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N,N'-methylenebisacrylamide (MBA) was studied because

of its effectiveness in inducing heritable translocations in

germ cells of male mice. The health impact of

translocations was studied through anatomical analysis of

the progeny of semisterile translocation carriers. As

expected, the semisterility of translocation carriers

resulted primarily from embryonic death during

periimplantation stages due to unbalanced chromosome sperm

segregants. Among conceptuses that survived to mid- and

late-gestation stages, there was an increased incidence of

developmental anomalies including fetal death and phenotypic

defects. These abnormalities are associated with unbalanced

chromosome complements that allow survival to the later

stages of development.



INTRODUCTION

Although it is clinically accepted that 15 to 25% of

human pregnancies end in spontaneous abortion, most during

the first trimester, there is evidence supporting the theory

that over 50% of all conceptuses are aborted. In the 1940's

and the 1950's, Hertig, Rock and others studied a series of

gravid uteri of less than four weeks gestation. Relating

the actual gestational age to the conceptus was made

possible because coital and menstrual dates were known.

Criteria for the loss consisted of severe pathologic

features such as trophoblastic insufficiency for the stage

of development. In this study, the total percentage of

conceptuses lost ranged from 34 to 43%.

Upon reconsideration of these findings, Hertig (1967)

uncovered a more impressive rate of loss. 'Despite optimal

conditions, 15% of oocytes were unfertilized in any single

menstrual cycle. Another 10 to 15% failed to implant

despite fertilization. In the end, a total of only 40% of

the starting group caused a missed menstrual period.

More recent studies by Miller et al. (1980) utilizing

highly sensitive chemical tests estimate a post-implantation

loss of 43% among healthy women. In one-third of the

conceptions, a positive human chorionic gonadotropin test on

urine was the only evidence for pregnancy. Based on
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theoretical calculations from the rates of chromosomal

aberrations in spontaneous abortions, it is estimated around

50% of all conceptuses are lost due to chromosomal defects

(Boue and Boue 1976; Boue et al. 1975; Dyban and Baranov,

1987). More than half of this rate is accounted for by

relatively few autosomal trisomies. Triploidy and X-

monosomy are other major first trimester chromosome

abnormalities. If a 15% rate of spontaneous abortions among

conceptuses is assumed, the proportions of whole lethal

chromosome aberrations and autosomal trisomies are 9 and 4%,

respectively.

However, the frequency of all chromosome aberrations at

birth is about 0.45% (Hamerton et al. 1975). According to a

survey by the United Nations Scientific Committee on the

Effects of Atomic Radiation (1982),, approximately 0.6% of

newborns suffer from numerical or structural chromosome

abnormalities. The frequency of autosomal trisomies is only

0.18% caused mainly by a few selected trisomic conditioned

in which survival to or beyond term is possible (Hamerton et

al. 1975).

Congenital anomalies requiring medical attention occur

in 3% of all human newborns. One-third of these can be

regarded as life-threatening. With increasing age, more

than twice as many defects are detected. Three percent

of the population are mentally retarded, although postnatal

factors are sometimes responsible. A congenital defect,
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whether structural or functional, exists for an individual's

entire life span and results in tremendous human suffering,

both mental and physical.

Etiology and prevention of human malformations is

limited primarily because 70% are of unknown causes. Fifteen

percent are associated with gene mutations and 5% with

chromosomal aberrations. Those associated with a specific

teratogenesis agent are less than 10% with more than 600

agents known to produce congenital anomalies in experimental

animals. Unfortunately, less than 30 of these are known to

cause human congenital defects (Shepard 1983).



CHAPTER I

CHROMOSOMAL MUTATIONS

In humans, a minimum of 10-11% of live births will

manifest a wide range of serious genetic defects sometime

during their lives (Wurgler 1983). Mutations are changes in

the hereditary material that are perpetuated in subsequent

divisions of the cell in which it occurs. They can occur

spontaneously or as a result of a mutagenic agent. The four

types of mutation, point mutations, chromosome aberrations,

aneuploidy and polyploidy, are all known to occur in man.

Their phenotypic consequences may vary from lethality to

severe metabolic disturbances, functional inabilities of

cells, organs or organisms to hardly detectable changes.

Chromosome mutations include all changes in chromosome

structure and number.

Structural Changes

Structural changes involve the gain, loss, or

relocation of chromosome segments. A duplication occurs

when a given chromosome segment is contained twice in a

haploid set. The genetic consequences depend on the type

and amount of information involved. The change in gene

balance effected by duplications also plays a role. A

tandem duplication has been described on mouse chromosome 7

4
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that involves the Hbb locus (Russell et al. 1975). This

chromosome gain comprises 24% of the length of chromosome 7.

The heterozygote weighs about 60% of the normal at weaning,

with survival to 10 days of age being 40% of normal.

Homozygotes, tetrasomics for this region, are prenatal

lethals. The unbalanced form of the mouse insertion,

Cattanach's translocation, is also a duplication of

chromosome 7. Although only 25% of the male carriers are

viable, they are usually fertile (Searle 1981). In humans,

duplications are not very common but may result as a

secondary consequence of translocation or inversion

heterozygotes. The resultant is tertiary trisomies and

monosomies.

Deletions comprise another type of structural

chromosomal change. A deletion is the loss of a chromosomal

section. The genetic consequences of deletions are

primarily due to the loss of genetic information and

secondarily to quantitative changes in the genotype and

gene balance. Radiation mutagenesis has led to the

discovery of a large number of deletions in the albino (c)

region and the dilute short ear (d-se) region located on

mouse chromosome 7 and 9 respectively. At the albino locus,

homozygotes are lethal (Russell et al. 1982; Green 1981). A

classic example of a deletion in man is the Cri du chat

syndrome. This was the first deletion syndrome discovered
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in man by Lejeune et al. (1963) and results from a

heterozygous deletion of the short arm of chromosome 5.

Another structural change of chromosomes is the

inversion. Inversions include two main types: paracentrics

in which the centromere is not involved and pericentrics in

which it is involved. Heterozygotes for paracentric

inversions show anaphase bridges and acentric fragments. In

the mouse, male heterozygotes show very little reduction in

litter size (Roderick and Hawes 1970; deBoer 1986) and

little extra intrauterine mortality in progeny (Ford et al.

1976). Although these males have normal viability, the

homozygous condition may be lethal. As for female

heterozygotes, one particular inversion studied by Ford et

al. (1976) showed a high postimplantation intrauterine

mortality when 11-12 weeks old. At 8-9 months of age, an

even higher preimplantation and postimplantation mortality

rate was observed. A high frequency of XO progeny was

observed from carrier females with a long paracentric

inversion in the mouse X-chromosome (Evans and Phillips

1975). Although most of the inversions studied in man have

been pericentric, 12 paracentric inversions have been

studied. The information recorded shows some heterozygotes

exhibit pathological features, ranging from slight

retardation to more severe manifestations (Fryns and van de

Berghe 1980). Heterozygotes for pericentric inversions

generate duplication/deficiency gametes, like reciprocal
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translocations. However, the frequency of human newborn

inversions is only about 20% that of reciprocal Robertsonian

translocations (Sankaranaryanan 1982). Pericentrics produce

similar risks to reciprocal translocations in that

congenital malformations may arise from zygotic imbalance

while mental retardation or other disorders may result from

balanced heterozygotes (Searle 1986).

