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THE RELATIONSHIP BETWEEN X-RAY INDUCED
TERATOGENY AND CHROMOSOME ABERRATIONS
IN GOLDEN HAMSTER EMBRYOS
INTRODUCTION

Ever since the etiology of mongolism in human babies became

associated with chromosome aberrations, there have been extensive

studies undertaken by many researchers to determine more precisely
the relationship between chromosome aberrations and teratogenesis.
Since then, much evidence has accumulated suggesting that a signif-

icant portion of all teratogenesis is produced by chromosome aberrations.
McIntosh (1954) and Warkeny (1961) give evidence that about six

and one-half percent of all babies that develop to term have some
sort of an anatomical defect which is severe enough to be called an

anomaly. A total of two and one-half percent of all babies have de-

fects severe enough to require treatment. When one considers the
anomalies on a cellular level it becomes apparent that they may be
classified into two categories: those in which the cells are abnormal
(probably in a genetic way), and those in which normal cells exist in
abnormal relationships to each other causing subsequent abnormal
differentiation. It may also be that both of these cellular situations

occur in a particular anatomical anomaly. Conceivably chromosome
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aberrations could be a cause in either situation. If chromosome
aberrations cause cellular death at a critical point in development,
this may result in abnormal relationships among the remaining cells.
Arey (1965) has classified causes of teratogenesis into four
categories: physical agents (such as irradiation), chemical agents,

infectious agents, and immunity agents. Recent studies have shown

increased incidence of chromosome aberrations associated with tera-

togenesis in all of these categories except the last. Of course, many
experiments have shown that x-rays cause chromosome damage.

Similar studies have shown that drugs, such as LSD, and some
viruses can also cause chromosome damage. This suggests that a
common mechanism of teratogenesis with many agents is the produc-

tion of chromosome aberrations. Whatever the cause, the presence
of chromosome aberrations usually indicates that other damage is also
present which cannot be seen in the microscope, such as individual
gene deletions or mutations.
It would seem that individual cell mutations could play an impor-

tant role in teratogenesis only from one generation to the next. A
one-cell mutation might have few consequences on subsequent develop-

ment because there are many other normal cells able to carry out the
function of the abnormal one. On the other hand a one-cell mutation

in a germ cell will duplicate its abnormality in each cell of the
developing embryo, setting up errors of metabolism which can lead to
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gross anatomical anomalies.
Thus it is important to distinguish two completely different

categories of teratogeny associated with chromosome aberrations.

The first originates in the germ cell and is duplicated in every cell of
the ensuing embryo, while the latter occurs in only a few of the cells
of the embryo. It would be almost impossible to conduct a study, in

any depth, on both general types of mechanisms; therefore, this study

addresses itself only to the latter.
The present study was designed to determine the types of

anomalies produced in Syrian hamster embryos by x-irradiation, and
to determine the incidence and type of chromosome aberrations associated with them. The study was begun with the following questions:

What is the incidence of chromosome aberrations in embryonic cells

shortly after irradiation, and at various stages of gestation? Does
the incidence change with time, and does the incidence correlate with
the incidence of anatomical abnormalities?
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REVIEW OF THE LITERATURE

Cytogenetic Aspects of Teratogenesis
Much evidence has accumulated recently which associates

chromosome aberrations of various sorts with spontaneous teratology.

The topic aroused so much interest in the medical profession that a
conference was called in 1966 at Geneva. The purpose was to standardize procedures for chromosome studies of aborted human fetuses.

At that time it was reported that 20 percent of all spontaneous abortions were associated with chromosomal aberrations, whereas only

two percent of induced abortions reveal chromosomal aberrations. Of
153 reported cases of aberrations 21 percent were sex chromosome
anomalies, 41 percent were trisomics (invariably involving one of the

smaller chromosomes), and 17 percent were triploids. In general it
was concluded that loss of a great volume of chromosomal material

was immediately lethal to the cell involved and therefore extreme
chromosomal aberrations were never associated with embryonic
anomalies.

Jacobson (1967) has discussed some of the cytogenetic aspects
of abortion. He reported early abortions to have a higher incidence

of chromosome aberrations. Incident ly, he developed the technique
of amniocentesis, in which amniotic fluid is drawn from the gravid
uterus and the floating embryonic cells are cultured and karyotyped.
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The great popularity of the technique is testimony to the serious concern among the medical doctors about the danger and significance of

chromosome aberrations.

Teratogenesis is also a problem in the livestock industry. Only
recently have attempts been made to assess the extent of the problem.

A recent report of the subcommittee on prenatal and postnatal mortality in bovines, National Research Council (1968) states, "Cytogenetic

investigations in which cattle are used as subjects have begun, and

from early findings, the indications are that chromosomal anomalies
are a source of embryo loss and abnormal young that warrants more
serious consideration." Mc Feely (1967) has studied the problem in
the pig. In a survey of 88 normal blastocysts he found ten percent of

them associated with chromosome aberrations. He used this evidence
to support the conclusion that these aberrations cause the many apparent undeveloped ova that normally occur in the pig.

Most aberrations in spontaneous abortions were no doubt present

in the germ cells and are therefore passed on to every cell in the
developing embryo. Exceptions to this would be mosaics. The

Geneva Conference (1966) reported eight percent of all spontaneous

abortions, which were associated with aberrations, were actually
chromosomal mosaics. One would expect mosaics to develop in cases

where chromosome aberrations are associated with a teratogenic
agent acting during development.
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The case for chromosome aberrations as teratogenic mechanisms has been complicated by the fact that their incidence decreases
with time, depending on the mitotic rate of the cells involved. Bender
and Gooch (1961) using Chinese hamster cells, showed this to be true
both in vitro and in vivo. Using whole body irradiation, they studied

the decrease in chromosome aberration frequency in bone marrow

cells. They found that within a few weeks the incidence had dropped
to control levels. They also studied the changing frequency in
lymphocytes of humans (1963) following accidental exposure to radiation. Here also the frequency decreased with time, but the evidence

is not as clear cut in this case because of the uncertainty of the mitotic
activity of lymphocytes. Moore and Calvin (1968) reported chromo-

some aberrations to decrease with time in Chinese hamster thyroid

cells after exposure to

1311.

After one year the aberrations were

one-third of what they had been at 30 days. Brewen's (1962) studies

indicate a similar decrease in aberrations with time in irradiated
corneal epithelium.
Nowell and Cole (1963) conducted quite an extensive study on the

persistence of chromosomal aberrations in mice. They found that
there was quite a severe reduction in number during the first few

mitotic cycles, and that thereafter the decrease was much less, with
a significant number remaining even after two years.
Brooks and Lengemann (1967) irradiated testes and bone marrow
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of the Chinese hamster and traced the incidence of chromatid breaks
from 3 to 24 hours. The initial breaks per cell were higher in the

germ cells than in the bone marrow, and these breaks persisted a
number of hours longer in the germ cells, which was probably due to

the slower mitotic rate. Within 24 hours, the breaks in both
kinds of cells had decreased to less than ten percent.

The first extensive research devoted specifically to the relationship between embryonic abnormalities and chromosome aberrations
was done by Soukup et al. (1965). They irradiated rats at the organo-

genesis stage of development, 13th day, with doses known to be teratogenic.

With 400 R. they reported over 60 percent abnormal meta-

phases six hours after irradiation. Prior to six hours the cells were
found to be in a period of mitotic inhibition. During the first post-

irradiation division, metaphase figures showed rings, breaks, gaps,
and interchanges. Within 30 hours, abnormal metaphase figures had

decreased to about eight percent. Abnormalities after the first post-

irradiation division were much more difficult to detect, because in
many cases bridges had become small translocations. However, the

longer translocations as well as the dicentrics and rings were easy to
see. At 200 R. the initial aberrations were only about 30 percent,

decreasing nearly to control levels within a few days. They concluded

that teratogenesis may not be due to chromosome aberrations in their

experiments because in spite of the decrease in initial aberrations
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with a lower dose, the number of embryonic abnormalities remained

nearly the same. Their conclusions may not be justified in light of
the fact that their karyotyping was somewhat superficial and therefore

small but significant aberrations may have persisted. On the other
hand it seems quite possible that 30 percent abnormal cells could

cause teratogeny on practically the same scale as 60 percent. They
felt that perhaps the teratogeny or cell death may have been produced
by some mechanism other than chromosomal damage.
A discussion of chromosome damage must include consideration

of the cell cycle; that is, the period from one mitosis to another.
This is commonly described in terms of DNA synthesis, with that
period denoted as the S period. There is a gap in the cycle prior to

the S period which is commonly called G1, and a gap after the S period
which is called G2.

