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Cytogenetic studies and risk assessment for chemicals and ionizing radiation.

J. Grant Brewen
Biology Division
Oak Ridge National Laboratory

I plan to talk about the role of structural chromosome aberrations, ignoring

the numerical chromosome alterations that result from nondisjunction and polyploidy.

An attempt will be made to restrict the comments to an objective evaluation of the

data. This is particularly important because che analysis of chromosome aberra-

tions often becomes very subjective. Before I begin I am going to make the

assumption that there are a few in the audience that I can lose in the cytogeneti-

cist's jargon, which I tend to slip into, and I would like to define a few terms.

Cytogenetics, in my opinion, is still just beginning to come out of the dark

ages. I say that because we do not understand very many, if any, of the basic

mechanisms involved in the formation of structural chromosome aberrations. So

when I define the aberrations, I talk about chromosomes as if ney were a piece

of string.

You have all seen published photographs of chromosomes in the light micro-

scope as they appear at metaphase of mitosis. There are two arms, called

chromatids. The one thing that is very important in evaluating cytogenetic data

is the structural unit of that chromosome involved in the aberration. In the

normal proliferative cell cycle, there are four compartments: Gl, S, G2, and

mitosis. We can subdivide them into three major components in terms of the level

of the-chromosome at which the aberration takes place or is formed. During Gl

the chromosome behaves as if it were a single unit; in other words, any damage

produced during this stage of the cell cycle, involves both of the chromatiui.

So if you will imagine for one moment that we have what I call an interchange
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or a translocation involving two chromosomes as depicted in Figure 1, you will

see either a dicentric--a chromosome with two centromeres, or a reciprocal

translocation. It is important to bear in mind that dicentrics are most

always lethal at the cellular level, so of course they are lethal at the

organism level. There is a loss of genetic material, plus the two centromeres

generate difficulties at cell division. Reciprocal translocations are not

cell lethal and they are heritable; hence, the translocation test that Flamm

talked about.

On the other hand, if structural damage is produced during the S or G2

portions of the cell cycle, the structural unit involved is the single

chromatid. The equivalent aberration types, or exchanges, take on a different

appearance. There is a phenomenon known as sister chromatid attraction. The

two chromatids of the same chromosome are attracted to one another. So if

chromosomes are wiggly and straight, as depicted in Figure 2, the sister

chromatid attraction results in the configurations diagramed in Figure 2.

When that cell divides four segregation products can be generated. One of

them is a normal; that is, the non-exchange chromatids segregate together. The

other is a translocation-bearing cell; that translocation is balanced, in the

sense that the two exchange chromatids are recovered in the same cell. The

other segregation pattern will create two duplication-deficiency cells.

Let us assume for simplicity that each event occurs at equal frequencies

if we-treat a population of dividing cells with X-rays. It is obvious that the

reciprocal translocation produced in G") will be recovered in every daughter cell,

But in S and G2 it will only he recovered in one of four daughter cells. Bear

this point in mind; when I am talking about chromatid-type damage, I am talking

about one event. If I am talking about chromosome-type damage, I am talking
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about the other event. The probability of recovering these two events in the

subsequent generations is different by a factor of four.

This also applies to deletions. If we produce a deletion at the chromosome

level, all daughter cells will carry a deleted chromosome. On the other hand,

if the deletion is produced at the chromatid level, one of the daughter cells

will carry a deleted chromosome; the other one will not and will live — it is

viable.

Why does one even study chromosome aberrations? From the inception of

mutagenesis in Drosophila to today, it is fairly obvious that structural

chromosome aberrations constitute a major, if not the major, component of the

genetic damage produced by practically any mutagenic insult in higher
(ff-f:

eukaryotic systems. In fact Liane Russell'has shown by complementation test

and also by testing the homozygosity, or homozygous lethality, in-the—test—10-

~yea*s that at least 50% of all the specific-locus mutations induced in oocytes

and postmeiotic male cells are in fact small chromosomal deficiencies.

I am going to assume here that the basic mechanism for producing a

deficiency of that size is the same as producing one large enough to see in

the microscope. If you allow me to make that assumption, we can talk about

visible light microscope work and correlate it, at least in the mouse, to a

proportion of specific-locus mutations. But we have to do it in a realistic

fashion. We have to accept the fact that most of the things we see in a light

microscope are in fact lethal events. I would venture to guess that 99.9% of

the simple deletions we see in a light microscope are lethals at the cellular

level.

