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ABSTRACT 

A detailed cytogenetic study of maturing mouse oocyte radiosensitivity 
was performed. Oocytes were collected at  various intervals ranging from 1.5 
days to 28.5 days after irradiation with 50, 100, 200, and 300R of acute 
X-rays. The observed sensitivity to chromatid aberration induction varied 
greatly over this time span. Sensitivity was lowest at the shortest time interval 
before ovulation and gradually increased up to 9.5 days; it then remained 
constant until insufficient numbers of oocytes could be collected. The data were 
analyzed in three ways. First, the data from all time intervals at each dose 
were pooled; second the data from the least sensitive time intervals, at each 
dose, were pooled, and third, the data from the period of uniform sensitivity, 
at each dose, were pooled. Dose-response regression analyses were done on these 
pooled data and the best fits obtained were to the models Y = a f bD -k cD2 
and Y = ~2 + cD2 for both deletions and interchanges. This result is inter- 
preted as indicating that the aberrations result from a predominantly two-track 
process. The cytogenetic data were compared to specific-locus mutation induc- 
tion data in comparable oocyte stages, and qualitative similarity in dose- 
i esponse characteristics were observed. This similarity is interpreted to mean 
that both events result from the same mechanism, and that the large dose-rate 
effect, observed for both events, is a reflection of the two-track component in 
the dose-response curves. 

is now well documented that the frequency of mutational events recovered 
Gollowing irradiation of mouse oocytes varies significantly as a function of the 
time interval between irradiation and ovulation of the oocyte. This phenomenon 
was first observed by RUSSELL and RUSSELL (1956) and RUSSELL and WICKHAM 
(1957), who noted that the frequency of dominant lethal mutations was very 
high when irradiation was done a few hours prior to ovulation, that it first 
dropped and then rose again at  successively longer intervals between irradiation 
and ovulation. In a series of experiments in which specific locus mutations were 
the measured genetic end-point, RUSSELL ( 1965a) demonstrated that induced 
mutations decreased to zero in oocytes that were irradiated more than six weeks 
prior to ovulation. RUSSELL (1963) also showed that, after 400 R delivered at 
0.8 R per min, the mutation frequency in second litters conceived by old females 
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was significantly higher than that observed in the first litters of both young and 
old females. More recently, BREWEN, PAYNE and PRESTON (1976) showed a 
striking variation in the frequency, of X-ray-induced chromosome aberrations 
as a function of the time interval between irradiation and ovulation. Similar, 
though not as detailed, observations have been made by SEARLE and BEECHEY 
(1974) and CAINE and LYON (1977). 

RUSSELL (1977) published complete data from a group of specific-locus muta- 
tion experiments, indicating that the frequency of mutations in offspring con- 
ceived from oocytes ovulated two to six weeks after irradiation is significantly 
higher than that obtained in offspring conceived from oocytes ovulated during 
the first week after irradiation. 

The large variation in stage sensitivity of oocytes complicates the interpretation 
of seemingly straightforward dose-response curves. In  this paper, we present the 
results of a detailed cytogenetic analysis of oocyte stage sensitivity to acute X rays 
and offer arguments, based on these data and those of RUSSELL (1977) ~ that the 
induction of chromosome aberrations and specific-locus mutations in oocytes 
principally result from a twobtrack process. 

MATERIALS AND METHODS 

All of our experiments employed eight-to ten-week-old female mice of the CDI strain 
(Charles River Breeding Farms). All of the X irradiations were performed with a General 
Electric Maxitron X-ray machine operated at 250 Kv and 30 ma with 3 mm of added A1 filtra- 
tion (HVL, 0.46 mm Cu) and delivering a dose rate of 100 R per minute. The mice were 
irradiated in a circular perspex container with no shielding. The total X-ray doses employed 
were 50,100,200 and 300 R. 

At various intervals (1.5 to 28.5 days) after irradiation, the mice were induced t o  super- 
ovulate by administering intraperitoneal injections of 5 i.u. of pregnant mare’s serum gonado- 
tropin (PMS) followed in 48 hr  by an intraperitoneal injection of 5 i.u. of human chorionic 
gonadotropin (HCG). In  order to arrest the ovulated oocytes at metaphase-I, the HCG injection 
was followed immediately with an intraperitoneal injection of colchicine (0.05 ml, 2 x M). 
Approximately 16 hr after the HCG injection, the mice were sacrificed and the oviducts dis- 
sected. At this time, the oocytes are clumped in the ampulla of the oviduct and were removed 
by simply pricking the ampulla with a needle. The oocytes were then transferred, en masse, to 
a solution of hyaluronidase (150 i.u. per ml) in 1.5% sodium citrate in order to remove cumulus 
cells and effect hypotonic swelling. The details of fixation and slide preparation are given 
elsewhere (PAYNE and JONES 1975). 