The classification of the various types of chromosome breaks
is often difficult and the terminology can be confusing. Lea (1956)
suggested two main subdivisions: chromosome aberrations, and

chromatid aberrations. He was thinking of the chromosome as the

single strand interphase type found during G1. Breaks at this time
could create a number of types of configurations depending upon how

the ends reunited or restituted. The first post-irradiation metaphase
might show one or all of the following: a break in both arms of a

chromosome, ring chromosomes, polycentric chromosomes, and
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acentric chromosomes. He classified chromatid aberrations as those
occurring after DNA synthesis. In this case the first post-division

metaphase usually reveals an interchange between the arms of two
formerly separate chromosomes or an intrachange between the two

arms of a single chromosome. He also identified an isochromatid
break which would be a break in both chromatids at adjacent locations.
This would be indistinguishable at metaphase from the chromosome

break.
Puck (1958), Greenblatt (1960) and a host of other workers have

all gone to great pains to show that cell death after irradiation is due
to the chromosome aberrations involved. Puck scored first postirradiation division metaphase figures by noting the number of 1)

single chromatid breaks, 2) double chromatid breaks, 3) achromatic
regions (gaps), 4) sticky chromosomes, and 5) multihit aberrations.
He found single chromatid breaks occurring in almost 20 percent of

the unirradiated cells, and with increasing doses up to 150 R. , the
chromatid breaks increased to 100 percent. This dosage also produced: 20 percent double chromatid breaks, 30 percent achromatic

regions, 15 percent sticky chromosomes, and 40 percent multihit

aberrations. He calculated the frequency of chromosome hits per

mitosis per R. at lower dosages to be 0.027. This would mean that
at ZOO R. there would be 5.4 observable hits per cell. His conclusions

were that the primary process leading to destruction of the
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reproductive ability of cultured single mammalian cells is through
damage to the chromosomes by x-irradiation.
Ureenbiatt (1961) expanded the type of study done by Puck and

also concluded that cellular death due to x-irradiation comes as a result of chromosomal damage. Incident ly he proposed a model for
cellular reproductive death which involved an interference with DNA

synthesis. At that time he mistakenly believed that DNA synthesis
in the mammalian chromosome was initiated at only one point. Be-

cause of this belief he felt that a break on both sides of the initiator
site would result in a lack of DNA synthesis beyond the breaks, lead-

ing to large chromosomal deficiencies and resultant cellular death.
This reasoning is not valid, however, in light of the fact that DNA

synthesis is initiated at a number of points along the chromosome.
Delihas (1962) treated cells with BUdR (5-Bromodeoxyuridine), which
is known to be incorporated into the DNA and which is known to in-

crease the radiosensitivity of chromosomes. He found that chromosome aberrations were then greatly increased with BUdR incorporation as compared to the same dose of x-ray and no BUdR incorpora-

tion, while at the same time cell lethality increased also. This
seems to be strong evidence that some cell lethality resulting from x-

irradiation is due to chromosome aberrations. Davies and Evans
(1966) after an exhaustive study of the literature concluded that the
overwhelming bulk of evidence supports the thesis that cellular
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lethality is primarily a consequence of genetic damage, but that not

all of it is necessarily chromosomal in nature.
Russell and Russell (1954) conducted some of the earliest stud-

ies on pathways of radiation effects in the embryo. They found that
200 R. to the mouse embryo brought about various effects and severities of effects depending upon the stage of development during which

the irradiation occurred. Irradiation prior to implantation gave a
high incidence of prenatal deaths which occurred before or shortly

after implantation, with an almost insignificant number of abnormali-

ties and neonatal deaths occurring. However irradiation occurring
shortly after implantation and up through organogenesis produced a
high incidence of abnormalities. The number of abnormalities again

became insignificant when irradiation was given after organogenesis.
Along this same line, Wilson (1954) showed that teratology is
dependent not only upon dose but stage of development as well. He

irradiated rat embryos with various doses on one day only starting
the 8th and continuing through the 11th day of gestation. No malforma-

tions were found in embryos irradiated on the eighth day, but malformations were found in those irradiated on the tenth and eleventh
days only at the higher doses. In contrast embryos irradiated on the
ninth day were found to be highly sensitive. His findings along with

those of Russell and Russell suggest that there is some cellular
change taking place during organogenesis that makes embryonic cells
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especially radiosensitive; either that, or cellular death at this time
is especially critical. Wilson's data seems to support the latter in
that organogensis is the only time, except for early cleavage, when

the total cell number is extremely low for a particular anlage. Prior
to organogenesis, each of the cells within a particular germ layer
can take over the job of another, as extreme differentiation has not
yet occurred. After organogenesis, during fetal growth, death of a
few cells within a particular type of tissue is generally of no grave
consequence as they are quickly replaced by the stem cells.
The Golden Hamster

As reported by Bruce and Hinkle the Syrian (or Golden) hamster

Mesocricetus auratus is actually a subgenus of Cricetus and may be
only a geographical race of Caucasian C. raddei which has a much

darker coat color. In captivity the Syrian hamster is quite tame and
easily handled. They are an ideal laboratory animal for studies of

teratogenesis. They are relatively easy to raise, they have quite
predictable breeding habits, they produce large litters and they have
a gestation period shorter than that of any other placental mammal.
They originally lived in deep burrows in the grain fields of Syria; in

the wild state they were probably strictly herbivorous, but they have

become omnivorous in captivity, and will eat meat, grain, nuts,

bread, and greens.
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They have a four day estrus cycle with a characteristic discharge on each day (Ward, 1946). The studies of Graves (1945) and

Harvey and Chang (1962) have been very helpful in determining a start-

ing point for the timing of the developmental process. According to

their method, on the evening of estrus, the female is placed in the
cage with the male and breeding occurs within a few hours. Breeding

usually occurs no later than midnight, and since ovulation is known to

occur six hours post-copulation, and fertilization six hours later, the
age of an ensuing embryo can be determined with an accuracy of a few
hours.

The essential features of normal embryonic development in the
Golden hamster have been described by Ferm (1967). The primitive

streak develops during the sixth day of gestation and during this time

the presumptive cells for the mesoderm are few in number. There
seems to be some, as yet undescribed, peculiar developmental process at this stage which causes the Golden hamster to be particularly

radiosensitive, and yet most other mammals are not. At this time
each of the embryos are contained within a gestation sac in the uterus.

These sacs cause individual swellings along the uterus so that at this
time with care, embryos can be individually dissected out.
On the eighth day of gestation the rapid development of the

embryo can be grossly traced. At eight A. M. of the sixth day a

presomite embryo can be observed; an hour later five to six somites
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have developed and the embryo has drastically changed shape, becoming narrower and about one-third longer.
By the middle of the ninth day the embro is about four mm in
length with four very small limb buds and a functioning heart which

has detectable contractions. On the tenth day the optic vesicles appear
and some muscular movements begin (Ferm, 1967). Organogenesis
ends during the eleventh day and fetal growth begins. The following
sequence of embryonic development in the Golden hamster has been
established by Harvey and Chang (1962):

Development Post-Copulation

0-5 hours
5-6 hours
8-12 hours
24-48 hours

Maturation Division
Ovulation

9. 5 days

Limb Bud Stage
Fetal Growth

3.5-4.5 days
5.5 days
6.5 days
7.5 days
8.5 days
11.5-12.5 days
15-16 days

Fertilization
Two Cell Stage

Blastocyst
Implantation
Primitive Streak
Open Neural Tube
Twenty Somite, closed neural tube

Full Term

Ferm (1967) has outlined some of the gross signs of teratogeny.
The first is the finding of embryonic deaths and a reduction of embry-

onic tissue in the gestation sacs. A marked reduction in size as
compared to the normal for a particular stage of development is also
a good indication. Harvey and Chang (1962) examined embryos on the

thirteenth day of gestation looking for a number of gross abnormalities
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as signs of teratogeny. These included anopia, acrania, exencephalia,

spina bifida, albinism, edema, hernia, cranial blister, harelip, and
digital abnormalities. Wilson (1954) used similar criteria in the rat,
but made his examination after parturition, believing that some ab-

normalities such as eye defects could more easily be detected at this
time.
Harvey and Chang (1962) determined the damage to Golden hams-

ter embryos irradiated with 200 R. using

60

Co at 12 hour intervals

throughout pregnancy. Generally they found abnormalities to be less

than five percent when irradiation occurred prior to day 6.5. Those
embryos irradiated on day 6.5 all died and degenerated before day 13,

and therefore specific types of abnormalities were undiscernible.
Irradiation on the seventh day caused 85 percent of the embryos to be

abnormal in one way or another, 71 percent abnormalities from irradiation on the eighth day, and 100 percent abnormalities from irradiation on the ninth and tenth day. Irradiation on the eleventh day caused

only 1.3 percent abnormalities, and none were detected from irradiation the twelfth day. In order to determine the type of damage at day

6.5 they irradiated a group with 100 R. which produced mainly developmental abnormalities of the head.