What do we know about the formation of chromosome aberrations? Four pieces

of data have been generated over the past 10 years that somewhat elucidate the
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molecular mechanism of aberration formation in higher cells. The first piece

of evidence was generated by John Evans and David Scott/. They showed that if
A

a normally proliferating cellular system was treated with alkylating agents

no structural damage was observed until approximately 6-8 hours later. All

the damage observed was of the chromatid type. The next experiment was to

apply tritiated thymidine. They found that the appearance of chromosome

aberrations coincided with the appearance of cells that incorporated the isotope.

So they identified the sensitive stage as being the S-stage, or the time of

replicative DNA synthesis. This was done for maleic hydrazide and nitrogen

mustard. From that we generalize that all alkylating agents operate the same

way, mechanistically. They require an intervening round of DNA replication to

convert the lesion that is put into the chromatin into an actual structural

aberration.

The second piece of evidence comes from an experiment I did with Jim

Peacock about 10 years ago/ This experiment was quite simple-minded. We
A

simply labeled cells with tritiated thymidine. On the basis of the observation

of the semi conservative replication and segregation of the chromosomal subunits

demonstrated by Taylor et al., we asked the question, "If a particular type of

aberration is produced how are these segregating subunits associated end to end?"

Figure 3 summarizes the experimental rationale. If the molecular target was

DNA, the two strands of the duplex of each chromatid would be restricted in

their.end to end association. If DMA were not involved, the end to end

association is expected to be random. We could then induce polypioidy and

recover these as dicentric chromosomes. If there was a restriction in the way

that the strands of the DNA duplex associated end to end, you would expect
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to get either all of one or the other, autoradiographic pattern depicted in Figure

3. If there was no restriction the two patterns are expected to occur in equal

frequency.

When we analyzed the autoradiograms we found that 99% of the chromosomes

so generated had one label segregation pattern, which we intrepreted as meaning

that there was a restriction in the end to end association in aberration

formation due to physiochemical properties of DNA, and that therefore DNA was

probably the principal target in the formation of this aberration.

The third bit of evidence comes from an experiment by Jlriggs and Bender(/;JJ

approximately six years ago, in which they utilized an amphibian cell line that

was capable of performing photoreactivation. They synchronized the cells,

plated them, and UV irradiated them while they v/ere in Gl. They did this in

duplicate; the one population they photoreactivated, the other one they did not.

They collected cells at the subsequent mitosis and found that in the absence

of photoreactivation there was an extremely high frequency of chromatid-type

aberrations— aberrations that were formed as the cell passed through replicative

DNA synthesis. They argued that since photoreactivation specifically removed

pyrimidine dimers, the pyrimidine dimer in the template strand caused a gap in

the nascent strand that was subsequently translated into structural damage.

A confirmation of that observation is a fourth bit of evidence, from

Sasaki,. He took peripheral leucocytes from XP and normal patients and treated

them with 4-nitroquinoline-oxide (4NQ0). XP patients cannot excise the pyrimidine

dimers, or the lesions put into the DNA by 4NQ0. The interval between treatment

and the onset of DNA replication in these cells is approximately 24 hours. Sasaki

found that the normal cells had in fact repaired the lesions and the chromosomes

were normal, wherpas in the XP cells, where there would not be any excision-type
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repair, there were massive amounts of chromosome damage.

These four pieces of evidence indicate two things: DMA is the principal

target and, more importa; tly, certainly for alkylating agents and for UV,

an intervening round of DMA replication is necessary to produce some effect.

Keeping this in minds, how can v/e use this information in making either qualita-

tive or quantitative risk estimates for humans or for mice? For a long period

of time the method of measuring the mutagenic capacity of a chemical was the

dominant lethal test. One of the facts that is intriguing is that if you look

at the spectrum of dominant lethal effects in terms of stage sensitivity, curves

like those shown in Figure 4/were generated. When one samples cells that were
A

spermatogonial at the time of treatment, one very rarely, if ever, recovers
L'<-. •• - •'.'•'••• '•- '•.•'-.' . • / . ' • ? / . £ - ) -

dominant lethals, heritable trans!ocations, or specific-locus mutations/.
A

The dogma in mammalian mutagenesis is that the spermatogonial cell is the

cell of importance, because it sits there for the entire reproductive life-

time of the male and can accumulate damage. With chemical inutagens the -

difference in sensitivity between the postmeiotic stages and the spermatogonial

cells is measured not in orders of magnitude but in infinity, because there

no lethal effects are recovered from spermatogonia. So it v/as zero compared

to 50% or 100%. On the other hand, if you do the experiment by going di reefy

to the animal, and removing the testes, and making cytological preparations,

there is abundant chromosome damage in the differentiating spermatogonia. Why

aren't they ever recovered? If you did an experiment with X-rays and with a

chemical, you would find that X-rays produced cytologically observable damage

in spermatogonia, no more and no less than an appropriate dose of a chemical

mutagen, and with X-rays) you recovered dominant lethals but with a chemical
/>••, ; , / . . - •

mutagenWou-d-id not.