Reciprocal translocations are another structural

chromosome anomaly. These result from the formation of

lesions in two, usually nonhomologous, chromosomes followed

by an exchange of segments. In heterozygous reciprocal

translocation carriers, homologous pairing at meiosis

results in a cross-shaped configuration. The meiotic

products of alternate and adjacent-1 segregation are

effectively equivalent in the mouse and lead to a ratio of

one normal karyotype: one translocation karyotype:

twounbalanced gametes. Because the resultant unbalanced

zygotes in the mouse die, a translocation heterozygote

produces litters that are half the normal size. This is

known as "semi-sterility" (Wurgler 1983; Kirk and Searle

1988; Searle 1986). It seems likely that the unbalanced

gametes produced by human heterozygotes also die very early

and go unnoticed. Those conceptuses which die prior to

implantation may not even be recognized as a pregnancy.

Some unbalanced aberrations are, however, compatible with

survival to birth (Searle 1986). In newborn infants, the
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frequency of reciprocal translocations has been reported as

0.06% (Sankaranaryanan 1982), and these infants usually show

severe malformations.

Another type of translocation is the Robertsonian

translocation in which whole chromosome arms are transposed

or interchanged. They exert a fertility effect by forming

aneuploid spermatozoa and oocytes and by reduced testis

weight and sperm count. This aberration occurs

spontaneously in the wild species of Mus musculus and may

involve one to nine metacentric chromosome pairs depending

on geographic location. Another source of these

translocations is made possible by the introduction of

single metacentric chromosomes from the wild mouse into

laboratory strains which generates more de novo

translocations. In a heterozygote, the nondisjunction

frequency for the acrocentric chromosomes taking part in the

trivalent formed during first meiosis depends on several

factors. One is the Robertsonian translocation involved.

Another factor is the sex of the carrier since males produce

a lower frequency of nondisjunction than females. The

origin of the metacentric chromosome in the wild may also

influence the rate of nondisjunction since in some cases,

identical combinations from different European areas can

produce different nondisjunction frequencies (de Boer 1986).

It is through these Robertsonian translocations that data on

the reproductive consequences of monosomic and trisomic

----------
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fetuses have been derived. The most common Robertsonian

translocations in humans are between acrocentric chromosomes

13 and 14, resulting in a metacentric, and between

chromosomes 14 and 21. After segregation in the latter

case, trisomic and nullisomic gametes for the long arm of 21

are formed. The nullisomies are lethal, and the trisomies

lead to Down syndrome (Wurgler 1983; Searle 1986).

Numerical Changes

Whereas structural changes deal with chromosomal

segments, numerical anomalies involve changes in the number

of whole chromosomes. These chromosomal aberrations can be

split into two categories, polyploidy and aneuploidy.

Polyploidy involves duplications of chromosome sets and is

lethal in utero. Triploidy is the most common of the

polyploids and comprises about 16% of specific chromosome

aberrations in human abortuses (Sankaranaryanan 1982).

Tetraploids are also found but are only one-third as

frequent. While some triploid embryos die during

preimplantation in the mouse, others survive until day 10

(Wroblewska 1971; Takagi and Sasaki 1976; Searle 1986). In

the same manner, most tetraploids in the mouse die at the

egg cylinder stage (Searle 1986) while a small proportion

(17%) has been shown to develop past implantation. Some may

even survive to term (Snow 1975). Several treatments such

as heat shock (Searle 1986) and hormone-induced ovulation
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for egg retrieval (Takagi and Oshimura 1973; Takagi and

Sasaki 1976) can increase the incidence of triploidy.

Tetraploids are produced by exposure during early

development to cytochalasin B, a drug that inhibits

cytokinesis but not nuclear division (Snow 1976).

Aneuploidy is the duplication or deletion of one or

more whole chromosomes. It is the resultant of mainly

meiotic nondisjuction. In humans, monosomies are lethal.

On the otherhand, trisomies and their corresponding survival

time seem to be related to the chromosomal size. For

example, those for small chromosomes such as 21 and 22

survive until birth and may allow adulthood. Medium size

chromosomes trisomies may be born but have a very short life

expectancy. Trisomy 13 (Patau syndrome) and trisomy 18

(Edward syndrome) are examples of this range. Early

embryonic lethality results from trisomies involving large

chromosomes like 1 or 2 (Wurgler 1983). An exception is the

sex chromosomes. For instance, the XO condition is the only

monosomy compatible with viability. However, some mice and

nearly all humans with this condition die in utero. In the

same manner, XXY and XYY conditions in the mouse are also

viable. Although the former is sterile in both mouse and

man, the latter in humans allows for normal testes (Searle

1986).



CHAPTER II

RECIPROCAL TRANSLOCATIONS: DETECTION

AND ANALYSIS

Chemical Induction of Reciprocal Translocations

Early studies by Snell and co-workers (1933, 1935)

revealed that heritable translocations are readily inducible

in mice using ionizing radiation. Among their progeny were

semisterile animals which transmitted this characteristic to

approximately half of their progeny. A few years later,

genetic (Snell 1941; Snell 1946) and cytological (Koller

1944; Koller and Auerbach 1941) studies confirmed the

hypothesis that the presence of a translocation and the

subsequent production of unbalanced gametes caused this

semisterility.

Using triethylenemelamine (TEM), Cattanach (1957)

reported the first clear-cut evidence of chemically induced

heritable translocations. Continuing studies with this and

other alkylating chemicals (Table 1) showed that heritable

translocations are readily induced in male post-meiotic and

meiotic stages. Because of the high inducibility, the

transmissible end point, and the relative sensitivity of the

test, it has developed into an accepted method for

mutagenicity evaluation (Generoso et al. 1981).

11
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Table 1

CHEMICAL AGENTS EFFECTIVE IN THE INDUCTION OF
HERITABLE TRANSLOCATION

Agent

Tris (1-aziridinyl) phosphine
oxide (TEPA)

Tris (1-aziridinyl) phosphine
sulfide (Thio-TEPA)

Trenimon

Cyclophosphamide

Ethyl methanesulfonate (EMS)

Methyl methanesulfonate (MMS)

Isopropyl methanesulfonate
(IMS)

Procarbazine

Mitomycin C

Ethylnitrosourea (ENU)

Methylnitrosourea (MNU)

Ethylene oxide (EtO)

Acrylamide

Reference

Epstein et al. (1971)

Surkova and Malashenko
(1974)
Semenov and Malashenko
(1977)
Malashenko et al. (1978)

Datta et al. (1970)
Oud and Peters (1978)

Datta et al. (1970)
Sotomayor and Cumming
(1975)

Cattanach et al. (1968)
Generoso et al. (1974)

Jackson et al. (1964)
Lang and Adler (1977)

Generoso et al. (1979)

Adler (1980)

Adler (1980)
Adler and Neuhauser
(1978)

Generoso (1983)
Russell et al. (1979)

Generoso (1983)

Generoso (1983)

Shelby et al. (1987)
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Production of Unbalanced Gametes by
Reciprocal Translocations

Four modes of segregation at anaphase I in the first

meiotic division can be distinguished. Alternate

disjunction (figure 1a) occurs when the nonhomologous

alternate centromeres move to the same pole. Thus, the two

normal chromosomes, A1 B1 , come into one hapLoid cell, and

the two translocation chromosomes, A2 B2 , come into the

other. Another type of segregation is adjacent-1

disjunction (figure lb). In this situation, nonhomologous

centromeres which are adjacent move to the same pole. As a

result, one normal and one translocated chromosome, AB2 or

A2B1, come into one haploid cell. Each of these four

different division products has an equal probability (0.25)

of occurrence. A1 B1 is karyotypically normal, and A2 B2 is

balanced since the two chromosomes have exchanged segments.

A1 B2 and A2B1 , however, are unbalanced. In addition, other

abnormal types of segregation may occur. For example,

adjacently situated but homologous centromeres may move to

the same pole as in adjacent-2 segregation (figure 1c), or

the four centromeres potentially involved in the multivalent

configuration may not segregate two by two but rather three

by one as in 3:1 disjunction (figure ld).