Similar experiments in the rat (Wilson, 1954) have given com-

parable data when the developmental periods are correlated, except
that in the rat the primitive streak stage has not been found to be so

16

sensitive. Specific comparisons are difficult because the methodology

of the studies varied greatly.
Differences in sensitivity at each period of ontogenesis have
been observed by many authors. Job (1935) found that there is a
limited and dose dependent time in development when a given anlage
may be influenced. Russell (1950) linked certain physical events in the

chain of the developmental process with induced teratology. Wilson

(1953) found that an organ or part may exhibit its greatest sensitivity
during a rather limited period of development, but with increased

dosages the limits of the period widen. He also found that predetermined but undifferentiated primordia were more sensitive to radiation than were organs already having begun differentiation. He postu-

lated three possibilities as to the cellular cause of teratogenesis:
first, irradiation may cause death of cells without further division,
secondly, it may cause a temporary halt in mitosis which in itself

could be teratogenic at a critical stage, and finally, it could be that
subtle genetic alterations may cause later manifestations of faulty
differentiation.
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MATERIALS AND METHODS

A total of 65 breeding females of the species Mesocricetus

auratus were used in the study. They were obtained in three separate

shipments, several months apart, from Chick Line Hamstery. Each
hamster was housed in an individual wire cage and was fed with

Purina's large size mouse pellets. Females were bred between 12 and
20 weeks of age. Males in some cases were litter mates and were the
same age as the females when used for breeding.

Since the estrous cycle of the hamster, as well as most other
mammals, is regulated by the length of the day, the light switch in the
hamster room was regularly turned on and off by a timing device
which was set to give 14 hours of light and ten hours of darkness
daily. After maturity was reached and the estrous cycle was within

normal limits, females exhibited a characteristic stance when placed
with a male on the night of proestrum. This is illustrated in Figure 1.
Breeding success was virtually guaranteed when the female displayed

this stance.
A total of 52 female hamsters became pregnant; together they
produced 419 embryos. Since the fetuses were examined for terato geny on the fourteenth day of pregnancy, and the chromosome analyses

were conducted either six hours or three days after irradiation, in
most cases it was not possible to do both types of studies on the same
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fetuses. Embryos from at least three females were used in each of
the following groupings: teratology controls, chromosome aberration

controls, and animals in each of the four stages of pregnancy for both

teratology and aberration studies.
Females were placed with the males on the evening of the fourth

day of estrus (proestrum) as needed. They were removed the following morning and the vaginal discharge was examined for spermatozoa.

The discharge was checked each day thereafter and almost invariably
the estrous cycle stopped within four days. This was used as positive
diagnosis of pregnancy along with visual observation of spermatozoa.

The daily discharges during estrus was found to be as follows:

Day 1, estrus. Slight, stringy, translucent; only a few
shrunken, cornified epithelial cells.
Day 2, metestrum A. Thick, white opaque, stringy;
large masses of circular and oval nucleated epithelial
cells.
Day 3, metestrum B. Waxy discharge; invasion of leucocytes, increased number of round nucleated epithelial
cells.
Day 4, proestrum. No discharge or slightly watery;
clusters of cornified cells, only a few epithelial
cells.
Discharges may be overlooked unless pressure is applied in the
vaginal region. Only two or three cases of false pregnancy were ob-

served, and then only in cases where spermatozoa had not been found
in the vaginal discharge.
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Irradiation of Hamsters
The time for irradiation was figured from midnight on the night
of copulation, although fertilization did not occur for some eight to

twelve hours later. This made the time for irradiation conveniently
during the middle of the day. Actually irradiation was conducted at

times ranging from ten-thirty A.M. to two-thirty P.M.
On the day of irradiation the hamsters were placed in a 250 ml
nalgene plastic bottle as shown in Figure 2. They were inserted into
a cut at the bottom which was then taped shut. The bottles each had an

opening at one end which gave air for the hamsters, but was too small

for them to escape. They were usually in the bottles no longer than
20 to 30 minutes. The controls were also placed in the bottles for a

similar length of time and sham irradiated.
The bottles containing the hamsters were then placed in a plexi-

glas compartmentalized lazy-Susan, as illustrated in Figure 3, which
rotated slowly during irradiation; this was to minimize any local

variations in intensity of the x-ray beam. The hamsters were at a
distance of approximately 110 centimeters from the head of the General
Electric Maxitron 300 X-ray machine, operated at 300 KVP and 20
MA, and filtered with 2 mm of Cu. The HVL was 2 mm. This result-

ed in approximately 30 R. per minute as measured by a Victoreen

R -meter. The Cu absorbed most of the low energy x-rays resulting
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Figure 1. Male and female hamsters, with the female showing signs of estrous.

Figure Z. The plastic bottle
used during irradiation. A
hamster was placed inside.

Figure 3. The compartmentalized
lazy-Susan used during iiradia-

Figure 4. A gravid hamster

tion.

uterus 15 days postcopulation.
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in a relatively hard beam to the hamsters. The controls were rotated
on the lazy-Susan and in every way were subjected to the same exter-

nal stimuli except for the irradiation and the sound of the alarm which

rings automatically during irradiation in the x-ray room.
Examination for Anomalies

The hamsters were divided into two groups; those that were to
be examined for teratology and those that were to be examined for

chromosome aberrations. Most of the first group were sacrificed on
the fourteenth day post-copulation, which is one day prior to normal
parturition. This was determined to be the best time for taking the

fetuses after an early attempt was made to wait until after parturition
before examining the young. In those few cases where the mothers

were allowed to deliver their young--nine in all--they invariablet ate
/-1

some of the young before they could be examined. This is the reason

for the low fetal numbers in Table 1 for hamster numbers 2, 6, 717,
18, 23, 24, 28, and 32.
The females of the second group were divided into two subgroups: hamsters to be checked for chromosome aberrations six

hours post-irradiation, and those to be checked three days postirradiation. They were therefore sacrificed at the appropriate time

post-irradiation.
At the appropriate time, the pregnant females were euthanized
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with chloroform, pinned to a board and the abdominal cavity was
immediately opened. The gravid uterus of a hamster that had just

been opened is shown in Figure 4. The fetal sacs along each horn can

be seen. The gravid uterus and ovaries were removed and placed in a

petri dish containing saline. The ovaries were carefully observed
with a dissecting microscope and the corpora lutea were counted.
The number was compared with the number of fetal sacs and any discrepancy was noted. This was an indication that an early embryonic

degeneration had occurred. This is a very significant point as discussed in Chapter 4.

After the fetal sacs were opened, the 14-day old fetuses were
removed with tweezers and placed in physiological saline solution in

petri dishes. These were then examined under the dissecting microscope for various types of teratogeny. A specific examination was
made for each of the following conditions: anopia, acrania, exen-

cephalia, spinal bifida, edema, hernia, cranial blister, cleft palate,
digital anomalies, and degeneration of the embryo. No attempt was
made to do histological sectioning, only gross abnormalities were

recorded. Edema was a relative condition, subject to individual interpretation. In those cases where the embryo seemed to have
stopped development in organogenesis or earlier, it was classified as
degenerate. Also, cases where a placenta was evident but an embryo

could not be found were classified as degenerate.
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In some cases where fetuses were to be examined for chromo-

some aberrations, they were taken at a sufficiently late date so that
some teratogeny could also be grossly observed. This was especially
true of the group irradiated on day 9. 5 and examined on day 12.5.