A
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Let us imagine that we have in the testes a spermatogonial stem cell,

which is what we are really interested in. It is going through a normal

pro!iferative cell cycle as a Gl, as an S, as a G2, it goes through mitosis,

and it begins a new cycle. The observations that have been made on somatic

cells are that cells that were in the act of replicating DNA were extremely

sensitive to most of the alkylating agents being tested. (̂ Low-̂ os-efr-gave-yeu-

a 100% effect-if you-looked-at only this population.) Remember that -I—sa-frf"

t-ba-t most chromosome damage is lethal at the cellular level. That means that

if I treat a cell in S and produce a reciprocal translocation of the chromatid

type, I have one chance in four of every recovering it, because of segregation.

But if I put into that same cell three or four deletions, for example, I

assure that it will die. That is precisely what happens. The cells are

sensitive; they are hit with a massive dose of a compound; they are killed.

The Gi and G2 cells are not affected; they survive, producing normal cells

that go through the spermiogenic cycle, and you"do not recover,' the chromosomal,

damage1.

If you do the same experiment/in the bone marrow, you-f-ind precisely the
• ' • - ' • • " / / / ; • • • ' • , /

same effect. However, at the higher concentrations, .you-can-always recover /'"
7 -< (If-

cells. In tritiated thymidine-tagging experiments done by Luippold et aly,

it was seen that bone marrow cells that were replicating their DNA were recovered

and contained aberrations. In the spermatogonia, at very high doses, the S

stage cells never reached mitosis; they suffered interphase death. So that

is the first question — and answer. Me .bad-an explanation as to why you
r - • • ' • • /•• . - - . J .

do not recover this sort of typical effect when wê  treat- spermatogqrnall_celIs }
A

with these mutagens.
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There are exceptions to this generalization in that some chemicals are

truly radiomimetic. That is to say they produce chromosome aberrations at all

stages of the cell cycle. Examples of these are 8 ethoxy- and methoxycaffeine

as well as cytosine arabinoside, streptonigrin, bleomycin, and phleomycin.

Polyfunctional alkylating agents such as thiotepa and triethylenemelamine appear

to be mildly radiomimetic but do require replicative DNA synthesis to produce

a maximal effect. 7 __

The experiments of Luippold et al done on normal human leucocytes,

demonstrate this. If we treat cells in what we call 6 zero (prior to PHA

stimulation), we detect a low level of chromatid-type damage; v/e also detect

a low but significant level of chromosome-type damage — in other words,

chromosome-type aberrations that had to have been produced prior to replicative

DNA synthesis. If we stimulate the cells and treat them shortly after stimula-

tion, we detect more chromatid-type damage, but not my more of the chromosome-

type. (Table 1)

If the cells are treated just before they enter the replicative part of

the cell cycle the level of damage is increased by a factor of three. The

way I would interpret these data is that if there is sufficient time for the

cell to handle the lesion prior to the DNA replication only a low level of

damage is observed. On the other hand, if the cell is treated just prior

to DNA synthesis there is insufficient time for repair and a maximal effect

is observed. r~"

To prove that this is not a fluke, we treat cells in G2 and get very little

effect. But one thing about these data that bothers me is that when we treat

cells while they are replicating the DNA, we get a lower effect than if we

treat just prior to S. I think this is an artifact of excessive killing; we
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are recovering cells that for some unknown reason did not quite get the dose.

We can do the same experiment in mouse germ cells. Here we want to look

at the effect of TEM on primary spermatocytes. Generoso;published a paper

in which he showed that if you treat primary spermatocytes during pacj<ytene

with X-rays or TEM, you can recover equivalent amounts of dominant lethality

in the next generation. The X-ray dose v/as 400 R and the TEM dose was 2

milligrams per kilo. But if he analyzed the first nseiotic division of

the prin.j.ry spermatocyte, he saw a large amount of damage after X-rays, but a

negligible level of damage after TEM. In other words, these aberrations had

not been formed following TEM treatment. But they had appeared in the zygote,

because he recovered dominant lethals and heritable translocations.