Neglecting adjacent-2 and 3:1 nondisjunction, a ratio

of 50% unbalanced and phenotypically abnormal, 25% balanced

and phenotypically normal, and 25% normal karyotype and
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Fig. 1. Types of Segregation.
(b) Adjacent-1 Segregation; (c)
3:1 Nondisjunction.

(a) Alternate Segregation;
Adjacent-2 Segregation; (_)

14

(a)

(c)



15

normal phenotype is expected among progeny of individuals

with a balanced reciprocal translocation. Adjacent-2

segregation and 3:1 nondisjunction result in unbalanced

gametes only and therefore, generally lead to prenatal death

around the time of implantation. However, a reciprocal

translocation may yield viable offspring after adjacent-2

segregation and 3:1 nondisjunction in certain cases. The

only way to produce viable offspring after adjacent-2

segregation is for one interstitial segment to be so small

or genetically insignificant that a deficiency for it is

tolerated. This situation may be found when either the

breakpoints are very proximal, or at least one translocation

breakpoint is very proximal and the other is not too distal.

Similarly after 3:1 nondisjunction, this condition occurs if

one of the translocation chromosomes is smaller than the

smallest autosomes, or alternatively, is genetically

insignificant (deBoer 1986).

The Effects of Reciprocal Translocations

Among Carriers

Approximately one-third of all chemically or radiation

induced translocations result in male sterility. True

sterility is found in males heterozygous for sex chromosome-

autosome translocations and for a number of translocations

between autosomes in which one breakpoint is close to either

the distal or proximal end of the chromosome. Occasionally
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when more than one reciprocal translocation is present,

sterility occurs. The great majority of these sterile males

have testes one-third the normal size. In most cases,

spermatogenesis is blocked. When sperm are present in the

epididymis, the concentration is reduced, and the sperm are

generally nonmotile with an increased frequency of

morphological abnormalitites (Generoso 1983).

The remaining translocations result in partial

sterility. The degree of sterility depends upon the number

of balanced and unbalanced gametes in the ejaculate. Thus,

it is a function of meiotic segregation. According to

Generoso (1983), the percentage of living embryos when

mating normal females to partially sterile translocation

males is only 43-44% that obtained when normal females are

mated to normal males. Thus, the percentage of unbalanced

gametes in the ejaculate is 56-57%. This number may be

influenced by the length of the translocation segment in

that long segments appear to favor the formation of

unbalanced gametes (Generoso et al. 1981).

In addition to infertility, other adverse effects may

result from reciprocal translocations when in balanced form.

For example, some are associated with loci at their

breakpoints, such as non agouti, short-ear, and steel

(Searle 1981). Others are associated with specific skeletal

defects (Selby 1979). In another study, Rutledge et al.

(1986) reported a semisterile male translocation
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heterozygote which exhibited neurological symptoms and

aninability to swim normally.

Inducibility of Reciprocal Translocations
During Male Gametogenesis

The induction of heritable translocations is dependent

on the stage of gametogenesis which is exposed. Chemically

induced heritable translocations have only been recovered

from treated male postmeiotic and meiotic stages. Studies

on spermatogonia stem cells showed that alkylating chemicals

such as TEM are not significantly effective inducers of

reciprocal translocations. On the otherhand, ionizing

radiation is a potent inducer at this stage (Generoso 1983).

However, discrepancies of spermatogonial sensitivity exist

between laboratories. For instance, TEPA is either a highly

effective inducer (Sram 1970) or is not effective at all

(Generoso et al. 1978b).

Experiments in mice with several chemicals confirm

that heritable translocations are readily inducible in the

remaining germ cell stages. Mitomycin C, cyclophosphamide,

and TEM are effective on spermatocytes (Adler 1980;

Sotomayor and Cumming 1975; Generoso et al. 1978b). In

spermatids, other chemicals such as thio-TEPA, EMS, MMS,

procarbazine, and TEPA produce positive effects (Surkova and

Malashenko 1974; Cattanach et al. 1968; Lang and Adler 1977;

Sram 1970; Epstein et al. 1971). Heritable translocations

are induced in spermatogonia by cyclophosphamide, EMS, MMS,
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cyclophosphamide, EMS, MMS, and IMS among others (Sotomayor

and Cumming 1975; Cattanach et al. 1968; Lang and Adler

1977; Generoso et al. 1979).

Possible Mechanisms for Chemical Induction
of Heritable Translocations

With respect to alkylating chemicals, the initial step

that leads to aberration formation is alkylation of the DNA.

Studies by Generoso et al. (1982),, however, suggest the

formation of the majority of aberrations induced by an

alkylating chemical is delayed. During this period,

conversion of the unstable reaction products into suitable

intermediate lesions is required before the exchange takes

place. Some of the chemicals effective in inducing

heritable translocations (EMS, MMS, MNU and EtO) are known

to alkylate primarily the N-7 position of guanine. The N-7

alkylguanine adducts are not stable and are lost via

hydrolysis. Heritable translocations may also be associated

with N-3 alkyladenine as well since it is also highly

unstable (Generoso 1983). After this conversion, the sperm

enters the egg (Generoso et al. 1981), and the process of

chromosome exchange occurs prior to the first chromosome

replication (Generoso 1982). No information is available

regarding the DNA binding properties of methylene-

bisacrylamide (MBA), and acrylamide binds poorly to DNA

(Solomon et al. 1985). However, both are effective in

producing chromosome breaks in certain postmeiotic germ
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cells of mice. According to Sega et al. (1989), the

molecular target for acrylamide is not DNA but the

chromosomal protamines. Although there is very little DNA

binding in sensitive germ cells, the degree of acrylamide

binding to protamines is high and also parallels the level

of mutagenic response of certain germ cell stages. On the

otherhand, the protamines of maturing sperm are the most

sensitive to the mutagenic effects of MBA but possess

relatively few free sulhydryl groups, the most likely target

for protamine binding (Sega and Owens 1987).

General Procedure for Heritable
Translocation Test

When a reciprocal translocation is induced into one of

the parental germ cells, the resulting progeny is a

translocation heterozygote. The heritable translocation

test provides a screening method for the heterozygotes. The

four phases of the test are carried out in the following

order: (1) treatment of parental males, (2) mating of the

treated males and production of first generation progeny,

(3) testing of progeny for translocation heterozygosity, and

(4) statistical analysis of data.

Treatment of Parental Males

The treatment period begins 35 days prior to the start

of mating. Treatment of parental females with the test

compound or premeiotic exposure time is not necessary
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(Generoso et al. 1978a). The dose level should include the

maximum tolerated dose (MTD) that could be given during the

34 day period. In order to determine the MTD for a

compound, it is administered to groups of six male mice over

a two week period at various exposures (0.5, 0.25, 0.125, or

0.06 of the LD5 0 value of that compound). Administration of

the compound may be accomplished one of several ways. While

subcutaneous, intravenous, intramuscular, or intraperitoneal

injection ensures maximum concentration, inhalation or

gavage provides similarity to the human route of exposure.

Following the end of exposure, each male is mated to

three females for a one week period. Fourteen days after

the initial mating, the females are killed, and the fetuses

examined. In order to deem the MTD acceptable, there must

be no mortality in treated males, any weight loss of the

treated amimals must be no more than 10% of comparable non-

treated controls, and no evidence of sterility may be found

unless the result of dominant lethality. After finding an

acceptable MTD, the heritable translocation test is

conducted using this dose and half of this dose over the 35

day treatment period. If both groups of mice survive until

the end of treatment, both groups are mated. If no effect

on fertility results, only progeny from males treated with

the higher dose will be weaned and tested for translocation

heterozygosity (Generoso et al. 1980).
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Mating Procedures

Each male with impaired fertility is caged with two

untreated females for one week following treatment. As a

general rule, larger effects are expected when mating occurs

soon after the end of treatment (Generoso et al. 1978a; Sheu

et al. 1978). After one week, females are separated from

males and caged individually. The date of birth, size of

litter, and sex of progeny are recorded. Male progeny are

weaned while female progeny are discarded (Generoso et al.