The slides were stained in 2% Giemsa in distilled water for three min and made premanent. 
Well-spread metaphase-I figures were then analyzed for structural chromosome damage. The 
type of aberrations scored were chromatid deletions, isochromatid deletions, and chromatid inter- 
changes. The number of analyzable cells obtained in a given experiment was highly variable, 
thus an equivalent number of cells was not scored at  each dose and time interval. If less than 
100 cells were obtained at  a given experimental point, the point was repeated. In the case of 
the 24.5-day-interval following 200 R, only 92 analyzable cells were obtained in two experiments. 

RESULTS 

The data from all the experiments are summarized in Table 1. The two types 
of deletions are pooled under one heading (D), whereas the chromatid exchanges 
are presented under the heading (X) . In several instances, the data at a particular 
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dose and time interval are pooled from separate experiments. This pooling was 
done because there was no significant deviation in aberration yields in these 
experiments. The data confirm the earlier observations that there is a considerable 
heterogeneity in the sensitivity of the maturing mouse oocytes to aberration 
induction and that this difference in sensitivity is a function of the degree of 
maturation. Furthermore, the variation in sensitivity is observed to be approxi- 
mately the same for both deletions and exchanges, The least sensitive oocytes are 
those that are 0.5 to 1.5 days from ovulation and probably correspond to stage 7 
and 8 oocytes. The sensitivity gradually increases with longer intervals between 
irradiation and ovulation until a stage of peak sensitivity is reached at 9.5 days 
prior to ovulation. From this time, the aberration yield remains relatively con- 
stant until the females become functionally sterile. 

Functional sterility is defined as the inability to superovulate a sufficient num- 
ber of oocytes to make slides. As an example of this, after 300 R only about 35 
oocytes were obtained from 100 females at the 28.5 day interval. This degree of 
oocyte killing prevents cytogenetic studies, but does not preclude the possibility 
of some females being capable of producing a few offspring. Similar results were 
obtained with 50R, beginning 32.5 days after irradiation. Evidence that the 
females are not all completely sterile at this time following 50 R is provided by 
RUSSELL (1977). He has reported litters born 11 weeks after females had received 
50 R. Based on the present data, however, sterility occurs in many females by 
32 to 34 days after receiving 50 R, and those animals still fertile should produce 
only small litters. However, the present results may not apply to the reproductive 
performance of the 101 x C3H mice used in the RUSSELL (1977) experiments 
since EHLING (1964) demonstrated that there are strain variations in reproduc- 
tive performance following 50 R of acute X rays. 

The cytogenetic data were analyzed in several different ways. The various 
analyses were performed by pooling the data from different time intervals, at 
each dose, in different fashions. First, the data obtained from the 1.5- to 7.5-day 
intervals were pooled. Second, the data from the 9.5-day interval through to 
sterility were pooled, and finally the data from all the intervals were pooled. 
These pooled data are given in Table 2. As in the case of Table 1, the data are 
presented under headings of (X) and (D), which stand for interchanges and 
total deletions, respectively. The pooled data were then fit, by least-squares 
regression using Poisson weights, to three models: Y= a + bD, Y = a 4- cDz, 
and Y = a + bD + cD2, where the terms, a, b, and c correspond to the coefficients 
of the spontaneous, one-track, and two-track terms, respectively. Equally good 
fits were obtained for the models Y a + bD + CD' and Y = a + cD2, indicating 
that a large two-track component is present in the production of both classes of 
aberrations. The coefficients and goodness of fits are summarized in Table 3. The 
dose response curves generated by these fits are shown in Figures la-b. 