We went back and did the experiment again in a slightly different way

with longer time intervals between treatment and meiosis/. With only a six

day interval there is no effect, nine days no effect, eleven days no effect,

twelve days a significant level of damage, and thirteen days a highly

significant level of damage. Concomitant with that you see that we are now

recovering cells that were in premeiotic S-phase of the spermiogenic cycle

(Table 2). In other words, there is a correlation between the level of

chromosome damage and DNA synthesis.

If most chemicals require replicative DNA synthesis to produce structural

aberrations, why do we obtain dominant lethality when pos.t-meiotic stages are

treated. There is no replicative DNA synthesis after the early primary

spermatocyte stage but dominant lethality and heritable translocations can '

be induced throughout that l°n9 Period of spermiogenesis. In fact the most

sensitive male germ cell stages appear to be the spermatid and spermatozoan
CG '••-••• .-.rJ tW-.'>/."•?; •$.,->•-->•: *1 - /

stages. In addition to this, Generoso and colleagues have demonstrated that

dominant letf.als can be induced in oocytes in which the last replicative DNA

synthesis occurred in oogonial stages prior to birth. In the last few years

a new technique has been applied to the study of this problem . If consists
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of treating of the parents of choice, mating the animals, removing the fertilized
(I •>> ••• • fy>> -',

oocytes and culturing them to the first zygotic cleavage division. At this time
.-i

the paternal and maternal chromosomes can be analysed for structural chromosome

damage.

To date, two compounds have been studied in some detail using this technique.

We have studied the effect of methyl methane"sulfonate (MMS) on ooth the post-

meiotic male germ cell stages and the maturing oocytes.'. In addition we have

studied the effect of triethylenemelamine (TEM) on oocytesyand Matter and Jaeger///-'

have studied the effects of TEM on post-meiotic male germ cells. The results

of our study on MMS effects on the male are summarized in Figure 4. The data

are expressed as percent dominant lethals and correspond to the frequency of

first cleavage embryos that had at least one lethal chromosome aberration in

the paternal genome. For the sake of comparison the dominant lethal data of

Generoso and Russell for EMS are also summarized. These latter data were used

because EMS gives the same stage sensitivity pattern as MMS and the data were

more complete than any published for MMS. The aberrations observed consisted

principly of chromatid-type deletions and exchanges with the odd chromosome-

type exchange. The data show an excellent correspondence in stage sensitivity

for both chromosome aberrations and dominant lethality. Also, the preponderance

of chromatid aberrations suggests that the aberrations v/ere formed during the

pronuclear DNA synthesis in the zygote. The studies of Matter and Jaeger on

TEM effects did not include an analysis of stage sensitivity but their data

did show that the amount of dominant lethality observed could be accounted for

by the number of embryos carrying chromosome aberrations.
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Experiments similar to those done on the male germ cells have also been

done on oocytes. In this instance, however, it is possible to analyse oocytes

at metaphase I, after treatment with the chemical, and in a parallel group of

animals analyse the chromosomes at the first cleavage division after an inter-

vening round of DNA synthesis. The data from experiments with MMS and TEM

are summarized in Tables 3,4,'5 an«N-6-» The data show that both compounds produce

very few, if any, structural chromosome aberrations in the meiotic oocytes but

that a considerable number are observed in maternal genome of the first cleavage

zygote. Furthermore, the majority of cytogenetic damage is restricted to those

oocytes that v/ere ovulated within the first week after treatment. This pattern

is the converse of that seen for ionizing radiation in which case the more

mature oocyte stages are the least sensitive except for those only a few hours

from ovulation. As in the case of the male studies the predominate aberrations

observed were chromatid-type.

Two facts emerge from these experiments. One is a confirmation of earlier

observations made in dominant lethal studies that the most important male germ

cell stages in terms of risk are the post meiotic stages. The second, is that

due to the delayed effect of many chemicals, in the sense that they produce

chromatid-type aberrations in the early embryo, it is conceivable that mosaics

can be produced in mammals as in Drosophila. Further research is needed to

elucidate this possibility. At the moment it appears difficult to make quantitative

risk estimates for chemicals based on the cytogenetic data for as I have tried

to show-: the mere existence of a chromosome aberration in a particular cell after

exposure to a chemical mutagen does not necessarily mean such events will be

recovered in the next generation.
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Chromosome aberrations have been useful, however, in improving and modifying

the risk estimates for ionizing radiation. The aberration type that has been

studied in greatest detail is the reciprocal translocation. This is principly

because it is heritable and thus qualifies as a true genetic effect. The most

extensive work has been done on the mouse and the experiments consist of irradiating

the testes, "waiting and appropriate length of time and then analysing diplotene-
#..