1980).

Testing of Male Progeny for Translocation
Heterozygotes

Screening for heterozygotes may be accomplished by

employing one of two general procedures. The fertility

technique, either the conventional or sequential method,

tests the males initially for sterility and semisterility

and then uses cytological analysis on suspected progeny.

The other method subjects all males to cytological analysis.

Each male to be tested is caged with three virgin

females in the conventional method. The most desirable

strain of females is one in which the total number of

implantations is high and dead implantations consistently

low; hybrid stocks are frequently utilized. At midpregnancy

the females are killed, and living and dead implants are

counted. Records are made as to the number of sterile
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males. Semisterile males yield an above normal increase in

the frequency of dead implantations.

Since cytological analysis is performed on all

suspected semisterile males, the error involved in

classifying a normal animal as a translocation heterozygote

is practically negligible. On the other hand, the error

involved in misclassifying a translocation animal as normal

may be small or large depending on the set of criteria used

in the screening. Therefore, the misclassification error

should be 5% or less before any set of criteria is accepted.

As a general rule, any male whose fertility data are

inconclusive should by cytologically analyzed.

When using the sequential method, males to be tested

are caged individually with females, and normal males are

identified by the size of one or two litters. Cages are

examined daily beginning 18 days after pairing and 18 days

after the appearance of a litter. Young are discarded after

scoring. Males that sire a litter larger than the minimal

set for a translocation-free condition are discarded. If

the litter is smaller, a second litter is produced and

counted. If a male cannot be classified as normal after

both litters, then the conventional method is used. It is

essential that the minimum litter size used to classify

normal mice involve the smallest misclassification error

possible. This error should be no more than 5%.
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The next step of the fertility technique is

cytological analysis. The air-drying technique is generally

used in preparing the testes of semisterile males (Evans et

al. 1964). At least two diakinesis-metaphase I cells with

multivalent association constitutes the required evidence

for a translocation heterozygote. Sterile males are

prepared for analysis using one of two methods. If the

testes size is normal and sperm is present in the

epididymis, preparation of the testes is the same as for

semisteriles. If the testes are small, squash preparations

from testes or from mitotic metaphases of somatic cells are

analyzed. If analysis of diakinesis-metaphase I cells or

spermatogonial metaphases is not possible or does not reveal

a translocation, spermatogonia, bone marrow, or kidney cell

metaphases are analyzed for the presence of unusually long

or short chromosomes.

When utilizing the method of cytological analysis

exclusively, animals with small testes are handled as

described above for steriles with the same condition. All

other male progeny are screened by scoring a maximum of 25

diakinesis-metaphase I cells (Generoso et al. 1980). Using

this number, Adler (1980) calculated the error of

misclassifying a true translocation to be less than 1%.



CHAPTER III

GENETIC DETECTION OF ANEUPLOIDY IN MUS MUSCULUS

The Need and Value of an Animal Model

Little is known in man about the direct and indirect

consequences of chromosome imbalance. There is almost a

complete lack of knowledge about monosomy and some other

aneuploidies in man. Defining individual chromosome

disorders in terms of frequency and phenotype and the

mechanisms impairing growth and differentiation would be of

great value. An animal model provides an opportunity to

explore these abnormalities.

The common house mouse, Mus musculus, provides a model

by which aneusomic conditions may be systematically

investigated. The mouse has many varieties, convenient

size, a short gestation period and is easily maintained. In

addition, recent evidence suggests that karotype

diversification of mammalian species did not completely

disperse (Francke et al. 1977). Overall, the mouse model

provides fundamental information for systematic studies of

genotype-phenotype relationships.

Breeding Scheme for the Production of Aneuploids

By crossing male and female mice that are doubly

heterozygous for two Robertsonian translocations with

24
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monobrachial homology to mice with a normal, acrocentric

complement, aneuploids are generated (White et al. 1972;

Gropp et al. 1975). In meiosis I, these heterozygotes form

a trivalent which is responsible for anaphase I

malsegregation (White et al. 1974a) and results in a

highrate of nondisjunction for the common chromosome arm

(Magnuson et al. 1985; White et al. 1972; Gropp et al.

1975). The result is nullisomic and disomic gametes that

function as efficiently as normal gametes (Ford et al.

1975). Fertilization of normal ova produces monosomic and

trisomic embryos.

Phenotypic Consequences of Autosomal Monosomy

The deficiency or duplication of one chromosome or one

segment of a chromosome has an adverse effect on development

and function. The problem when considering the pathogenesis

of a chromosome abnormality syndrome is to understand how

the presence of an extra set or the loss of one set of

normal genes yields deleterious effects. The quantitative

gene dosage effect of a 50% increase or decrease must be

related to an abnormality. At the molecular level,

abnormalities may be the result of changing the

concentrations of rate-limiting enzymes, receptors,

regulatory molecules or molecules involved in pattern

formation. Several precedents already exist in humans which

relate quantitative changes in gene-product synthesis to
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altered development. For example, porphyrias result from a

50% deficiency of one of several enzymes in the porphyrin

biosynthetic pathways (Sassas and Kappas 1981). Familial

hypercholesterolemia is caused by a deficiency of low

density lipoprotein receptors (Goldstein and Brown 1975).

Among others are thromboembolism in individuals with reduced

levels of plasminogen or anti-thrombin III and heredity

elliptocytosis due to a 50% decrease in red cell skeletal

membrane protein band 4.1 (Aoki et al. 1978; Halal et al.

1983). While these are produced by a deficiency of gene

products, similar precedents may appear for duplications

although as a general rule monosomy seems to have more

severe zygotic consequences than trisomy.

In Mus musculus, monosomics die at or around

implantation (Dyban and Baranov 1987). Monosomy for

different autosomes has different effects on survival.

Genetic factors which may affect the rate of cell

proliferation or other aspects of development also play an

important role in determining when lethality occurs. Death

is defined here as the stage of development at which the

frquency of monosomics drops below the frequency of

trisomics.

Death occurs early in gestation for six of the

monosomies. Monosomy for chromosome 2 has been reported to

display a significant lag in growth by the morula stage.

This deficiency becomes evident at cleavage and death occurs
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soon after (Baranov 1983a). Likewise, monosomy 5 produces

growth retardation and all embryos remained at the morula

stage in a study conducted by Baranov (1983a). It is

suggested that there was no interference at cleavage, but

morula was blocked and blastulation was prevented by a lag

in cleavage rate. Death was evident by day four. While

death occurs at day three for monsomies 11 and 15 (Magnuson

1985), those of chromosome 3 and 6 survive until blastocyst

(Baranov 1983a).

Beechey and Searle (1988) report that monosomics for

chromosomes 1, 10, 14 and 16 may survive to implantation but

few live past neurulation. This is in agreement with the

study by Baranov (1983a) which concludes that monosomy for

chromosome 1, like 16, does not affect cleavage, compaction,

blastulation or preimplantation. Chromosome 1 monsomies

seem to have an extended period of mortality, since Magnuson

et al. (1985) reports death as early as the third day of

gestation without implantation, but Baranov (1983a) state

some survive until the eighth or ninth day of gestation.

For monosomy 14 embryos, death begins on day four (Magnuson

et al. 1985).