The pooled deletion data from the various time intervals and doses tested are 
presented in a log us. log plot in Figure 2. Included in this figure are the specific- 
locus data of RUSSELL (1977) for acute 50,200, and 400 R of X rays (RUSSELL 
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TABLE 3 

Values of the coefficients and goodness of fit to the models Y = a + bD + cD* and 
Y = a + cD2 (The values are expressed as per cell) 

Aberration clasr Interval (days) 
U 

x 102 
b C 

x 105 x 107 

Deletions 1.5 to 7.5 
1.5 to 7.5 
9.5 to 24.5 
9.5 to 24.5 
1.5 to 24.5 
1.5 to 24.5 

Exchanges 1.5 to 7.5 
1.5 to 7.5 
9.5 to 24.5 
9.5 to 24.5 
1.5 to 24.5 
1.5 to 24.5 

0.173 
0.263 
0.221 
0.337 
0.239 
0.375 

- 
- 
- 
- 
- 
- 

5.32 9.06 
- 11.1 

11.4 25.6 
- 30.2 
7.52 19.2 
- 22.4 

3.26 9.73 
- 11.2 
5.14 32.4 
- 34.7 
3.7 23.6 
- 25.2 

1.41 (> 0.1) 
0.71 (> 0.1) 
3.02 (> 0.1) 
4.96 (> 0.1) 
4.77 (> 0.05) 
6.34 (> 0.05) 

5.71 (> 0.05) 
6.07 (> 0.1) 

4.11 (> 0.1) 
11.3 (< 0.005) 

3.55 (> 0.1) 

11.9 (< 0.01) 

1969b). The specific locus data at 50 and 200 R result from conceptions that 
occurred up to six weeks post-irradiation and included second litters, whereas the 
400 R data are from first litters only. In order to compare the two events, the 
specific-locus data are plotted as mutations per gamete from week one concep- 
tions, weeks two to six conceptions and week one to six conceptions. The pooled 
specific-locus data do not represent equal proportions of offspring from the two 
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FIGURE lA.-Plots of the pooled deletion data, as described in the text, to model Y = a -k cD2. 
O--O, days 1.5 to 7.5, a = 0.263, c = 11.1 x 10-5; 0- , days 9.5 to 24.5, a = 0.337, 
= 25.6 x 10-5; A- A, days 1.5 to 24.5, a =  0.375, c = 19.5 x 10-5. B.-Plots of the 

pooled exchanges data, as described in the text, to model Y = cD2. 0- 0, days 1.5 to 7.5, 
c = 11.2 x 1 w ;  0- 0 ,  days 9.5 to 24.5, c = 34.7 x 10-5; A--A, days 1.5 to 24.5, 
c = 25.2 x 10-5. The actual data are plotted. 
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FIGURE 2.-A log us. 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, = deletions, = specific- 
locus mutations. The upper solid line is an eye fit of the data obtained from oocytes ovulated 
during days 9.5 to 24.5 in the case of the deletions, 0, and weeks two to six in the case of specific- 
locus mutations, U. The dashed line is an eye fit of the pooled data from days 1.5 to 24.5 for 
deletions, A, and weeks one to six for specific-locus mutations, A 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. 

intervals under consideration, namely week one and weeks two to six. In fact, 
51 % of the offspring at 50 R came from week one conceptions, and 63% of the 
offspring at 200R came from week one conceptions. In the absence of further 
infopmation, we assume that 100% of the offspring at 400 R came from week one 
conceptions, although 90% might be more accurate. This latter conclusion is 
based on the proportions of conceptions at weeks one and two at 50 and 200 R. 
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A log us. log plot of the type given in Figure 2 is a representation of the model 
Y = kD", where the slope of the line is a first approximation of the dose exponent, 
n. It is seen that n approximates a value of I .7  when the data are plotted by indi- 
vidual stages of sensitivity, i.e., week one for deletions and mutations, weeks two 
to four for deletions and weeks two to six for mutations. The data pooled over the 
entire time span tested, however, result in a slope of 1.7 for deletions over the 
entire dose range studied and for mutations from 50 to 200 R. The slope of the 
line for mutations is 1.1 from 200 to 400 R. This same phenomenon is seen for 
deletions if only the week one (days 1.5 to 7.5) data are considered at the higher 
doses. This apparent change in the shape of the dose-response curve at high doses 
reinforces the conclusion of RUSSELL (1972b) that the capacity to repair pre- 
mutational lesions is saturated at high X-ray doses. 