diakinesis figures for/presence of translocations. The translocations are

readily seen as they result in multivalent configurations. Several dose response

curves have been generated for acute X- and gamma rays. The results have all

been very similar in that the yield increases approximately linearly with dose

up to 600 R and then decreases with increasingly higher doses. When the data

are fit to the model Y =GD. The coefficient ranges from 2.0 - 2.5 x 10 trans-

locations/cell/R. A reduction in the dose rate, or an increase in the length

of time to administer a dose, results in a decrease in yield. This reduction
-5 -3

reaches a minimum at 1.3 x 10 translocations/cell/R at a dose rate of l x 10
• • , n . ^ ; ! • ' - > •!• - • -\ •*• !:• • v • [.. •. • • }

rad/minute'. In a study performed on marmosets, with two dose points for man,

we (Brewen, Preston, and Gengozian) found that the rate of induction of

4 ' (I'll--*:

translocation was 7.7 x 10 trans!ocations/cell/R for acute X rays. This

value is 3-4 times higher than those found in the mouse. If we assume that the

dose rate effect is the same in all three species we would predict a translocation

yield in man of about 4 x 10 translocations/cell/R at very low dose rates.

"All of these translocations have been analysed at meiosis of the primary

spermatocyte. Thus, those frequencies must be corrected by 1/8-1/4 to arrive

at an expected recovery rate in the next generation. This gives values of 1-2 x 10"

translocations/offspring/R with acute exposures and 0.5-1.0 x 10" translocations/

offspring/R with chronic exposures.
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Based on the data of Jacobs and Hamerton the spontaneous rate of all

newly formed reciprocal translocations, including Robertsonian, is about

2 to 3 x 10" per gamete per generation. This value is undoubtedly an under-

estimate. These are old data quoted by Pat Jacobs, seven or eight years ago,

before we had the refined banding techniques. At that time, as a human cyto-

geneticist of sorts, I would say that the accuracy obtained by somatic cell

analysis was 25 to 33%. In other words, we were missing anywhere from 75

to 67% of all the translocations. If they were in the balanced form with no

phenotypic problems, no clinical manifestations — these are done on newborns -

they were not picked up. Ncol indicated earlier that the frequency of chromo-

somal abnormalities is increasing as a result of refined techniques. A lot

of that is because banding now allows us to detect many more of them. The

true spontaneous yield could be anywhere from 8 to 1 2 x 1 0 " . If this

corrected spontaneous rate is then divided by the induced rate doubling doses

of 4 - 12 R and 80 - 240 R are obtained for acute and chronic human exposures,

respectively. These values are close to those obtained for specific locus

mutations.

BAUM: Doesn't it bother you that that is apparently a linear function rather

than a quadratic function since this is a two-event process?

BREWEN: It did at first. When we first started doing our own work on mouse

translocations, I was convinced that if we analysed the data/log/log plot, the
A

slope would be greater than one. We have got the data now but the interpreta-

tion is very complicated. It is a function of cells going through sensitive

and resistant phases of the cell cyclei At higher and higher dosei,, you kill
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off more and more of your sensitive cells. You recover proportionately fewer

translocations. In fact, I understand -- the data are not published — that in

an experiment where the male was irradiated with a reasonably high dose that

killed off all of the sensitive cells leaving only a small population of

semi synchronous resistant cells, a dose response curve done 24 hours later resulted

in a large two track component. We are trying to do that experiment ourselves

right now. All this indicates that the linear dose-response curve is an arti-

fact of these subpopulations. ,. ,

With X-rays we have the old issue of stage sensitivity.J Dewey,iHumphrey^/

and-feth1 published a paper when I was in graduate school describing stage

sensitivity. For years a great dialog raged between Stanley Revel! and the rest

of the cytogenetic, or radiation biology, community on the shape of the dose-

response curve for simple deletions. He insisted that it was a quadratic,

and everybody else agreed with Carl Sax that it was a linear dose-response

curve. Stage sensitivity played a very vital role in that issue, as it does

in oocyte sensitivity to ionizing radiation.

We took up the problem of risk assessment in the female. One of the

problems that cane up was in the Russells' original work on specific-locus \

mutation induction in oocytes, based on two dose points, namely 50 and 400 Ri

In the male the curve was linear -- these are purported point mutation^ so

they should increase linearly with dose. In the female they did not. In

other words, the mutation rate per locus per rad at 400 R was considerably

higher than it was at 50 R.