The other monosomies studied (chromosomes 4, 9, 12,

17, 18, 19) seem to have intermediate effects, usually

surviving to the late blastocyst stage without implantation.

No monosomics for chromosome 17 were found among aneuploids

at day four by Baranov (1983a) who suggests this affects
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cleavage after a few divisions and is lethal before

blastulation. In contrast, by using a different combination

of metacentrics, Magnuson and Epstein (1981) found that

approximately one-half of the embryos are still surviving at

the late blastocyst stage. Thus, the time of death is

delayed by a different metacentric combination. In the same

manner, chromosome 19 monosomics begin to die at day four

(Baranov 1983a). These effects are not due to the

expression of a recessive lethal gene (Epstein and Travis

1979) and is not believed by Kirk and Searle (1988) to be a

cell lethal, but rather the cells are at a proliferative

disadvantage, as in other monosomies (Magnuson et al. 1985).

Only monosomics for chromsome 7, 8 and 13 remain to be

investigated. Monosomy 7 has been illustrated as surviving

to the morula stage (Baranov 1983a). However, this is an

inference from the early lethality caused by a deficiency

for the distal end of chromosome 7 (Baranov 1983b).

The universal lethality of autosomal monosomies is

believed by Epstein and co-workers to be the result of two

factors. One is the decrease to half the synthesis of

specific gene products. The other is disruption of .a large

number of loci which are scattered throughout the autosomes

and are involved in highly concentration-dependent processes

vital to development.
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Insights Arising from the Study of
Individual Trisomies

Although all survive longer than any of the monsomies,

trisomics resemble the monsomics in that one group dies

early and another survives until later in gestation.

Trisomy, although not detrimental to preimplantation, is not

compatible with survival in Mus musculus.

Mice with trisomy 1 are eliminated around day 14-15.

Among the phenotypic characterisitics of this trisomy are

heavy cranial dysmorphy, facial dysplasia and hypertelorism

often associated with abnormal brain development resulting

in holoprosencephaly (Dyban and Baranov 1987). The facial

dysplasia may be caused by defective development of the

mandible, tongue and possibly, the nostrils. The eyes are

irregular in shape, and microgenia is the most prominent

symptom (Gropp 1975). In spite of the successful research

with experimental animal models, no trisomy 1 has been

identified in human abortuses.

Trisomy 2 in mice produces one of the earliest lethals

along with trisomies 5, 17 and often, 3 and 11. Embryos die

during days 10-11 of gestation which is the period of major

organogenesis. Expectedly, they exhibit smallness of the

head, non-closure of the neural tube, severe retardation and

hypoplasia. An early developmental block may produce the

small embryonic remnants observed. Likewise, the trisomy 3

mice are small and severly retarded. Death occurs
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approximately 10-11 days. With trisomics of chromosome 4,

the phenotypic expression is moderate retardation and

hypoplasia. The mice with this chromosomal abnormality

survive until days 12-13 (Dyban and Baranov 1987).

One of the early lethal producers, trisomy 5 deaths

occur during organogenesis. This chromosome aberration

produces a phenotype similar to the one exhibited by a

trisomy 2. In addition, these embryos have maldevelopment

of the allantois and poor vascularization of the yolk sac

(Dyban and Baranov 1987).

Although the phenotypic characteristics of trisomy 6

tend to be hypoplasia and moderate to severe retardation,

extreme variation of the phenotype has been observed. White

(1974a) reported a correlation to the trisomy of cleft

palate. The fetuses of a specific karyotype with cleft

palate were not smaller than other trisomics suggesting that

growth retardation is not responsible for the anomaly. Mean

fetal and placental weights were below normal, and an

excessive degeneration of oocytes in some trisomic ovaries

was present (White 1974b). According to Dyban and Baranov

(1987), survival is compatible until days 12-15.

At approximately 12-13 days of gestation, mice with

trisomies 7 and 8 die. While no phenotypic consequences

have been detected for trisomy 7, several have been recorded

for trisomy 8. Two days prior to death, a developmental

block occurs in trisomy 8 mice resulting in very severe
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retardation, hypoplasia, dilated heart chambers, non-closure

of the neural tube and massive hemorrhages. Also, a delay

in allantoic growth occurs and a disproportionate hypoplasia

of the head is observed (Dyban and Baranov 1987). Gropp

(1975) adds that the rhombencephalic area is normal despite

the smallness of the embryo and the neural tube defect.

Although general retardation, marked hypoplasia of the head,

dilated heart and non-closure of the neural tube are present

in trisomy 9, exencephaly is occasionally exhibited. The

hypoplasia observed may be caused by a reduction of the

maxillary processes and the mandibular and hyoid arches.

These embryos usually survive until day 11 or 12 (Dyban and

Baranov 1987).

Embryos carrying an extra copy of chromosome 10 are

eliminated on day 15. Although no gross malformations occur

externally, ventricular septum defects are observed in most

and there is a slight retardation with slight to moderate

hypoplasia (Dyban and Baranov 1987).

The survival of trisomy 11 mice is ended on day 10-11.

This aberration results in small, unorganized, and severely

retarded embryos much like those produced in trisomies 2, 3,

5, 8, 15 and 17 (Dyban and Baranov 1987).

Trisomy 12 is a well-defined syndrome and displays a

distinctive phenotype. Among these are exencephaly,

microphthalmia and anophthalmia. Abnormal eyes have been

attributed to hypoplasia of the bulb and more importantly, a
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downward inclination of the basisphenoid forming the upper

wall of the orbital angle (Gropp 1975). Because death does

not accompany exencephaly, support is lended to the

assumption that cranioschisis is not the primary cause of

prenatal death (Gropp and Kolbus 1974). With some genetic

backgrounds, anencephalia is observed. Cardiovascular

defects and severe hypoplasia of chorio-allantoic placentas

have also been noted. By day 17, death ususally occurs

(Dyban and Baranov 1987).

Trisomy 13 is regularly associated with cleft palate.

The lip is not affected. Other phenotypic characteristics

are transient edema of the neck and back, delayed

ossification, cardiovascular defects and general retardation

with an immaturity of tissues and organs, especially the

respiratory system. The developmental delay, poor muscle

development and the delay of ossification experienced are

about 1 to 1-1/2 days. Cardiovascular abnormalities,

pulmonary stenosis, ventricular septal defects and

overriding aorta may be caused by impaired proliferation of

trisomic cells (Hongell and Gropp 1982). Mice with this

aberration are usually 16-18 days at the time of death

(Dyban and Baranov 1987).

Unlike the first thirteen, mice with trisomy 14 may

survive until term. However, gross malformations result.

Exencephaly due to non-closure of the forebrain region of

the neural tube often occurs as well as cleft palate, edema
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and cardiovascular malformations. Growth retardation of the

gonads and thymus and a delay of placental growth and

vascularization of the yolk sac may also be present (Dyban

and Baranov 1987).

Chromosome 15 trisomics die around day 11-12.

Externally, there is severe retardation, hypoplasia and an

outgrowth of unorganized nerve tissue at 8-1/2 to 9-1/2 days

of gestation (Beechey and Searle 1988). However, in a study

conducted by Dyban and Baranov (1987), only one out of 20

mice tested had an open neural tube defect at 10-1/2 days.

Internally, consequences are absence of the liver and highly

dilated heart chambers.

Trisomics of chromosome 16 may survive until day 18 or

until term. However, moderate general hypoplasia and slight

developmental retardation occurs which is common for

trisomics with a longer survival time. A reduction of up to

25% in weight when compared to siblings may be observed.