However, these gross anomalies were not tabulated and included in the

totals.
Chromosome Technique

The embryos which were to be examined for chromosome aber-

rations were placed in a sterile petri dish containing warm Hanks
balanced salt solution. All of the embryos from one female were

treated further as one batch. The embryos were minced with scissors
into tiny pieces two or three mm in size, after which they were transferred to a centrifuge tube, and washed three times with Hanks
balanced salt solution. The minced embryos were then placed in a

250 ml beaker with 100 ml of .25 percent purified trypsin solution in

TC 199, culture medium, for ten minutes. During this time they

were vigorously stirred. They were then transferred back to the
centrifuge tube, and spun down. The supernatant was removed and
20 ml of TC 199 culture medium with 20 percent calf seruvri, was
added. This mixture was then placed in a petri dish and 0.25 mg of

colchicine was added. This was then incubated for two hours at 37°C.

After this the cells were transferred to a centrifuge tube
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containing ten ml of warm hypotonic solution, which was five parts

distilled water and one part calf serum, and incubated for 15 minutes.

The cells were then transferred to ten ml of Carnoy's solution
containing three parts methanol to one part glacial acetic acid. Care

was taken to transfer as little of the hypotonic solution as possible.
The cells were mixed well in the Carnoy's solution and allowed to

stand at room temperature for 20 minutes. After this, all but a few
drops of the fixative was removed. All centrifugation was done at no
more than 1000 re p.m.

A few drops of lactic-acetic-orcein stain was then added to the
centrifuge tube with the cells. The stain was prepared after the
manner of Welshons (1962) as follows: 2 gm of synthetic orcein was

added to a mixture of 50 ml of glacial acetic acid, 42.5 ml of 85 per-

cent lactic acid, and 7.5 ml of distilled water.
The cells were allowed to stain for 10 to 15 minutes, after which

a drop of cell suspension was placed on a clean glass slide. A coverslip was added and pressed firmly in place. The slide was wrapped in

filter paper and firm thumb pressure was then applied over the surface
of the cover-slip. The pressure was continued for a full two minutes
in order to obtain maximum spread of the chromosomes.
The cells were then examined under the microscope using the

10 x objective. Spreads were spotted, and then a switch was made to
the 100 x oil immersion objective for critical viewing. This technique
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usually resulted in a dozen or so good spreads per slide. A typical
normal spread is shown in Figure 5, taken with the 100 x oil objective
and a 10 x eye piece using a 35 mm Minolta camera.
Chromosome Analysis

Two major types of chromosome aberrations were sought: those

that were immediately self-evident, such as rings, dicentrics,
breaks, fragments, and exchanges, and those that were more subtle
in nature, involving simply difference in length and arm ratio in
comparison to normal members of the karyotype. The former type

of aberrations were scored directly from the microscope; the latter
type necessitated a more involved procedure utilizing the taking of
photographs and the use of the computer.

It was important to look at the irradiated cells during the first
post-irradiation division, because the amount of damage decreases
with time. Damage shows up as unusual configurations during this
division. These unusual configurations were classified as 1) chromo-

some breaks, 2) chromosome symmetrical intrachanges, 3) rings,
4) dicentrics, 5) chromatid intrachanges, 6) chromatid interchanges,

and 7) chromatid breaks, after Lea's (1956) classification. An
example of all but No. 1 and No. 2 is presented in Figure 8 of the
following chapter.

Mitotic spreads were also analyzed at three days post-
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Figure 5. The Golden hamster karyotype.
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irradiation. Also mitotic spreads were analyzed from each of the

control groups, six hours and three days from the sham irradiation.
Twenty-five spreads were analyzed from each of the groups at both

six hours and three days, as well as each control group. This gave a

total of 250 cells analyzed for chromosome aberrations. Several
good slides were obtained from the embryos of each female. Some

slides contained many more mitotic spreads than others, with excep-

tional slides having more than 25 good mitotic spreads. Generally,
the blastocysts produced fewer mitotic spreads, often with only one or
two per slide. The factor limiting the number of mitotic spreads
analyzed was the time consumed in measuring rather than a lack of

spreads.
Those that contained no unusual configurations were photographed
and analyzed as explained below. The abnormals in this latter group

were expected to be symmetrical chromosome interchanges or abnor-

mals that already existed before irradiation.
Photographs were taken with a 35 mm single reflex Minolta

camera. The negatives were mounted in a cardboard frame and projected on to a clean surface of paper where each arm of each chromo-

some was measured in millimeters.
The average lengths of the arms of chromosomes in ten normal

cells were used to establish the length and arm ratio of the normal

karyotype for use as a comparison in the computer program. A
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typical normal karyotype is illustrated in Figure 5. This figure was
prepared by cutting out the chromosomes of a good 8 x 10 enlargement

of a spread and then pasting them in order.
The computer program was designed to use the raw arm length

figures from a single karyotype; with 44 chromosomes, this made 88

measurements per cell. These measurements from each cell were
fed to the computer. The program was designed so that the total

length of all chromosomes in the cell was determined and then arm
ratio and percent of total length was computed for each chromosome.
These figures were then compared to the normal which was fed to and

read by the computer. The program was also designed to determine
the sex of the cell by determining if a Y chromosome was present or
not.

Recognizing that there is at least a 20 percent error in measurement and other factors of the technique, the program was designed to
consider any chromosome as normal that fit within ten percent each
way of the standard total length. Allowance was also made for error
in measuring as explained in the following chapter. The data used for
the standard karyotype with the allowable variations for length and arm

ratio are shown in Table 1.
The output was designed to show karyotype number, sex, the

percent of total length for each chromosome, the arm ratio for each
chromosome, and a statement of normal or abnormal for each

29

Table 1. Chromosome specifications for the Golden hamster.
Chromosome
Number

1- X
2
3

4
5

6
7

8
9

10
11

12

13

14
15
16

17
18
19

20
21

22

23 - Y

Morphology

Arm Ratio

Metacentric
Submetacentric
Submetacentric
Submetacentric
Submetacentric
Submetacentric
Submetacentric
Metacentric
Metacentric
Metacentric
Metacentric
Submetacentric
Submetacentric
Submetacentric
Submetacentric
Submetacentric
Submetacentric
Acrocentric
Acrocentric
Acrocentric
Acrocentric
Submetacentric
Submetacentric

1.0- 1.3
2.0- 2.9
3.0- 3.5
1.8- 2.4
2.0- 2.6
1.8- 2.6
2.0- 3.0
1.1- 1.5
1.0- 1.1
1.0- 1.1
1.0- 1.2
4.5- 5.5
3.2- 4.4
2.6- 3.9
1.8- 2.5
1.8- 3.8
I. 3 - 1.9
12.0-99.0
12.0-99.0
12.0-99.0
12.0-99.0

2.5- 3.5
1.5- 2.4

Percentage of
Total Length

4.6-5.6
2.9-3.9
2.6-3.6
2.3-3.3
2.3-3.3
2.0-3.0
2.1-3.1
2.3-3.3
2.0-3.0
1.1-2.1
.6 -1.6

2.0-3.0
1.7-2.7
1.5-2.5
1.5-2.5
1.5-2.5
1.1-2.1
1.1-2.1
0.9-1.9
0.9-1.9
0.9-1.9
.4 -1.4

1.5-2.5
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chromosome as compared to the standard. The computer program is
as follows:
PROGRAM CHROMO
COMMON CS(45), 10), CL( 45,10) , P1(45), Al(45), C1(45), SP(45)
1
, C2(45), A2(45), DE(45), TP(45), BT(45), TA(45), BA(45),
ICHK(45)
CC 1

This section directs the computer to read the standard percent (SP) for each chromosome, the bottom of the arm ratio
range (BA), and the top of the arm ratio range (TA). It
then directs the computer to compute a length range for
each chromosome by adding 0.5 to SP for the upper limits
and subtracting 0.5 from SP for the lower limits.

READ (60,3) (SP(J),BA(J),TA(J),J=1,45)
3 FORMAT (2X, 24F3.1)
L=L+1

DC 20 J=1,45
TP(J)=SP(J)+0.5
BT(J)=-SP(J)-0.5
20

CONTINUE

CC 2

This section directs the computer to read the data which
is composed of two digit measurements, the first being a
short arm and the second being a long arm. It is to read
88 arm lengths, or 44 chromosomes, for each of ten
karyotypes, or as many groups of ten as contained on the
data cards.