To explain these data, you could say it is principally a two-track process

like chromosome aberrations, or that a repair system operating in the oocyte

is very efficient at low doses but becomes less efficient at higher doses
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because it is being inhibited or saturated. That is what Russell suggested'.

That means, then, that if you have repair influenced by the total dose — and

conceivably by dose rate — at chronic irradiations, you might get very low

effects.

In fact, that was observed when the experiments were done in the female.

Exposures protracted over several weeks gave a very low mutation yield that

approximated zerô . There was some debate about that. This got me involved

in the question of oocyte sensitivity. One of the things that puzzled me was

that if yc: looked at the data on dominant lethal induction in oocytes,
/"- • •• . f ri£ih

there was a great heterogeneity depending on when the female was mat^d'. (JEb-fs

.is- the excellent work-of-Liane Russell.) We began looking at structural

damage to the chromosomes as a function of oocyte maturation. Female mice

were irradiated and induced to ovulate at various times after irradiation.

The chromosomes of the metaphase I oocytes wer.; analysed for structural

aberrations and the results are plotted in Figure $. The sensitivity increases

until about nine days prior to ovulation and remains relatively constant

until sterility sets in. By sterility, I mean it is impossible to recover

enough oocytes to do a cytogenetic analysis. That does not mean that those

females are sterile and that they will never have any more offspring. But

we cannot recover enough eggs to do cytogenetics. The cytogenetic data show

a 2-3 fold difference in the oocyte sensitivity when week 1 is compared to

subsequent intervals.

When the specific-locus data were generated, at 50 R they came from

offspring conceived from weeks one through six; at 200 R, weeks one through
( / • • • • • • / • • • •

six; at 400 R, week one' The dose response curve was quadratic from 50-200 R

and linear from 200-400 R.
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A striking thing in these data is that the time pattern of sensitivity to

specific locus mutation induction is exactly the same as that for cytogenetic

damage. In other words, for conceptions that occurred prior to day 7, the

specific-locus mutation rate is approximately one-third to one-half as high
/ • ••// / /r -' 1

as it is in conceptions that occurred from day 7 through week'6.

Both the cytogenetic and specific locus data have been analysed as a

function of stage sensitivity. That is to say the data from days 2-7 were

analysed separately as v/ere the data from weeks 2-7. This analysis is

presented in Figure t>.

Remember there are specific locus data from only conceptions that occurred

in the first week after 400 rad. I do not have a 400 rad data point for the

cytogenetics but I do for the 300. The week 1 data for both end points have

a slope of 1.7 as do the v/eek 2-6 data. Mien they are pooled the slope from

50-200 rad is 1.7 but then approaches 1 from 200 rad on up. In other words,

it would be very easy to say that there is less and less efficient repair as

the dose increases. At 200 rad, the repair competence of the oocyte system

is saturated. Now all the mutational events, which are being formed as a

linear function of dose are recovered. If the data are broken down into the

various stages of differing sensitivity, in fact, specific-locus mutations

and cytologically scored deletions follow the same dose-response kinetics.
2

If the specific locus data are fit to Y = a + cD the P values are all in
excess of 0.6; in fact, some of them are 0.95.

There is one point I want to make for risk assessment. These experiments

support Russell's. contention, I think, that the chronic effects would be
A

dramatically low because if this is the mechanism, then with protracted

exposure the probability of getting two independent events occurring
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simultaneously is very low, and you would not expect many mutations or many

chromosome aberrations.

I think there is hope for cytogenetics in doing risk estimation. I am

not sure whether the story with chemicals will ever be this clear, because

we are burdened with the problem of extreme stage sensitivity. l-/e have

looked at effects in the female, and we see that in oocytes there is no

effect, but in the embryo there is a tremendous effect. We will have to try

these experiments across species, to see if some of the rules and regulations

that I have outlined here concerning chemical effects in somatic cells

really apply to germ cells. I am not sure that they do.
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IABLE I

Frequencies o' cHro'^Qio^cl obenodois observed in hur-u-; !e-j!--ocylei aflet Irco'i.Kj diffetenl itujet

of the cell cycle with I X ! 0 " 5 TEM . / ' ' . . . / •

Cel! ituge
treated

No. of
cells

scored
deletions

lio
deletions

Rings plus Ac( roboti
dicenfi ics lesions

co
Eorl, C,

LoteG,"

Gi control

S control

G j »

300
300

303

300

300

300

300

4 .0

11.3

37.3

2.7

18.7

2.7

8.0

0 . 7

6.3

38.0

0.0

7.3

0.0

0.0

II.0

22.0

61.0

0.7

37.7

3.7

2.7

3.3

5 .3

5.3

0.3

0.0

0.0

0 . 3

5.0

8.C

19.7

1.3

I«.O

0.3

3.3

* lobeled celh only.