The neck is short, the head smaller, and the snout

foreshortened. The eyelids are open. Internally, the most

prominent feature is congenital heart disease affecting the

vessels (Epstein et al. 1985a). Approximately one-half have

an endocardial cushion defect which is also encountered in

about one-third of Down syndrome patients (Miyabara 1982;

Cox and Epstein 1985). The thymus is small, and the lobes

do not complete their descent into the thorax (Epstein et

al. 1985a). Brain development is retarded which may lead to
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reduced cortical surface, permanent deficiency of cortical

neurons, or arrested development of neurons within certain

neurotransmitter systems (Oster-Granite 1983).

Although most trisomy 17 mice survive until day 12 or

13, death may occur as early as the tenth day of gestation.

Generally the embryos are small. Also, those who survive

until day 13 may exhibit caudal hypoplasia (Dyban and

Baranov 1987). In the same manner, Epstein et al.

(1982)found no structural abnormalities except for a kink in

the tail of one living animal resulting from a chimera.

Slight to moderate retardation and cleft palate are

normally associated with trisomy 18. The mice may survive

until term (Dyban and Baranov 1987). Likewise, those with

trisomy 19 may be viable until term or may even be born

alive. According to Dyban and Baranov (1987), there may be

a one day lag in weight gain and size increase. Cleft

palate may also occur. The longest documented survival case

is 20 weeks which produced one offspring (Tease and Fisher

1985).

Production of Chimeras for Longer Survival
of Trisomic Cellular Systems

Development impairment and eventual breakdown of the

trisomic organism is inevitable. Whether this is a result

of defects on the cellular level is not clear. Separation

of the cellular systems from the aneuploid fetus for the

rescue of cells and tissues and for sequential analysis of
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the phenotype other than the cell and fetus is possible.

Among the possibilities for studying isolated trisomic cells

are fibroblast culture, organotypic culture, early embryo

association, blastocyst injection, embryonal stem cell and

haemopoetic stem cell transfer (Gropp 1982) .Here early

embryo association and blastocyst injection will be

explored.

The production of association or injection chimeras

with aneuploid embryos provides a longer lasting rescue of

the aneuploid part of the chimera. For example, an increase

in the longeivity of the aneuploid constituent has been

shown in monosomy 19 (Magnuson et al. 1982). Epstein et al.

(1984) created viable chimeras with trisomy 15, and most had

a normal external appearance. This condition is of interest

because of its association with lymphoid malignancy,

particularly T-cell leukemias and thymic lymphomas (Klein

1979; Wiener et al. 1981). Trisomic cells were found in all

fetal tissues of the chimeras. The same proportion as

controls were reported in the kidney, heart, liver and

brain, but reduction was noted in the thymus and spleen.

Therefore, no proliferative advantage is demonstrated during

development of fetal chimera tissues.

Similarly, in a study by Cox et al. (1984), nearly all

trisomy 16 chimera were viable and phenotypically normal. A

marked deficiency of Ts 16 cells in the blood, spleen,

thymus and bone marrow of live-born chimeras was observed.
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Ts 16 fetal thymus and spleen cells are largely corrected

when these cells are allowed to develop in conjunction with

normal fetal cells; therefore, the abnormalities in Ts 16

fetuses are not entirely cell autonomous and may be due to

an immunodeficiency.



CHAPTER IV

SEGREGATION IN MAN

Balanced chromosome translocations are one of the

causes of reproductive failure in man through sterility,

recurrent abortions or birth of malformed children. Based

on theoretical segregation calculations, the average risk

for an abnormal, unbalanced offspring at birth is estimated

to be 7% for carrier mothers and 3% for carrier fathers.

For carriers in families in which an unbalanced zygote

offspring has already been observed, the risk is higher with

14% for carrier mothers and 8% for carrier fathers (Vogel

and Motulsky 1986). The incidence of spontaneous abortion

is nearly 50% in reciprocal translocation carriers

ascertained for a malformed child or recurrent abortions

(Neri et al. 1983). However, it is only 15-20% for the

general population (Warburton and Fraser 1964; Abramson

1973; Ford and Clegg 1969; Hamerton 1971; Jacobs et al.

1970).

Mode of Imbalance

The mode of segregation also differs between parental

types. According to Jalbert et al. (1980), the mode of

imbalance at birth is determined by the nature of the

involved chromosomes and their respective breakpoints.
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Hence, a given translocation produces imbalances nearly

always by the same type of segregation. Distribution of

breakpoints on chromosomes involved in reciprocal

translocations ascertained through a malformed child is

nonrandom, with an excess on chromosomes 5, 9, 13 and 15.

Also, 68.8% of the breaks occurred in R-positive bands and

fewer (22.8%) in G-positive areas (Aurias et al. 1978; Stoll

1980; Yu et al. 1978). Although some heterochromatic and R

negative regions play a minor role, the determining

factoras to the most probable mode of imbalance, is the

relative length of the different branches of the cross

configuration in meiosis. For example, translocations that

produce adjacent-1 segregation only contain centric segments

(CS) whose sum is greater than the sum of the two

translocated segments (TS). Also, the shortest CS (i.e.,

arms not involved in the translocation plus interstitial

segments situated between the centromeres and the

breakpoints) is of equal or greater length than the longest

TS. In the same manner, adjacent-2 producing translocations

have two CS lengths smaller than the two TS lengths. The

two CSs, in the trisomy or monosomy state, always carry

heterochromatic regions while the TSs never carry any. The

3:1 segregations have two TS and CS lengths which differ

with a mean ratio of 1 to 3 and one of the translocated

chromosomes is either an acrocentric or a number 9 (Jalbert

et al. 1980).
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When mothers are the translocation carrier, 66% of all

unbalanced zygote offspring are found to be of the adjacent-

1 type, 3% adjacent-2 and 31% 3:1 nondisjunction. With

carrier fathers, 90% are adjacent-1, 3% adjacent-2 and 8%

3:1 (Vogel and Motulsky 1986). A study of liveborn by Neri

et al. (1983) revealed 94% from alternate, 5% from adjacent-

1 and 1% from 3:1 segregation. This study also indicates

the expected level of chromosome imbalance, relative to the

normal haploid autosome length, resulting from the different

types of segregation. Adjacent-1 yielded a maximum of -1.09

(prevalence of monosomy) to a maximum of +2.12 (prevalence

of trisomy). The two subjects derived from adjacent-2

segregation were +1.49 and +2.57 and 3:1 segregation ranged

from +1.90 to +3.31. The most frequent type leading to

unbalanced gametes, adjacent-1, produces the least level of

genome imbalance. Therefore, it is observed most frequently

giving rise to gametes from which life is compatible.

Human Sperm Chromosome Studies

The risk of chromosome abnormalities in the offspring

of balanced carriers of reciprocal translocations is usually

based on family studies. It is difficult to gain

information about the mode of segregation by studying

liveborns due to lethality. However, meiotic studies of the

carrier may be obtained which allows direct analysis of

human chromosome complements. Human sperm chromosome
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studies using the hamster-human test (Rudak et al. 1978)

have been carried out in several heterozygous carriers of

reciprocal translocations (Balkan and Martin 1983; Martin

1984; Brandriff et al. 1986; Burns et al. 1986; Templado et

al. 1986,; Martin 1988).

It is well documented that alternate segregation is

the most common in human liveborns (Jalbert and Sele 1979).

However, for studies by chromosome analysis, alternate and

adjacent-1 segregations are approximately equal. Adjacent-1

is the most common producing unbalanced offspring (Jalbert

and Sele 1979) and unbalanced sperm in all translocations

studied by sperm chromosome analysis. In the nine

translocations studied by this method, adjacent-1

segregation occurred in 51-100% of unbalanced sperm, 3:1 in

0-25% and adjacent-2 in 0-33%. In one case, 4:0

nondisjunction occurred. These results demonstrate that

many different types of chromosome segregation occur in

translocation heterozygotes even though not recovered in

fetuses or newborns (Martin 1988).