1 ICCL=1
C1(45) =0. 0
Al(45) =0. 0

DO 7 J=1,44

READ(60,6) (CS(J,I),CL(J,I),I=1,10)
IF(EOF(60)) GO TO 500
6 FORMAT(2X,20F2.1)
7 CONTINUE

8 IF(Cs(1,LCOL)
CC3

.EQ.

0.0) GO TO 500

This section directs the computer to compute the total
length for each chromosome (CL), the total length of each
karyotype (TL), and the percentage of the total karyotype
length for each chromosome (PL). Also it labels the
karyotype as being male.
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TL=0. 0

DO 30 J=1,44
Cl(J)=CS(J , IC CL)+CL(J , ICC L)

Al(J)=CL(J,ICCL)/CS(J,ICCL)
TL=TL+Cl(J)I
ICHK(J)=0
30

CONTINUE
ICHK(45)=0
SEX=6H MALE

DO 50 J=1,45
Pl(J)=(C1(J)/TL)*100

50

CC4

DE(J)=8H
C2(J)=0. 0
A2(J)=0. 0
CONTINUE

This section directs the computer to compare the percentage of total (P1) and the arm ratio (Al) to the established
standard ranges. If it finds a chromosome fitting within

the range, it is directed to label it normal. Once it has
found a fit from the data, it is also directed to look for the
best fit possible, or the one that comes closest to the mean
of both the length range and the arm ratio range.
DO 120 1=1,45
DO 115 J=1,45
IF(P1(J). EQ. O. AND. J. NE. 45)G0 TO 115
101
102

103
104

IF(P1(J)-TP(I))101,101,110
IF(P1(J)-BT(I))110,102,102
IF(Al(J)-TA(I))103,103,110
IF(Al(J)-BA(I))110,104,104
IF(C2(I) .NE. 0.0) GO TO 106
C2(I)=P1(J)

Pl(J)=0. 0
A2(I)=A1(J)
DE(I)=8HNORMAL

GO TO.115
106
107

IF (ABS(C2(I)-SP(I)) - ABS(P1(J)-SP(I))) 115,107,108
X=(TA(I)+BA(I))/2. 0

IF (ABS(A2(I) -X) - ABS(Al(J)-X)) 115,115,109
109

C3=C2(I)
C2(I)=P1(J)

Pl(J)=C3
A3=A2(I)
A2(I)=A1(J)
Al(J)=A3
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108

GO TO 115
C4=ABS(C2(I)-SP(I))/SP(I)
X=(TA(I)+BA(I))/2. 0
A4=ABS(A2(A2(I)-X)/X
P4= ABS(P1(J) - SP(I)) /SP(I)
A5= ABS(Al(J) -X) /X

IF((C4+A4) - (P4+A5)) 115,115,109
CC5

110

This section directs the computer to denote none for the
second chromosome if it is missing and change the karyotype to female. In addition, it denotes none for the last
chromosome if it is missing. These are the X and Y
chromosomes respectively. It is also directed to label
those chromosomes with no fit as abnormal.
IF(J.NE.45)G0 TO 115
IF(DE(I) . EQ. 8HNORMAL ) GO TO 120
IF(I. EQ.2) GO TO 117
IF(I. EQ. 45)G0 TO 116
GO TO 111

116

C2(45)=00 0
A2(45)=0. 0
DE(45)=8HNONE

SEX=7H FEMALE
GO TO 120
117

111

115
120

DE(2)=8HNONE
C2(2)=0. 0
A2(2)=0. 0
GO TO 120
DE(I)=8HABNORMAL
ICHK(I)=1
GO TO 120
CONTINUE
CONTINUE

DO 130 J=1,45

IF(PL(J) . EQ. 0.0) GO TO 130
DO 125 1=1,45

IF(ICHK(I) .NE. 1) GO TO 125

125
130

C2(I)=P1(J)
A2(I)=A1(J)
ICHK(I)=0
GO TO 130
CONTINUE
CONTINUE
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This section directs the computer to write the karyotype
number, sex, chromosome numbers, the percentage of
total length of each, and the arm ratio of each, and the
description (normal, abnormal, none).

CC6

WRITE (61,16)L
16 FORMAT(1H1/0KAR YO4, 13,

CPT

DESCRIPTION4)

L=L+1

WRITE (61,14)SEX
14 FORMAT (A7)
DO 610 1=1,45
WRITE (61,15) I, C2(I), A2(I), DE(I)

15 FORMAT (6X,ACA,13,F7.1,F7.1,6X,A8)
610

CONTINUE

IF (ICOL

EQ.
ICOL=ICOL+1
GO TO 8
500

10) GO TO 1

CALL EXIT
END

A typical printout showing an abnormal cell is shown below.

The karyotype number, sex, the percent of total length for each

chromosome, the arm ratio for each chromosome, and a statement of
normal or abnormal for each chromosome as compared to the standard was shown in each printout.
KARYO 53

CPT

AR

DESCRIPTION

5.0
5.0
3.4
4.2
3.1
3.2
2.9
2.8
2.8
2.8
2.6

1.1
1.2

NORMAL
NORMAL
NORMAL
ABNORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL

FEMALE
C
C
C
C
C
C
C
C
C
C
C
C

1

2
3

4
5
6
7
8
9

10
11
12

2.6

2.2
1.3
3.2
3.3
2.1
2.2
2.2
2.2
2.2
2.2
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C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

13

14
15
16
17
18
19

20
21
22
23

24
25
26
27
28
29
30
31
32
33

34
35
36
37
38
39
40
41
42
43

44
45

2.6
2.5
2.7
2.7
2.6
2.6
1.6
1.6
1.1
1.1

2.6
2.6
2.3
2.2

2.0
2.1
2.1

2.4
2.6
1.3
1.3
1.0
1.0
1.1
1.1
1.1
1.1
4.9
4.9

3.6
3.5
3.0
3.1

.7
.7

2.3
2.2
2.6
2.7
1.6
1.5
26.0
26.0
23.0
23.0
23.0
23.0
23.0
23.0
3.0
3.0

0

0

2.0
2.0
2.1
1.6
1.6
1.7
1.7
1.5
1.5
1.5
1.5
1.5
1.5

NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NORMAL
NONE
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RESULTS AND DISCUSSION

Teratology

A total of 27 hamsters were irradiated in the various stages of
pregnancy as shown in Table 2. These produced a total of 329

embryos, of which 60 were classified as teratisms and 116 were
found to be incompletely developed and degenerating. This means

that less than half, a total of 153 embryos, were developing normally
during the latter part of gestation. As indicated in Chapter 3 the
examination for abnormalities was somewhat cursory and therefore

probably only revealed the very gross irregularities. Had an histological examination been made coupled with studies which allowed some

of the offspring to survive and show the expression of more of the

genes, undoubtedly many more irregularities would have been distinguished.

The most important consideration of the teratology is the variation in type and frequency from irradiation of one period of gestation
to another. Irradiation during the blastocyst stage (day 4. 5) produced

only four percent observable abnormalities ten days later when the fe-

male was sacrificed. At this stage, irradiation seemed to have an all-

or-none effect; either the embryo degenerated before or shortly after
implantation, or it subsequently developed normally (this was true 96
percent of the time). As shown in Table 2 there is a significant

36
Table 2. A summary of embryonic abnormalities.
Day of
irradiation

4.5
4.5
4.5
4.5
4.5
4.5

Hamster
number

No. of
fetuses

27
43
24
23

11

8
38

11
11

Totals
Percent

12
9
S

59

No. of
No. of
Corpora lutea abnormal

Total

degenerate

abnormal

12
12
13
13
12

0
0
0
0

0
0
0
0

2

11

0

73

2

2
11
13
22%

11
15

0
0
0

12

12

14

14

13

1

11

0
0

13
12
13
12
12

4%

Percent
Undeveloped ova

No. of

0
0
0
0
4

26%

20%

6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.5

16
31

30
26
22
36

4
21

28

Totals
Percent

12
14
13
12
13
12
12
14
7
109

12
13
13

14

14
12

2
3

13
12
9
12
4

103

9

100

13
12

3

8%

Percent
Undeveloped ova

14
7

109

91%

100%

13
12

8%

9.5
9.5
9.5
9.5
9.5
9.5

29
15
32

44
40
41

Totals
Percent

13
12
2

2

0
0
0

10

1

1

2

12
9
49

0

12

83%

12
11

60

Percent
Undeveloped ova

14

13
12
39

13
12

2

2

11

3

S2

5%

88%

8%

11.5
11.5
12.5
11.5
12.5
11.5
Totals

17
18
37
11

35
20

3
1

9
9
11

14

15

15
29

58

Control
totals

43

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0

0

0

0

0
0
0
0
0
0
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increase in the number of ova unaccounted for. This is evidenced by

the fact that the number of corpora lutea is 20 percent higher than the
number of recovered embryos. This loss is twice as high as in the

controls; therefore if one assumes that one-half of the undeveloped

ova, or a total of ten percent, resulted from the irradiation, this
brings the total abnormals from blastocyst irradiation up to 36 percent.