•'Unlobeled cell: only.

The data obtoined from treating oocytes and analyzing them ot either rnetaphase 1 cr al

the first zygotic cleavoge division'' (Table 2) show thot on intervening round of replicolive

DNA synthesis (pronucleor) results in many more chromatid aberrations. Analysis of

melapliare I showed a small, but significant, increase in aberrations 20

TABIE/ -

The fie^uency <rt chrofiotid obfollon* ob»i"r»ed in rreTophô e | .jocytoi ond l̂ e 'foa!e f»a^ccjeo' c
following r/eotrr.enr o* 'emole n»ite with elt'ne* O.Bf/I .Awj ^g TEM , / • ' / A / f -'

0

0

0.8

0 .8

0 .8

1.6

1.6

1.6

1.6

1.6

0.5

4.5

0.5

2.5

4.5

0.5

2.5

4:5

6.5

10.5

No. of

•co-cd

200

-

150

125

100

• i0

145

110

125

125

0.1.
(%

0.5

-

0 .7

0.0

3.0

2.0

1.4

2.7

1.6

0 .8

,opKo,,

•tiani
. 5 0

> 0.5

10.7

t 1.7

. 1.2

> 1.0

t 1.6

. I.I

.0.8

| 1

Exchange,

0.0

-

0 .0

0 .0

0 .0

0 . 7 , 0.7

0.0

1.8) 1.3

0.0

0.0

No. o'

« -

50

50

7S

50

50

75

SO

90

50 '

75

1

Dele.:
< % .

0.0

2.0 .

47.9 1

16.0 .

4 . 0 .

193.1 >

44.9.

II. It

6.21
13.5.

,n , -

SO

2.0

e. I
5 .7

2.8

25. B

9.6

3.5

4.1

4.2

E«fo-
P i .

0 .0

0 .0

26 .8 .

4.0 1

2.0 i

105.4 ,

16.0 <

1.1 i

12.2 =

1.4.

5£l

6.1

?.e
2 .0

16.9

5 .7

1 I

5.0

1.4

O H , . l ib

• OHph.

0.0

0 . 0

5.3

2 .0

0 .0

61.3

2.0

2.2

4.0

1.4

e Frequencies ore based on total number of cell* leu thoie with rrvjiripie cbe'taricnj loot covEd no! be quan!ifatc<J.

e repreien} evils that hod ICK> much damogo lobe quantitatively analyzed.

<j&.\
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Treatment of primary spermotocytes (Table 3) results in o very celi-itajje-specific response.-—~"

Cytogcnetic onolyiis o? diplotene indicated that very few aberrations occurrcd.ii^ccIfTuntil true

first group of labeled cells appeared. fl>e low yield of obccoliorfS f«om uniobelcd pocliytcne

stages agrees wilh the data of Gcne/oso e-tarT", and the high frequency observed in cells

treatod in premeiotJc-5 confirms the expectation thol >tie involvement of replicotlvo DK'A syn-

rtiesK I" required. ' - . . .

Freqoency of lobeled diplotene-dia!dne;is figures and chrrrr;-.c::..- c'r'-'-c*':. of
various intervals following treatment of pimary spern.'jrucyles ;;\'.\

1.0 mgAg TEM ond [3H]dThd (control".! T ' - >•• >• • . ' •' '

Time Mo. of Chromotid plus Chrorrotirf
interval Treotment cells isochromarid . exc l3~: .••"

(days) scored deletions (%)

6

6

9

9

11

11

12

12

13

13

[3H]dThd

TEM

[3H]dThd

TEM

[3H]dThd

TEM

[3H]dThd

TEM

[3H]dThd

TEM

200

400

200

400

100

200

100

400

100

150

0.0

0.0

0.0

0.25

0.0

0.5

0.5

12.8

0.5

68.7

*0.25

±0.5

±0.5

* 1.8

±0.5

t 6.8

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.5 i 0.4

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

28.5

84.5

70.5

95.7

All in o i l , the data show quite clearly that TEM is capoble of producing a low level.of •

aberrations without replicative DNA synthesis, but that it is much more effective"as o clostogen

when there is on intervening round of DNA synthesis. Thus, it is cor.ceivoble that some of the

dominant lelhol effects observed by Generoso et al. resulted fro.-n prefe.-tilizafion aberrations;

however, the great mojority probably resulted from aberrations formed during pronucleor DNA

synthesis. r

In studies where postmeiotic male germ cells were treated with TEAA, or with Tr^nimon,

three reports show that chroiiotid- and chromosome-!ype aberrations were see:i cf later
f oct !
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Results