CHAPTER V

MATERIALS AND METHODS

The experiment carried out in conjunction with this

thesis is an extension of the work being done by Joe C.

Rutledge, M.D., University of Southwestern Medical School,

Dallas, Texas (presently, University of Washington School of

Medicine, Seattle, Washington) and of W.M. Generoso, Biology

Division, Oak Ridge National Laboratory, Oak Ridge,

Tennessee. This experiment was designed to investigate:

(1) the production of NN'methylenebisacrylamide-induced

balanced reciprocal translocations, (2) the reproductive

consequence of this induction, and (3) the developmental

anomalies among offspring of the semisterile translocation

carriers.

Characteristics of the Chemical Agent

N, N'-methylenebisacrylamide (MBA) has the following

physical properties: (1) General formula --

(CH2 =CHCONH)2 CH2 , (2) Molecular weight -- 154.0, and (3)

Percentage composition -- C 54.55%, H 6.49%, 0 20.78%, N

18.18%. MBA is also known as AM-9.

MBA is a dimer of acrylamide and serves as a

crosslinking agent in the formation of polyacrylamide gels.

Among polyacrylamide gels many industrial uses are

41
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adhesives, fountain solutions for litho printing, fruit and

vegetable washing, oil flotation, soil grouting, sewer

sealing and water absorber (Kirk-Othmer 1978). Its medical

applications are also as varied. The range of uses spans

manufacturing of antithrombogenicity surfaces for artificial

blood vessels (Kearney et al. 1975) to manufacturing of

hydrophilic contact lens (Kuzma and Odorisio 1983).

Although the DNA binding properties of MBA are not known,

two studies of its mutagenic activity in bacteria have been

conducted. A weak mutagenic response was induced in two

strains of Salmonella typhimurium when tested at high doses

in the presence of S9 activating enzymes. However, two

other strains showed no mutagenic activity (Zeiger et al.

1988). Likewise, a study by Hashimoto and Tanii (1985)

reported negative results in these same strands although

using a different source of S9 enzymes and lower

concentrations of MBA.

On the other hand, there is much data on the germ cell

mutagenicity of acrylamide, an MBA metabolite. Acrylamide

is an effective inducer of dominant lethality in male mice

and rats (Shelby et al. 1986; Smith et al. 1986). Shelby et

al. (1987) also reported an increase in yield of heritable

translocations.
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Treatment

The treatment phase of this experiment was carried out

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

National Laboratory. After the maximal tolerated dose of

MBA was determined, Hanks' balanced salt solution (HBSS) and

MBA solutions were mixed and injected intraperitoneally in a

dose of 90 mg/kg. It was administered daily for five days

and in a maximal volume of 1.0 ml. Control mice were given

0.8 ml of HBSS. The (C3H X 101)F1 males used were

approximately 12 weeks old at the time of treatment, and

(SEC X C57BL)F1 females were 12 to 14 weeks. After

treatment, each male was caged with two females for five

consecutive days. Successfully mated females were then

separated and caged individually. Only male progeny were

weaned. The sequential method of the heritable

translocation test was employed to identify carriers among

male progeny (Generoso et al. 1980). Ten randomly selected

partial steriles were cytogenetically analyzed for evidence

of chromosome rearrangement in diakinesis-metaphase I

heterozygosity. Twenty-four semisterile and 13 fertile male

progeny from the MBA group and one semisterile and eight

fertile male progeny from the control group were mated with

virgin randomized females.
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Preparation of Embryos

Pregnant females were killed on day 17 of gestation,

as determined by the presence of a vaginal plug. The

uterine contents were examined for resorption moles, early

embryonic deaths, late embryonic deaths and living fetuses.

Resorption moles are embryos that died just after

implantation. Early embryonic deaths occur prior to the

eleventh day of gestation and are judged by the lack of eye

pigment. Late embryonic deaths occur after day eleven.

Early dead, late dead and live fetuses were coded and placed

in neutral buffered formalin for subsequent anatomical

examination.

Examination of Fetuses

All embryos were individually examined at 16X

magnification with a dissecting scope to detect external

anomalies. In addition, a coronal section was made through

the mouth to detect cleft palates. When all scoring was

completed and anomalies confirmed by Rutledge, the code was

broken.

When possible the most descriptive term was chosen for

each individual anomaly. The following is a list of the

terms used along with a brief explanation of each:

1. Open eyelids indicate the absence of upper and/or

lower eyelids on one or both eyes.
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2. Exencephaly refers to the condition where the

brain is located outside of the skull.

3. A small omphalocele has occurred when the

intestines are outside of the abdominal wall.

4. Forelimb anomalies mean that one of the forepaws

is in a dropped position.

5. Tail anomalies signifies the tail was either,

tightly curled or kinked.

6. Polydactyly is the presence of more than five

digits on one or both forepaws.

7. Syndactyly is any degree of webbing or fusion of

fingers or toes.

8. Edema, or hydrops, means excessive fluid

accumulation which gives embryos a swollen

feature.

9. A small embryo refers to those fetuses whose dry

weight was less than 75% of the mean litter dry

weight.

10. Micrognathia indicates smallness of the jaws,

especially the underjaw.

Data

The data gathered from these experiments has been

condensed into tabular form. Tables 2 through 5 list the

raw data; tables 6 through 8 list the calculated data.
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Table 9 shows the results of the Fisher exact test. Tables

10 and 11 are summaries of the anomalies detected.

Statistical Evaluation

The statistical tool used to evaluated the data in

this experiment was the one-tailed Fisher exact test. This

version of the test returns two numerical values, an odds

ratio and a probability. The latter is the statistic of

interest. The numerical probability is an indication of the

results occurring by chance. For example, in line 2 column

3 of Table 9, the probability that the number of resorption

moles per female (male number 359-221) could happen by

chance is zero, significant to six decimal places.



CHAPTER VI

EVALUATION OF EXPERIMENTAL RESULTS

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

semisterile groups produced resorption moles at rates

significantly higher than their controls (Table 9). There

is no doubt that the rate of induced embryonic deaths could

not have occurred by chance. Anatomical analysis of

conceptuses revealed an increase in the incidence of

malformed live fetuses per live embryos in the pooled

semisterile treatment group (P = 0.000015).

Induction of Heritable Translocations

The number of implants per female does not vary

significantly between the control and the semisterile goups

(10.45 and 10.23, respectively). Thus, implantation is not

affected. Since the number of implants per female does not

differ significantly, the two control groups have been

combined into one.

As expected, the percentage of resorption moles in

the semisterile animals from the treated group is much

higher than in the control (57% compared to 3%,

respectively). Overall, all stocks had occurrences of

resorption moles with three stocks exhibiting reproductive

loss manifest by only periimplantational death (i.e. no

47

mm---



48

early deaths, late deaths or malformed fetuses). The number

of resorption moles per female in the semisterile group is

over 19 times that in the control (5.80 compared to 0.30).

The incidence of living fetuses per implants in the control

group ranges from 88-100% whereas the frequency in the

semisterile group varies from 19-78% (P= 0.000000).

Early deaths as a percentage of implants are higher

for the semisterile males (0.2% in the control to 1.75% in

the treatment group, P = 0.000057). Likewise, the number of

early deaths per female is higher for the treated than the

control (P = 0.000145). Fifteen stocks exhibited early

deaths along with resorption moles while only twelve with

resorption moles also sired offspring that died late in

gestation. Late deaths as a percentage of implants are also

higher for the treated males (0.33% compared to 1.46% in the

control, P = 0.005895). Overall, the post-implantation loss

per female, including resorption moles, early death and late

death, is 16 times greater in the semisterile groups than in

the control. Individual reproductive losses are 3.67% for

the MBA control, 3.27% for the HBSS control, 58.84% for the

MBA semisterile, and 81.36% for the HBSS semisterile.