Irradiation during primitive streak development (day 6. 5) produced an abnormality of some sort in 100 percent of the embryos.
The vast majority were affected by an apparent cessation of development shortly after irradiation which led to subsequent degeneration.
The general appearance of this anomaly is shown in Figure 6. A few
embryos (eight percent) of this group continued to develop, but with

very severe teratogeny. The number of recovered ova was at control
levels.
Irradiation during the period of organogenesis produced a high

percent of teratogeny, however, this was mostly digital abnormalities.
A few (five percent) degenerating embryos were found. The number

of recovered ova was at control levels.
Since most of the external features are already developed during

the latter period of gestation, irradiation at day 11.5 or 12.5 produced
no observable teratogeny. Perhaps an extensive examination of some

of the systems which are completing their development at this time,
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Figure 6. Some x-ray induced teratisms in the Golden hamster.
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such as the nervous and gastro-intestinal systems, would reveal
some abnormalities.
The types of teratogeny produced from irradiation at the various

stages are shown in Figure 7. Of those abnormalities produced
during the blastocyst stage, approximately 86 percent were in the
form of severely degenerate development. The balance was anopia

and digital abnormalities, which are shown in Figure 6. Harvey and
Chang (1962) with comparable technique and exposure found a wider

range of teratogeny consisting of anopia, hernia, cranial blisters, and
digital abnormalities. The total percentage of teratogeny that they
found during this period was quite similar to that observed in the present study, however.
Approximately 91 percent of the abnormalities produced from

irradiation at the primitive streak stage were degenerates. Among
those that were still developing there was a wide range of teratogeny

including anopia, exencephalia, cleft palate, spina bifida, cranial

blister, and edema. The percentages of each are shown in Figure 7.
Only two types of abnormalities were observed after irradiation
during organogenesis; these were edema and digital abnormalities. It
is interesting to note that Harvey and Chang's (1962) work produced a

wider range of teratogeny from irradiation at this stage; their report
included albinism, cranial blister, and anopia, as well as edema and
digital abnormalities. In fact all of their embryos irradiated at this
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Figure 7. A summary of x-ray induced teratisms in the golden hamster.
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stage developed digital abnormalities.

Irradiation during the fetal growth period produced no teratogeny. Harvey and Chang (1962) report only one abnormality from

irradiation during this stage, and that was a case of exencephalia.
It is interesting to speculate what teratogeny might have
occurred from irradiation at other times of development and why a
specific pattern of teratogeny was found in the present study. For in-

stance, drawing conclusions from Ferm's work (1967) as to the type
of development on day 8.5, a very wide range of teratogeny could per-

haps be produced at this time. From all indications organogenesis is
practically completed by day 9.5, with the limb buds still in active
development, thus producing primarily digital deformities upon irradiation. It is quite probable that disturbances of the pigmentary system

would develop from irradiation during the latter part of gestation, as

this is the time that melanoblasts are forming.
X-ray induced teratogeny is, therefore, not only dose dependent,
but time dependent also. It is quite evident from the data presented

that some periods of development of a particular system seem to be
much more radiosensitive than others. The most critical time is

during early differentiation of the precursor cells for a particular
organ.

Evidently, once differentiation of a limited number of precursor

cells has occurred for a particular organ, no others are made

4Z

available; and, death to these cells, which may be only one or two in
number at the very beginning, cause abnormal development. During

embryonic development cellular mitosis is a basic requirement for
any change to occur, or for an organ to come into existence. The
development of various anlages generally is brought about because of

the relationship of one type of cell to another; for instance mesoderm
cells begin to differentiate as they find themselves forced in between
ectoderm and endoderm cells, with each layer contributing its own
specific inducing substances. Therefore, another basic requirement

for proper embryonic development is that the timing for the develop-

ment of each type of tissue and organ must be perfect so that the proper inducing substances are always available. The result is that

either a mitotic inhibition or a severe mitotic delay of a specific tissue or organ can cause teratogeny.
It was found in the present study that a general mitotic inhibition

occurred as a result of irradiation and that it lasted no more than about
six hours. Since this was a general effect, to all of the cells at one

time, the relationships of one developing tissue or organ to another
was probably not disturbed.
Chromosome Aberrations

The types of chromosome aberrations observed fall into two

general categories: Those observed during the first division
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post-irradiation and those observed during subsequent divisions. Lea

(1956) has classified all of the possible types of aberrations that could
conceivably occur. The eventual type of aberration, observed at

metaphase, is determined to a certain extent by whether the damage
(assumed to be a break in the DNA chain) occurs before synthesis of
the new DNA chain or after. Damage during G1, which is before DNA

synthesis, would result in replication of the damaged DNA so that
both arms of the metaphase chromosome would show the damage.

This has been termed chromosome damage by Lea, while damage

occurring after DNA synthesis has been termed by Lea as chromatid
damage. In the latter, a break or exchange occurs in only one arm of

the metaphase chromosome because the damage is not reproduced
until the S (DNA synthesis) period of the following cell cycle.

Since it is known that much of the damage is immediately re-

paired (Casarett, 1968), the classification of aberrations is concerned
only with that damage which is sustained. With sufficient radiation

there will often be more than one break in the DNA of a cell, and the
four broken ends may become exchanged in repair, linking together

chromosomal material that had originally been separate. This can
occur between two separate chromosomes or between arms of the

same chromosome. Lea has classified the former as interchanges and
the latter as intrachanges.
In the present study, a search was made for all of these various
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types of aberrations, and the results are shown in Table 3. A diagram of the chromosome configuration that would be seen in each type
is also shown. It should be noted that a symmetrical interchange

would be detected only by means of a critical karyotype analysis, un-

less it was quite severe.
Some of the types of aberrations were difficult to determine.

Chromatid and chromosome intrachanges, for instance, are distinguished only with extremely good optics and well flattened chromo-

somes. However, the following could usually be easily distinguished:

rings, dicentrics, breaks, and interchanges. Although a few rings
were seen in the first division post-irradiation these were interpreted
as being caused by double chromatid breaks, or possibly chromatid
asymmetrical intrachanges, but not by an asymmetrical chromosome
intrachange. In all cases they were acentric rings. Some examples

of the aberrations observed are shown in Figure 8.
There were no chromosome type aberrations observed in the

first post-irradiation division, and it seems quite logical that only
chromatid type aberrations would be found. Those cells that were

damaged during G1 had not yet had time to reach mitosis. The length

of the cell cycle for Golden hamster embryo cells in vivo has not been

determined; however, from all indications it must be 15 hours or
longer; otherwise, some of the G1 cells would have reached mitosis
within six to eight hours. Elkind (1967) cites evidence that mitotic

W

ON

tr.)

U

Z

t)

11

H
0

,

AT

Loss or duplications
Symmetrical-inversions
Asymmetrical-rings & loss
Loss or duplications
Loss or duplications

.--]

I

p--.
1--,

.

u
u

lo

I

1..
1--.

u,

u

N.)

0
)1

U.)

e

ON

(J.)

Z
'1

P

.

.

0'
Z
11

.

NC)

CT

CT,

14:.

4.

0-1

Ul

lil

cil

til

tii

u

ti

u

e

u

.

b

-

o

I

I--

I

o

I

N

I

0

H

°Z

Cr-

H

,0
I

r)

CD

I

N

U./

0
t--.

