two translocated chromosomes
have no complete homolog, pairing involves more than two
chromosomes and can result in abnormal meiotic segregation.
When chromosomes are distributed into the germ cells, theo-
retically, half of the resulting gametes will bear a duplication of
one chromosomal segment (the distal material on one trans-
located chromosome) and a deletion of another (the distal
material on the second translocated chromosceme).

As in most of the tests of germ-cell mutagenicity, either males
or females can be used as the treated parent, but for practical
reasons, the tests are routinely conducted using treated males.
These malgs are mated to untreated females and the resulting F,
males are mated to identify those that exhibit reduced fertility.
Such males are then assessed cytogenetically to determine if the
effect is indeed the result of a translocation. In semisterile males,
preparation of testicular tissue to permit visualization of chromo-
somes in first-division spermatocytes will reveal translocations
as multivalent chromosome configurations. In fully sterile males
where total disruption of meiosis may preclude cytogenetic
analysis of spermatocytes, it is necessary to evaluate metaphase
preparations from somatic cells, such as kidney epithelium or
lymphocytes. Due to the resources (at least 500 F, males should
be screened per dose group) and expertise required to conduct
the HTT, a limited number of laboratories routinely conduct the
test. Therefore, a limited historical database exists on the spon-

taneous incidence of heritable translocations in mice, None-
theless, this rare event is estimated to occur spontaneously in
about one in 5000 male gametes.

Morphological Specific Locus Test

The major concern in genetic risk considerations has been
gene mutations in spermatogonial stem cells, The stem cells are
the origin of germ cells throughout the male’s reproductive life,
and their permanence provides the only germ-cell stage wherein
genetic damage can accumulate through time and thereby pose
an increasing risk of genetic damage to the progeny. Further,
gene mutations are less likely than chromosomal damage 1o be
eliminated by selection during the cell divisions of gametogenesis
and are, therefore, more apt to persist to the mature germ cells.
As shown in Figure I, matings that occur in week 7 or later
following treatment of the male mouse sample sperm that were
in the spermatogonial stem-cell stage at the time of treatment. By
doing serial matings after treatment, one can thus determine the
germ-cell stage(s) sensitive 1o the effect of a test agent.

The most extensively used method for studies of mutations in-
duced at specific loci in mammalian germ cells is the mouse mor-
phological specific locus test for visible markers (MSLT)
developed by W.L. Russell in the carly 1950s. This test was
developed 10 assess the germ-cell mutagenicity of ionizing radia-
tion and provided the bulk of data used in radiation genetic risk
analysis. More recenily, the test has been used to study the germ-
cell mutagenicity of chemicals.

The basic concept of the MSLT is relatively simple. Seven
genes (or loci) that affect morphological characteristics of the
mouse, namely, hair color, eye color, and ear shape, are assessed
for mutations. In the standard test, males homozygous for the
wild-type alleles of these seven genes are treated with the test
agent and then mated to untreated females homozygous for
recessive alleles at the same seven loci, Normal male gametes
produce progeny that are heterozygous at these seven loci and
will have the same wild-type appearance as their sires. If treat-
ment has induced mutations that affect the expression of any of
the seven loci, sperm containing such mutations will give rise to
offspring that express the phenotype of the recessive allele. At
2-4 weeks of age, progeny are examined for variant appearance;
variants are bred to confirm that the variant phenotype is
genetically based, i.e., is transmitted to the offspring.

The loci studied in these mouse assays are not necessarily
related to loci that affect murine or human health but are assumed
to be representative of other loci in the genome. They were
chosen to provide a convenient measure of the frequency with
which mutations are induced by a test agent. The types of genetic
damage recovered in the MSLT include intragenic changes such
as basepair substitutions, small additions or deletions of genetic
material, and deletions of larger segments of the DNA that span
one of the loci studied along with adjacent DNA that may con-
tain other genes.