'he insults of the eytoJogieal anr.l.'i-os of the first cleavage divisions and of
the melaphusp 1 oocyies are prosente 1 in Tables I and II, respectively-. The first
cleavage division data are presented as the number of female pronuclei with
the different numbers of chromatid abenalions.-^"phenomenon observed in
these experiments that was not observed-'in the studies on post-mfuotie male
perm cells was a shattering effect (Fig. IB), vr almost tola! fragmentation of
the chromosomes. As was the case when post-mciotic male cells were treated,
chromatid-type aberrations were observed-which were predominantly isochro-
matid delelions'and chromatid deletions (Fig. 1C). —-- .

The,experiments in which metaphase I oocytes were analyzed yielded nega-
tive'results in that only 1 isochromatid deletion was seen in 300 treated cells
(Table II).

CHROMOSOME ABERRATION YIELDS AT THE FIRST CLEAVAGE MITOSIS AFTER TREATMENT
OF DICTY ATE OOCYTES WITH MMS I i.> . . • • • - v \ ' ' ! • l ! ' ) .

Dose (mr./k*

Control

50
50
50
5 0

1 0 0
1 0 0
1 0 0

100
100
1 0 0

:) Interval
(days)

—

2 . 5
6.5

10.5
11.5

0 . 5
1.5
2 . 5

6.5
10.5

,14.5

No. of cells

1 0 0

7 5
50
5 0

5 0

5 0
5 0
5 0

50
50
5 0

No. of cells

0

1 0 0

70 a

47
49
50

4 0
4 3
4 0

43 a

47
50

1

0

2
3
1
0

4
3
5
5
3
0

u-illi aberrations

2

0

2
0
0
0

0
1
1
0
0
0

3

0

0
0
0
0

0
0
1
0
0
0

> 3

0

0
0
0
0

0
I
0
1
0
0

Shattered

0

1

0
0
0

a
2
3
1
0
0

Expected
lothilitV fa)

0

8.0 a

6.0
2.0
0

20.0
14.0
20.0
16.0 a

6.0
0

a Includes a triploid zygote (See Fig. 1).
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FIGURE LEGENDS

Figure 1. Diagrammatic representation of the formation of chromosome-type

interchanges.

Figure 2. Diagrammatic representation of the formation of chromatid-type

interchanges.

Figure 3. A diagrammatic representation of the alternate types of end-to-end

association of the segregating chromosomal subunits. For simplicity, the

subunits are represented as the helices of a single DNA molecule. The

dotted line indicates the presence of H-TdR, and the solid chromosome

regions indicate presence of lobel, from Brewen and Peacock, 1969.

Figure 4. The yield of dominant lethals, with time, after injection of male

mice with either EMS or MMS. Solid line is a generalized representation of

the 300 mg/Kg EMS data of Generoso and Russell (1969). The dotted lines are

frequencies of embryos carrying at least one lethal chromosome aberration,

from Brewen et al 1975.

Figure 5. A log v£ log plot of the frequency of trans!ocations in marmoset

testes after various acute X ray dose. The open symbols are observations for

man, from Brewen and Preston, 1978.

Figure 6. The yield of total chromatid aberrations at various times and doses

after irradiation of mouse oocytes, from Brewen, 1977.
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Figure 7. A log v£ log plot of both the present cytogenetic data and the

specific locus data of Russell (1972a, 1977). The lower solid line is an

eye fit of the data obtained from the less sensitive oocytes ovulated through

the first week after irradiation, 8 = deletions, Q = specific locus

mutations. The upper solid line is an eye fit of the data obtained from

oocytes ovulated during days 9-1/2 - 24-1/2 in the case of the deletions, 0,

and weeks 2-6 in the case of specific locus mutations, D . The dashed line

is an eye fit of the pooled data from days 1-1/2 - 24-1/2 for deletions,

A > and weeks 1-6 for specific locus mutations^ & except at doses above

200R where the line is drawn to fit only the first week data. Standard

errors are indicated for the deletion data.
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