U)

CD

S

Chromatid
breaks

01h
1-

1.111'

o

lo
lo

lo

Symmetrical-inversions
Asymmetrical-rings & loss o

lo

Centric-possibly none
Acentric-loss

lo

ui

o
u-1

o
o
o

o
o
o
o
e.)

o
oo

o
o
.0

o
o
o

o
N.

I-.

0'

o

o
o

o
o
o

o
1-,

o
ui

o
o

c

°
o

Chromatid
intrachanges

° breaks or Isoo
o

_.

.......

chromatid breaks
Chromosome
symmetrical
intrachanges
Rings

N.)

lo

o

I-,

c

o

o

1-

c

0

Dicentrics

Loss or duplications

1--."

1,4

o

.4

L.)

U'

o

.4

"

C)

Small trans locations or
deletions

o

1.4

4

.1

4

C)

ON

NO

C

Totals

1--.

0

"t X

Chromatid
interchanges 7.\
Chromosome

Loss or duplications

)--

3C)

0
it==a.,

COMPUTER

S

0
U)
0
S
CD

CD

0
U)

`.<

1-0

46
B

C

E

D

F

Figure 8. Some of the x-ray induced aberrations found in the Golden
hamster: A. ring chromosome, B. dicentric chromosome,
C. chromatid break, D. chromatid intrachange, E. and F.
chromatid interchange.
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inhibition is much less for cells in G1 than for cells in G2'
fact,
the further a cell is from mitosis, the less mitotic inhibition is evident.

The total percentages of aberrations found during the first post-

irradiation mitosis, at each stage of gestation, are shown in Figure 9.

Embryos irradiated on days 4.5, 6.5, 9.5, and 11.5 were found to
have 36 percent, 36 percent, 44 percent, and 28 percent aberrations
respectively. They average out to be 36 percent for all stages. There
is not enough difference between each to indicate that the amount of

radiation damage varies from stage to stage. These percentages were
computed from an analysis of 25 cells at each stage or a total of 100
cells.

Various deleterious effects would result from aberrations, depending upon the type involved. These effects in later cell genera-

tions are shown also in Table 3. A chromosome or chromatid break
would eventually cause the loss or duplication of genetic material.

This is true because an acentric fragment is formed which may or may

not move into the proper daughter cell at mitosis. Symmetrical intrachanges would result only in inversions. Inter-arm intrachanges in-

volve the centromere and therefore would cause a paricentric inversion, while intra-arm intrachanges do not involve the centromere,

and therefore would result in a paracentric inversion. Asymmetrical
intrachanges would result in the loss of genetic material and the
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Figure 9. A summary of the percentage of aberrations found.
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formation of ring chromosomes, because both arms of the same

chromatid are joined. An asymmetrical interchange would result in

loss or duplication of genetic material, because dicentrics are formed
which may eventually cause breakage at anaphase in cases where the

two centromeres are pulled in opposite directions. The symmetrical
interchange would probably be of no consequence as it is a balanced

translocation, and unless it was in a germ cell which is destined to
enter meiosis, there would be no loss or duplication of genetic

material. During meiosis duplication and deletion of genetic material
could result during crossing over.
The loss of genetic material would result in a deletion which

would be observed at mitosis as a chromosome with one arm shorter
than normal. The trans location of genetic material would be observed

at mitosis as a chromosome with one arm longer than normal. These
aberrations are not always easy to detect with simple observation of

a chromosome metaphase spread. A deletion or trans location not
only changes the total length of the chromosome but the arm ratio as
well. Often this change in arm ratio gives it the appearance of one

of the other normal chromosomes in the karyotype; therefore, in

order to detect these aberrations, the entire set of chromosomes
must be analyzed. This can be a very time consuming and expensive

process using the traditional method of karyotype analysis where the

chromosomes are cut from a photograph enlargement, paired up, and
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pasted in a row according to their total length.
As explained in Chapter 3, the computer has been used to analyze the karyotypes in the present study. The golden hamster karyo-

type is ideally suited for this kind of analysis because there is a wide
range in chromosome morphology in regards to the only two criteria

that can be used: arm ratio and total length. The specifications for
each chromosome of the karyotype was given in Table 1 of Chapter 3.
Each chromosome of the karyotype does not always correspond

to its exact specifications, for several reasons. An important occurrence in the formation of metaphase spreads is that those falling near
the periphery of the spread tend to be less condensed in length than

those towards the center. Often this gives quite a variation in size
between homologous chromosomes; this is especially true of the X
chromosome since the second X chromosome tends to almost always

fall towards the periphery. This may be true because it tends to be
associated with the nuclear membrane much longer and later than the
other X chromosome. Many of the other homologous chromosomes

will, however, often be found closely associated in the spread. In

cases where the chromosome is lying with one arm closer to the perphery of the cell than the other, this difference in length of one arm

results in an alteration of the arm ratio also. There may be other
factors which alter the arm ratio, because some chromosomes tend
to have arm ratios which vary much more than others.
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Probably the error in measurement causes more apparent variation in chromosome morphology than any of the above factors. Often

the arms are kinked and the true length is a matter of estimation.
Sometimes the location of the centromere is difficult to observe. The

errors in measurement tend to be proportionately greater for the
smaller chromosomes than for the larger.
Because of the variation in chromosome morphology, both nor-

mal and that which is an artifact, ranges were established for the
length and arm ratio of each chromosome. The limits of the ranges
were not established by figuring the statistical variation about a mean;

but rather, the limits were set by the ranges of length and arm ratio
found in 50 control cells. The arm ratio range for each chromosome

was set just wide enough to include all control chromosomes. After

some trial and error it was decided to make the lower limits of the
length range 0.5 below the mean (this was computed in percentage of

total length); and the upper limits of the length range 0.5 (also computed in percentage of total length) above the mean. The same amount

of variation was used regardless of the size of the chromosome. This

means that the ranges of the smaller chromosomes allow for a higher
percentage of variation than the larger chromosomes; however, the

error is proportionately greater in the smaller chromosomes.
A deletion or a translocation generally occurs only in one arm
of the chromosome; therefore, even though the change in the total
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length may not be enough to throw it out of the range, it may throw

the arm ratio out of normal limits and be classified by the computer

as abnormal. Generally, however, a deletion or translocation must
be longer than about 15 percent of the total length of the chromosome

to be detected. A 15 percent translocation on a chromosome which is
more highly condensed than others of the karyotype would not be de-

tected, while a 15 percent deletion would be. The opposite would be

true with a chromosome which is not condensed as much as others of
the karyotype; it would be more difficult to detect deletions than

translocations. These are always the pitfalls of karyotype analysis
using the present techniques of chromosome preparation.

With these limitations in mind, the computer program used for
this study has given what should be a quite critical analysis of chromo-

some aberrations. The results of the computer analysis are shown in
Table 4. Of the 44 karyotypes analyzed from cells at the first post-

irradiation division, only four showed an aberration. These could

have been a result of a symmetrical interchange or some of them
may have been present before the irradiation.

All of the other aberrations were detected from cells observed
three days, post-irradiation. Embryos irradiated on day 4.5, 6.5,

9.5, and 11.5 respectively were found to have 16 percent, 20 percent,
16 percent, and 16 percent aberrations respectively on the third day

post-irradiation. The difference in number at these various stages is
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not statistically significant, therefore it can be assumed that the persistence of these aberrations is the same at all of these stages. This
averages out to be 17 percent of the cells showing some sort of aberration three days after irradiation with 200 R.
Table 4. A summary of the total chromosome aberrations found.
Stage of
gestation

Six-hours

when

irradiated
day 4.5
day 6.5
day 9.5
day 11.5
control
Totals

Three -days

post-irradiation
micro

post-irradiation
micro computer
total

computer

total

7

2

9

2

4

6

9

0

9

2

5

7

9

2

11

3

4

7

7

0

7

0

4

4

0

0

0

0

0

0

32

4

36

7

17

24

The lack of persistence of chromosome aberrations from one
cell generation to the next, could be explained in one of two ways; it
could either by that the damage is repaired or many of the damaged

cells have died, leaving a lower percentage of abnormals. In view of
the type of damage involved with a deletion or translocation it seems

highly improbable that the lack of persistence of aberrations is due to

repair. Repair occurs quite regularly immediately after irradiation,
but once a translocation has occurred, it would be almost impossible
for the aberrent chromosome to break again in the same place and for
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the translocated piece to find its former position on another chromosome. Therefore, in all probability the aberrations cause cellular

death; or, at least many of those cells with aberrations die.
It is pertinent at this point to compare the findings of this study
with those of Soukup (1965). She found 30 percent of the cells with

aberrations six hours post-irradiation, after irradiating with 200 R.
The 36 percent found in the present study compares favorably with her

results. She found that after three days the aberrations had dropped
to control levels, while the present study indicates a persistence of
17 percent at three days. The difference here can be explained by the
difference in methodology. She made no chromosome measurements,
detecting aberrations only by observation of very gross changes.
Comparative Aspects of Chromosome
Aberrations and Teratology

The data presented indicate that the amount of chromosome

damage is not related to the stage of embryonic development at the

time of irradiation. Six hours after irradiation during all four stages
tested, 28-44 percent of the cells were found to contain aberrent

chromosomes. These findings are in agreement with other research,
indicating that chromosome damage is not particularly related to the

state of differentiation, or to the mitotic activity of cells.
Other work indicates, however, that there are some differences
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in radiosensitivity from one stage of the cell cycle to the next. Since

all cells in embryonic tissue, are progressing through their cycles at
a fairly rapid and regular rate, one would not expect this difference in
radiosensitivity to cause noticeable differences in cellular damage between stages of development.