Because of the long history of the MSLT, an immense his-
torical database has accumulated on the frequency of spon-
taneous mutations at the seven loci studied. This database offers
the assay two great advantages. By virtue of the evidence for low
variability across time, it mitigates the need for large concurrent
controls. It also provides data needed for the development of sen-
sitive statistical methods for analysis of test results,
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Biochemical Specific-Locus Test

The biochemical specific-locus test (BSLT) is similar in many
respects to the MSLT; only the unique characteristics of the
BSLT will be discussed here. Two features make the BSLT par-
ticularly desirable for germ-cell mutagenesis studies. First, the
BSLT screens for mutations in a large number of known genes,
thereby providing an efficiency that is not available in other gene
mutation tests, At present, more than 30 genes can be screened
in each F, animal as compared with seven genes in the MSLT. In
addition, these genes are distributed throughout the genome,
having been mapped to 15 different chromosomes and,
theoretically, a much larger number of genes could be screened
as technological developments make such screening feasible. Se-
cond, many of the genes screened in the BSLT are the same as
those that are associated with genetic disease in humans, again
providing a closer link between rodent test results and possible
human health effects. Mutations recovered in genes that are
related to genetic disease in humans may also provide invaluable
mouse models for human diseases (e.g., Cooley’s anemia and
carbonic anhydrase Il deficiency) and may contribute to the fur-
ther understanding and treatment of genetic diseases. Thus, more
confidence may be placed in the extrapolation of mouse test
results (o potential genetic risk in humans.

Two inbred strains of mice are used in the BSLT and, as in the
MSLT, the standard test involves treatment of males followed by
mating with untreated females. The F, progeny are then analyzed
for evidence of mutations. Both blood and kidney tissue are taken
from each F, animal and are used to prepare samples that are sub-
jected to either starch gel electrophoresis or isoelectric focusing.
Mutations are detected that affect the electrophoretic char-
acteristics of defined protein products.

Contributions to Assessing Genetic
Hazard

Chemical Testing

In meeting the responsibilities of the NTP to increase
the number of chemicals tested for potentially hazardous ef-
fects, the heritable effects program has added significantly to
the number of chemicals for which mammalian germ-cell
mutagenicity data are available. In 10 years, the program has
doubled the number of chemicals tested for the induction of

specific locus mutations and, as presented in Table 5; a substan-
tial number of chemicals has also been tested for other mutational
end points such as dominant lethal mutations and heritable
translocations.

Chemicals have been selected for testing for a variety of
reasons, but the two primary considerations are known human
exposure and research-based interest. In general, chemicals are
not chosen for germ-cell mutagenicity studies unless they are
known to be mutagenic in vitre and have been shown to induce
genetic effects in somatic cells of rodents using mouse or rat bone
marrow cytogenetic assays.

Table 5 summarizes the results of NTP’s mammalian germ-
cell mutagenesis studies. Chemicals such as dibromochloro-
propane, ethylene dibromide, and phenol were tested because
of concern for occupational exposures, but showed no
evidence of germ cell nmutagenicity, whereas others such as
ethylene oxide, acrylamide, and methylene bis-acrylamide have
been shown to induce high levels of genetic damage in germ cells.
With acrylamide, it was demonstrated for the first time that der-
mal exposure could result in induced genetic damage in germ
celis (34).

Several cancer chemotherapeutic agents have also been tested
ta provide animal data to support human epidemiology studies
that assess the reproductive outcomes of cancer survivors who
have received radiation and/or chemical therapy. Adriamycin,
bleomycin, chlorambucil, melphatan, and platinol are among the
chemotherapentic chemicals tested to date. The results of these
studies have been particularly interesting. Chlorambucil and
melphalan were found to be the most potent mutagens ever
discovered in postmeiotic male germ cells. Molecular analysis
of the mutations induced by these and other chemicals has reveal-
ed that mutations recovered from germ cells exposed as stem
cells or during later premeiotic stages are almost all small, in-
tragenic changes whereas those induced in later stages are
predominantly deletions of the target gene and varying amounts
of flanking DNA (32).

Three other chemotherapeutic agents, adriamycin, bleomycin,
and platinol, have been shown to induce dominant lethal muta-
tions in female germ cells, but show no such effect in males. Both
the relation between germ-cell stage and molecular lesions and
the demonstration of female-specific effects are important con-
siderations in the design and interpretation of epidemiological
studies relating chemotherapy and reproductive cutcomes.



Table 5. Summary of results from National Texicology Program mouse germ cell mutagenicity studies.