One de novo translocation occurred in the HBSS group.

Of this male's 118 implants, 78% are resorption moles and 3%

are early dead embryos. However, no anomalies are found

among the 22 living fetuses.
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Anatomical Analysis

A comparison between groups shows the MBA group with

over five times as many malformations as the control (P =

0.000000). Likewise, 3.70% of the live embryos in the MBA

group are malformed fetuses while there are only 0.88% in

the control. However, the incidence of live malformed

fetuses per implants is 0.009 in the control and 0.015 in

the semisterile group (P = 0.137690). In the same manner,

the number of live malformed fetuses per female are similar

(P = 0.169150). The increased number of gestational deaths

interferes with the possible number of live births and

therefore, possible malformed fetuses. Thus, the ability of

MBA-induced heritable reciprocal translocations to result in

malformed offspring should be based solely on the number of

live fetuses at day 17 gestation. The severity of damage

induced in the MBA group is also greater. While 89% of the

affected fetuses from the control have only one defect, 24%

of the MBA semisterile fetuses have two defects and 8% have

three or more.

Sixteen stocks sired progeny in which one fetus

exhibited a phenotypic anomaly. Of these sixteen, seven

stocks also had early and late deaths. Twelve semisterile

males had 60% or more of their offspring die during

gestation (excessive death). Of those stocks with excessive

death, four sired offspring with no anomalies. Two males

each sired two or more fetuses with defects such as open



50

eyelids (2 incidences), cleft palate (4), smallness (2), and

tail anomaly (1). The other four sired one defective

offspring each. These defects include open eyelids, cleft

palate, smallness, and edema.

Smallness comprised the majority of anomalies with 34%

of the total malformations in the treated group. Cleft

palate was the second most frequent anomaly comprising one-

sixth of the MBA malformations. The remaining, in order of

highest incidence, are no eyes, open eyelids, tail

anomalies, edema, exencephaly, micrognathia, and a small

omphalocele. Smallness is also the isolated defect of

offspring sired by male 34-80, and 3 out of the 5 defective

progeny of 104-122 are small. Another male (359-221) sired

eight defective offspring of which one-half have no eyes.

Twelve males of the 21 in the control sired fetuses

with no anomalies. The others sired approximately 2% live

malformed fetuses per number of implants. Each sired one

defective offspring with one or two anomalies. Small

omphaloceles comprised 33% of the anomalies in the control,

and smallness comprised 22%. Other defects include

syndactyly, polydactyly, cleft palate, open eyes, and a

forelimb anomaly.

Discussion

According to data from Rutledge et al. (in press),

N,N'- methylenebisacrylamide induces heritable

translocations in Mus musculus at a rate of 13%. The
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reproductive consequence of this induction is semisterility.

In this experiment, balanced translocation induction was

defined as semisterility. This reduced fertility, in part,

is the result of periimplantation death caused by

chromosomally unbalanced gametes. Our study demonstrates

that late gestational loss is responsible for some of the

reduced reproductive capacity and that gestational loss

varies among translocation stocks. However, no

preimplantation loss occurs. Theoretically, death normally

occurs for about one-half of the total number of implants in

this situation. In studies of human sperm chromosome

complements in translocation heterozygotes, 50.75% of the

sperm are unbalanced (Martin 1988). An excessive death

count in several male groups suggests that the translocated

segment for that group is large. Thus, the increased number

of periimplantational deaths results instead of viability to

term.

It should be mentioned that two of the MBA-induced

males (104-122 and 34-80) show a higher percentage of living

fetuses per female than the other semisterile stocks (P =

0.450559 and 0.377640, respectively). Yet both also show a

high number of malformed fetuses. This suggests a small

translocated segment permitting survival to late gestation.

However, the number of females used to mate was

approximately 50% that of the other males; hence, limited

population may be the cause of such deviations.
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Although no malformations accompany the balanced

carrier which produces partial sterility, an increase

incidence of anomalies is detected in the translocation

carrier's offspring of some stocks. Malformations are not

limited to only one treated male with the exception of a

small omphalocele. On the other hand, polydactyly and a

forelimb anomaly are each limited to a different control

male although only one fetus was affected in each case.

Therefore, we conclude that no trisomic chromosome

abnormality syndromes are related with MBA-induced heritable

translocations.

Partial trisomy, however, cannot be ruled out. For

example, several semisterile males sired offspring with

anomalies comparable to those observed in various trisomies.

Male 104-122 sired offspring with smallness, eye anomalies,

exencephaly, cleft palate and micrognathia. Male 359-221

sired offspring with smallness, cleft palate, eye anomalies,

and edema. Male 34-80 sired small offspring, and male 160-

153 sired offspring with smallness, cleft palate, and eye

anomalies. We conclude that the possible correlating

trisomies are 12, 13, 14, 16, 18, and 19 which all survive

to at least gestational day 17. Ts 12 and 14 are related to

exencephaly. Ts 13, 14, 18 and 19 are connected with cleft

palate. Smallness is related to Ts 16 and 19. Eye

anomalies and micrognathia are associated with Ts 12 and 16.

Lastly, Ts 13 and 14 are associated to edema. Monosomy for
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smaller translocations would also be possible although this

condition is less tolerated. Since more than one segregant

is expected at anaphase and hence multiple phenotypes may

result from the unbalanced segregants, each is a possible

different unbalanced state for the above males.

One possible defect observed with no particular

pattern is post-minimi. Equal frequencies of this anomaly

are found in both the semisterile group and the control.

Therefore, for this study, it is not included as a defect

but is attributed to the type of stock used. Based on

previous experience with Mus musculus, internal examinations

were not performed. Generally, if no external anomalies are

present, there will be no internal anomalies.

One purpose of any experiment dealing with chromosome

abnormalities is to better understand the processes involved

so the impact of such on the human population can be

reduced. Translocations are an important endpoint of

environmental mutagen exposure in experimental animals and

presumably in man. Miscarriages and liveborn infants with

birth defects may be the results of reciprocal

translocations. Although early spontaneous abortions

generally go undetected, the latter two may cause physical

and psychological trauma to mother and infant. However, the

adverse effects of mutagenic agents occur at such a low

frequency in such a genetically diverse human population

that epidemiologic detection is virtually impossible. On
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the otherhand, the testing methods for translocation

induction in animals is well established. The

detailedreproductive consequences of those mutagen induced

translocations was not known until this work. This study

forms the first data to attach risk assessment numbers to

the translocations.

In conclusion, heritable reciprocal translocations

induced by MBA cause semisterility among carriers as

indicated by the increase in resorption moles. In addition,

there is an increase in fetal death as well as phenotypic

defects among those conceptuses who survive beyond

periimplantation stages. Our results indicated that as many

as 21 of the stocks resulting from the translocation

heterozygotes would have ended in obvious miscarriages or

malformed live births. However, these are the results of

one agent and may not apply to translocations induced by

other agents.
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Table 11 --Types of Anomalies in Selected Groups
with Increased Gestational Deaths--

Male Number Anomalies
Partial
Trisomies

104-122 Small 12,13
Eye Anomalies 14,16
Exencephaly 18,19
Cleft Palate
Micrognathia

359-221 Small 12,13
Eye Anomalies 14,16
Edema 18,19
Cleft Palate

34- 80 Small 16,19

160-153 Small 12,13
Eye Anomalies 14,16
Cleft Palate 18,19
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