The law of Bergonie and Tribondeau holds that cellular radio-

sensitivity increases with a more rapid mitotic rate of the cells involved, a longer mitotic future of those cells, and less differentiation

(Casarett, 1968). Most embryonic cells have the three qualities that
would tend to make them highly radiosensitive. As far as is known

there are little differences, in these three characteristics, between
cells of the various stages of development. The most pronounced
would be an increasing differentiation with age. This would mean that

the cells of the blastocyst stage are less differentiated than those of

the primitive streak stage, and yet, they seem to be less radiosensitive, showing fewer embryonic abnormalities. An explanation

may be that the mitotic rate of blastocyst stage cells is considerably

less than that of primitive streak or organogenesis stage cells;
enough so to more than counterbalance the differences in differentiation.

Radiosensitivity is an ill-defined term in that it is difficult to
describe or quantitate. Generally it is defined in terms of cellular
death, which is extremely difficult to determine from a lack of mitotic

56

activity. The state of differentiation of a cell is usually intimately

associated with the length of its mitotic future; therefore, the term

radiosensitivity has, in the past, often referred to the apparent effects
of radiation upon a cell rather than the actual effect. The present
study gives some indications that the actual radiation damage may be

the same to all cells of a given species, but detection of that damage

depends upon other factors such as mitotic rate, the state of differentiation, and the mitotic future of the cells involved.
Therefore, the data of the present study suggest that the amount

of cell killing is essentially the same, under the conditions of this experiment, regardless of the stage of embryonic development. Coupled

with the observation that there is a tremendous difference in teratogeny from one stage of development to another, one would conclude

that the cells of certain stages in embryonic development are more
sensitive to killing than others; i. e.

,

cellular death is more critical

to the process of differentiation than to the process of growth.
The differences in radiosensitivity at each stage of development

is related to the state of differentiation at the time of irradiation, and
possibly to the total cell number in a particular presumptive tissue.
Although very few abnormalities from irradiation during the fetal
growth stage occur, there may very well be subtle abnormalities pro-

duced in those systems which are still differentiating to a degree.
This has been shown to be the case with cerebellar abnormalities in
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the rat (Hicks, 1953), because some of the cells of the cerebellum are
still differentiating during fetal growth. Another example of continuing differentiation during this stage is growth and development of hair,

and yet generalized abnormalities in this system are not reported. It
may be that the large number of cells available for differentiation into

hair cells and the rapid proliferation rate of this developmental system

create a large reserve so that when cells are killed or damaged others
quickly take their place.

This reasoning can also explain why irradiation during the blasto-

cyst stage can occasionally cause such abnormalities as missing digits.
The cells of the late blastula are known to be partially differentiated

in that they are referred to as presumptive cells, or primordia. The
experimental embryologists have constructed fate maps of the late

blastocyst surface in several species of animals (Willier et al.

,

1955,

and Spratt, 1946). From this work it becomes evident that a very

limited number of cells are precursors to a particular body part or
tissue. Therefore, during the blastula stage the presumptive cells for
a single future digit may be very few in number. If these are
damaged (perhaps by a sublethal chromosome aberration) the ensuing

cellular growth will proliferate the damage and could be the cause of

later anatomical abnormalities. Or on the other hand, initial killing
of the primordial cells could cause an abnormality that expresses itself at a latter stage, when those primordial cells would have begun to
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proliferate.
It is not difficult to visualize the changes that might occur in

cells or tissue, as a result of chromosome damage, with the use of
the model illustrated in Figure 10. The original damage to a cell
causes breaks which set up translocations and acentric fragments.
These can lead to duplications or deficiencies in subsequent cell generations. Deficiencies, if severe, will lead to cellular death. Duplications produce an abnormal cell which may either eventually die,

cause cancer or some other type of disturbed cellular physiology, or
in some cases may continue to function with no apparent abnormality.

Radiation causes breaks
which set up translocations and acentric
fragments
In the second
generation duplications
deficiencies result

Cancer or
other
disturbed
physiology

0

No effect

Figure 10. Model of eventual consequences of chromosome aberrations.
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The latter possibility would tend to be inversely proportional to the
size of the duplication.

Since specific differentiation occurs step-wise throughout
embryonic development, the changing patterns of radiosensitivity can

be correlated with this differentiation. Each successive type of differentiation is built upon a specific number of cells that have themselves undergone a limited amount of differentiation in a particular
direction. At higher doses, as Wilson (1954) has shown, a specific

abnormality can be produced at an earlier stage. In these cases, all

of the presumptive cells, or a significant portion, in which later differentiation was to have occurred were killed or damaged, thus, producing the anatomical abnormality.
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SUMMARY AND CONCLUSIONS

The study was begun with three questions to be answered: What

is the incidence of chromosome aberrations shortly after irradiation
at various stages of gestation? Does the incidence change with time?
Does the incidence correlate with the incidence of anatomical abnormalities ?

It was found that the incidence of chromosome aberrations six

hours after irradiation and at three days after irradiation were not
significantly different among the four stages of development tested,

blastocyst, primitive streak, organogenesis, and fetal growth. The
percentage of abnormal cells does, however, decrease from 36 percent six hours after irradiation to 17 percent at three days.
The gross anomalies produced under these same conditions depends upon the stage of development during irradiation. A wider
range and a greater number of gross anomalies have been found in

embryos irradiated during the primitive streak stage of development,

with varying types and degrees occurring as a result of irradiation
during other stages of development.

Since the chromosome aberrations tend to disappear and the

teratisms remain, one might conclude upon a superficial analysis that

the aberrations are not related to the teratisms. However, a closer
study of the consequences of chromosome aberrations brings one to
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the conclusion that they do cause cellular death. It is then quite

probable that the cellular death causes the teratism.
Ihe numbers and types of embryonic abnormalities seem to have

little relationship to the numbers and types of chromosome aberrations, although both are porportionately related to the radiation dose.
The frequency of both embryonic abnormalities and chromosome

aberrations observed are affected by the mitotic rate of the cells involved. In addition, the state of differentiation and the mitotic future

of embryonic cells at the time of irradiation exert a great effect on
the development of an abnormality.

The persistence of chromosome aberrations is affected by the

rate at which abnormal cells die out; this is, in turn, influenced by
the mitotic activity of the cells. Deficiencies and duplications are set
up during anaphase of mitosis with more probability of them occurring

as the number of mitoses increases from one generation to the next.
The state of differentiation may also influence the chances of

cellular lethality from the loss or duplication of a particular segment
of DNA.

It may very well be that fewer genes are necessary for exis-

tence in a highly differentiated cell than in a relatively undifferentiated

cell; therefore, the chance is greater in the undifferentiated cell that
radiation damage will exert itself.
With these thoughts in mind, the question "does radiation damage

to chromosomes correlate with anatomical abnormalities ?" must be
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answered in the negative. Other researchers have answered it in the

affirmative after varying the dose and noting a correlated change in

anatomical abnormalities. However, the differences in number and
type of gross anomalies from one stage of development to another is

more of a reflection of variations in mitotic activity, state of differentiation, and mitotic future of the cells than of variations in chromosome aberrations or in radiation damage.
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