Dominant lethal Heritable Specific locus
Chemicals Male Female Reference? translocations Reference  Postmeiotic  Premeiotic Reference
2-Acetylaminofluorene - (33}
4-Acetylaminofluorene - (3H
Acrylamide + - Unpublished: (21,34) + 22) + - 25
Adriamycin -~ + (35} - Unpubiished
3-Azido-3-deoxythymidine - - Unpublished
Benzo(apyrene + (33)
Bleomycin ~ + (36) =" Unpublished
Chlorambucil + Unpublished + + - 37}
Corn oil — (33)
Dibromochloropropane - - (39) - - (4
Diethyf suifate - (4)
Dimethy! sulfate + - Unpublished; (4/) + Unpublished
Diviny! sulfone - (42)
Ethylenebisacrylamide + Unpublished + Unpublished
Ethylene dibromide - 43} - Unpublished; (43)
Ethylene oxide + + (41.44) + (45) + - (46,47
Ethylnitrosourea + + (48) + 48 + (32)
Hexamethy(phosphoramide - + Unpublished - Unpublished
Hycanthone - + (K73
Melphalan + Unpublished + Unpublished + + 49)
6-Mercaptopurine + (50 - 30) - - (30}
Methylmethane sulfonate -~ IC/8
MethyInitrosourea + (48) + (48) + + (51
Methylvinyl sulfone - 42)
Methylenebisacrylamide + (52) + (52}
Nocodazole ~ (33)
Phenol - Unpublished
Platinol - + (30) - - Unpublished
Pyrene - (33}
Tetrahydrocannabinol - (34) - (54)
Urethane - (55) - i~ (55)

“Unpublished test results.
PResults from treated fernaies.

Effects on Male Postmeiotic Germ Cells

Spermatogonial stem cells are the germ cells of greatest con-
cern for genetic risk because they constitute a permanent,
dividing-cell population that can accumulate induced genetic
damage throughout the reproductive life of the male. Subsequent
germ-cell stages, such as differentiating spermatogonia, sperma-
tocytes, spermatids, and spermatozoa, are all transient and thus
can only accumulate genetic damage over a relatively brief peri-
od. However, because it was known that some gertn-cell muta-
gens exhibit their peak mutagenic activity in postmeiotic germ
cell stages, it was decided early in the development of this pro-
gram to evaluate both pre- and postmeiotic germ-cell stages for
induced mutations. The testing of chemicals for mutagenicity in
postmeiotic germ cell stages permits the identification of chemi-
cals that were only mutagenic in these stages, an important
consideration when evaluating the genetic risk associated with
continuous or recurrent exposures of reproductively active
individuals.

As can be seen in Table 3, several chemicals have been iden-
tified that are solely or primarily mutagenic in postmeiotic stages
of spermatogenesis. In fact, with the exception of melphalan,
chemicals of environmental significance that have been shown
to be male germ-cell mutagens are specific for postmeiotic germ-
cell stages. These include chemicals such as acrylamide and
ethylene oxide that are present in occupational environments as
well as chemotherapeutic agents such as chlorambucil.

Expansion of Test Systems

Although the MSLT, BSLT, DL, and HT have provided a
wealth of information toward the identification and characteriza-
tion of mammalian germ-cell mutagens, each is limited in the
types of mutations detected and in the relevance of these muta-
tions to health effects in the first generation following mutagen
exposure. In an effort to overcome some of these limitations, two
projects were recently initiated to expand the classes of muta-
tional events recovered by an assay.

The first is a combined end point assay based onthe BSLT. It
retains the desirable characteristics of this system while incor-
porating other mutational end points that can be detected in the
same progeny (56). In this system, progeny are screened for
dominant morphological variation, recessive morphological
variation, and dominant cataracts. The system is thus designed
to detect a broader range of induced genetic variants including
both dominant and recessive mutations in both selected and
unselected genes. By obtaining more information from each F,
mouse, more effective use is made of the experimental animals,
and the resulting data should provide a clearer indication of the
overall genetic risk associated with exposure to the test chemical.
In addition, efforts are underway to detect induced DNA damage
such as insertions, deletions, and rearrangements through the use
of DNA probes for repetitive DNA sequences.

The second system is based on the MSLT. The assessment of
dominant damage system (57} employs several indicators of



induced genetic damage expressed in the first generation follow-
ing exposure. These indicators are all associated with survival
or impaired health or fitness in the offspring. They include
cataracts, skeletal abnormalities, litier sizes, and survival to 11
weeks, Using the germ-cell mutagens X-rays, ethylnitrosourea,
and chlorambucil, preliminary experiments are being conducted
to determine the induced frequencies of dominant effects relative
to recessive mutations detected in the MSLT.

Effects of Zygote Exposures

1n a series of experiments conducted to determine the effects
of germ-cell mutagens on the zygote, it was discovered that
chemical exposure of the pronuclear-stage zygote could result in
a range of developmental abnormalities distinct from what is
observed following either treatment of germ cells or of the
developing embryo or fetus (44,58). Preliminary evidence in-
dicates that these effects may not be the result of gene or
chromosomal mutation, and it has been speculated that they may
result from phenomena such as the induction of transposable
elements or disruption of normal gene regulation (59). Results
presented in Table 6 show that these zygote-exposure effects are
mutagen specific.

Although the seven chemicals included in Table 6 induce high
frequencies of early deaths (deciduomata or “resorption
moles”), there is a dichotomy with regard to frequency of induc-
ed mid- and late gestation deaths. Ethylene oxide, ethylmethane
sulfonate, dimethy] sulfate, and diethyl sulfate induce high fre-
guencies of mid- and late gestation deaths, and among the sur-
viving fetuses there is a notably high incidence of developmen-
tal abnormalities. With the other three chemicals {methyl-
methane sulfonate, ethylnitrosourea, and trimethylene mel-
amine) early deaths are induced but the incidence of mid- and Jate
gestation deaths and the proportion of live fetuses with abnor-
malities are low. In addition to defining the unique mutagen sen-
sitivity of an early developmental stage of the conceptus, these
studies offer a promising opporiunity io elucidaie, at the mo-
lecular level, genctic and epigeneiic processes required for nor-
mal mammalian development.

Female-Specific Effects

in the course of our dominant lethal studies, four chemicals
were identified that appear to induce genetic damage in oocytes
but not in male germ celis (Table 5). The unique vulnerability of
female germ cells to genetic damage by hycanthone, platinol,
adriamycin, and bleomycin emphasizes the need to direct more

effort toward assessing induced genetic damage in female germ
cells as well as the importance of incorporating data from such
studies into assessments of genetic risk,

The Future

In recent years, technical advances have provided efficient
methods for molecular analysis of mutations in defined target
genes (67). The polymerase chain reaction (PCR), DNA se-
quence analysis, and the isolation of meolecular probes to various
1oci have been used to efficiently recover and identify mutations,
Most studies have focused on the identification of new mutations
in somatic cells; however, such techniques may also be useful in
screening for mutations in disease-related genes in the progeny
of mutagen-exposed individuals. The limitations of screening
large numbers of individuals for a specific mutational change,
however, have led to the development of methods for assessing
genomic variations that are not associated with specific loci.

There are several promising molecular techniques that have the
potential to detect newly arising genetic changes and thereby to
provide insight into the etiology of spontaneous or induced
human genetic disease. These techniques include @) application
of chromosome-specific fluorescent probes, b) identification
and screening of hypervariable regions of the mammalian
genome using probes for repetitive DNA sequence, and c¢) the
use of PCR and standard nucleic-acid blotting techniques. These
procedures are not limited to elucidation of changes in specific
genes but can be used to identify changes that might occur over
alarge portion of the genome as a result of a germline mutation.
Experimental approaches already in use in defining germiine
variation include the use of chromosome specific probes 1o iden-
tify anenploidies, Sonthern blot analysis of genomic insertions,
deletions, and rearrangements (I/D/R; 62), and assessment of
meiotic recombination as detzcted by PCR in individual human
sperm cells (63). Some of these techniques as well as methods
for determining locus specific variation, have been reviewed
recently (64).

Probes specific for each of the 24 human chromosomes are
rapidly becoming available. Such probes can be tagged with
fluorescent reporter molecules, and the site of hybridization (and
therefore the chromosome of interest) can be observed directly
by fluorescence microscopy. This approach to identifying
specific human chromosomes has been used widely in human
gene mapping studies and is being developed for use in detection
of chromosomal gain or loss in individual sperm cells. Such pro-
cedures may be useful in determining the incidence of aneuploidy
in occupationally or environmentally exposed individuals. A

Table 6. Summary of results from treated zygote experiments.”

% Mid- and late % Live fetuses with

Test chermical, dose % Early deaths gestation deaths abnormalitics Reference
Ethylene oxide, 1200 ppm 53 29 37 (44.60)
Ethylmethane sulfonate, 250 mg/kg 3 3 29 (28.44)
Diethyl sulfate, 150 mg/kg 24 37 24 (41,60)
Dimethyl sulfate, 25 mg/kg 57 ju 25 (41,60)
Methylmethane selfonate, 75 mg/kg, 25 25 38 («1.60)
Ethylnitrosourea, 75 mg/kg 49 20 15 (#4)
Triethylene melamine, 1.2 mg/kg 57 2.2 10 (44)
Control® 36 1.2 0.6 (41)

“Exposure of females 6 hr after mating.
A typical control.



similar set of probes specific for each of the mouse chromosomes
is currently being isolated and characterized. These will permit
laboratory studies to be conducted using animals treated with
selected chemicals and dose levels so that observations made in
humans can be extended or confirmed.

DNA hybridization techniques have been proposed for the
study of genomic I/D/R (62). The I/D/R technique uses a variety
of probes that may hybridize to repetitive sequences, hyper-
variable regions, or specific genes and pseudogenes. Experimen-
tally, all of the probes are used to detect alterations in hybridiza-
tion patterns following Southern blotting of genomic DNA.
These techniques allow the detection of large-scale genomic
alterations. Once again, such studies can be applied to human
populations and similar [/D/R studies are underway to assess in-
duced rearrangements in mice.

Likewise, DNA probes to linked genes can be used as PCR
primers to detect meiotic recombination events (63). Specific
genetic sequences in individual sperm can be screened and varia-
tions can be quantitated, thus providing a measure of meiotic
recombination frequencies in control and exposed populations.
Similar probes can be used to quantitate meiotic recombination
frequencies in mice or other experimental organisms.

Methods for producing and studying transgenic animals com-
prise another emerging technology that can be applied to studies
of induced heritable effects. It is now possible to construct tran-
sgenic animal models that carry specific genes or an altered (or
modified) genetic background to allow the study of induced
mutations iz vivo. At least three transgenic mouse models for
detecting point mutations in vivo are at various stages of develop-
ment. All use bacterial genes that have been inserted into the
mouse genomes as mutation targets. These provide a convenient
means to study the induction of mutations in different tissues, in-
cluding the germ cells, of an experimental animal. Two bacterial
genes, lac Z (65 yand lac | (66) have been used as targets for for-
ward mutations. Both provide colorometric assays for mutations.
Thus, transgenic mice used in these assays can be treated with a
test chemical, and after a period to allow for DNA repair and fix-
ation of any new mutations, different organs can be removed and
the DNA prepared for the recovery of A phage carrying mutated
lac Z or lac 1 genes. Mutations are identified by the color of in-
dividual plaques following infection of E. coli and the precise
nature of the mutation can then be determined by sequencing the
target gene. The third transgenic mouse system has been
developed to detect reversion mutations of an amber codon of
bacteriophage ®X174. In this system, $X174 is recovered from
the mouse genome, and mutations are detected by their ability to
form plagues on an E. coli host (67).

All the techniques discussed above have the ability to detect
genetic variation in progeny as compared 10 the parental genera-
tion, and many of these techniques may be noninvasively applied
to cohorts of mutagen-exposed populations. Thus, such techni-
ques provide a basis for the development of sensitive assays for
newly induced germline mutations. Routine use of these methods
to screen for induced genetic effects will, however, require ad-
ditional development and experimental validation. Any clear
association between chemically induced changes in the human
genome and specific environmental exposures will likely require
the development of parallel animal assays. Data derived from
molecular genetic studies in humans, along with verifiable
methods to extrapolate from corresponding animal data, will

permit a more informed assessment of the biological and medical
consequences of mutagen exposure. Without such comparative
data, extrapolation from animal data to estimates of the genetic
risk for humans will be difficult. Continued animal studies, with
greater emphasis on the use of molecular techniques to detect and
characterize mutants and elucidate the structure and function of
the genome are needed to increase our understanding of the
mutational process in mammals and to improve our ability to
assess genetic risk.

Collaborations are being developed within and outside of
NIEHS to pursue the detection of induced mutations in human
germ cells while refining methods that permit detection of the
similar effects in mice. Further, studies to determine the effects of
induced germ-cell mutations on tumor frequencies in subsequent
generations and to investigate novel processes such as the induc-
tionof mobile genetic elernents and alterations of genetic imprint-
ing that influence mammalian heritable effects will be pursued.
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