As mentioned earlier, the proportion of offspring resulting from week one 
conceptions in the specific-locus experiments was 51 % and 63% for 50 and 200 R, 
respectively. In the cytogenetic experiments, a larger number of cells were 
analyzed from the most sensitive time interval (days 9.5 to 24.5) and, conse- 
quently, the plots in Figure 2 reflect a greater contribution by the sensitive cells 
to the cytogenetic data than is the case in the specific-locus data. To correct for 
this, we have weighted the chromosome aberration data at the two intervals. 
Thus, the aberration rates in days 1.5 to 7.5 have been given a greater weight 
than the rates in days 9.5 to 24.5. This was done simply to provide a more mean- 
ingful comparison to the specific-locus mutation data. Since we have no specific- 
locus data at 100 R, we arbitrarily assigned a weight of 56% for days 1.5 to 7.5 
to the 100 R cytogenetic data, a value intermediate to those for 50 and 200 R.  
This correction does not alter the general shape of the dose-response curve, but 
does decrease the slope, n, slightly in the dose range of 50 to 200 R. 

The fact that the specific-locus and cytogenetic data are derived from breeding 
and virgin females, respectively, should not affect the above comparisons, because 
oocyte maturation and loss is the same in both breeding and virgin females 
( OAKBERG 1966; BATCHELOR, PHILLIPS and SEARLE 1969). 

DISCUSSION 

The variation in the response of the maturing mouse oocyte to ionizing radi- 
ation has been well documented for three measurable genetic end points: (1) 
dominant lethals (RUSSELL and RUSSELL 1956; RUSSELL and WICKHAM 1957), 
(2) specific locus mutations (RUSSELL 1963, 1965a,b, 1972a,b, 1977) and (3) 
cytologically analyzed chromosome aberrations ( SEARLE and BEECHEY 1974; 
BREWEN, PAYNE and PRESTON 1976; CAINE and LYON 1978). Disregarding the 
highly sensitive period a few hours prior to ovulation in the dominant lethal 
studies, the general pattern of sensitivity change is the same for all three meas- 
ured events. The frequency of mutational events is low in conceptions, or 
ovulated oocytes, occurring during the first week after irradiation and increases 
two- to three-fold in subsequent weeks. Oocyte mortality, however, is the reverse 
of this pattern, with the more mature stages being more resistant and less mature 
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stages more susceptible to killing (OAKBERG and CLARK 1963). I n  this study, it 
was impossible to recover sufficient numbers of oocytes for cytogenetic analysis 
beyond 28.5 days post-exposure at all X-ray doses employed. 

Earlier, we defined the inability to superovulate sufficient numbers of oocytes 
as functional sterility. The onset of this sterility agrees in time with the findings 
of OAKBERG and colleagues (OAKBERG and CLARK 1961, 1963; OAKBERG 1962, 
1966, 1968; OAKBERG and TERRELL 1975; OAKBERG and PALATINUS 1976) in 
their studies on oocyte killing and maturation kinetics. OAKBERG and TERRELL 
(1975) have shown by labelling the zona pellucida that it takes four weeks for 
an oocyte to progress from the beginning of stage 4 through to maturation and 
six weeks for a stage 3 oocyte to reach full maturation (OAKBERG and PALATINUS 
1976). OAKBERG (1962,1966,1968) and OAKBERG and CLARK (1961,1963) have 
shown that 50 R kills at least 99% of the early follicle-stage oocytes within three 
days after irradiation. Based on the numbers of “early” and “late” follicles scored 
in these experiments and the relative frequency of stage 3 oocytes reported by 
OAKBERG and TERRELL (1975), stage 3 oocytes were probably included as early 
follicle stages. Since it takes at least four weeks for a late stage 3 follicle to pro- 
gress to stage 8, the onset of functional sterility on days 28.5 to 32.5 after 50 R in 
the present experiments agrees with the OAKBERG data and suggests that a dose 
of 50 R kills a significant proportion of the stage 3 follicles. 

If, in fact, 50 R does kill most of the stage 3 oocytes, certain conclusions on the 
sensitivity of the resting human oocytes may have to be tempered with caution. 
The early stage 3 mouse oocyte is morphologically similar to the resting human 
oocyte in that it appears to be diplotene-like versus dictyate ( OAKBERG and CLARK 
1963). RUSSELL (1977) has reported that no mutations are recovered from the 
oocytes that, based on conception interval (weeks seven and eight) correspond 
to stage 3 oocytes. From this observation, it has been inferred that the resting 
human oocyte may also be resistant to mutation induction. The resting human 
oocyte, however, is resistant to killing. Thus, there is a basic difference in the 
radiobiological response of the stage 3 mouse oocyte and the resting human 
oocyte. Furthermore, although RUSSELL (1977) observed no mutations in 22,960 
offspring conceived from stage 3 oocytes (weeks seven to eight) irradiated with 
50 R, he also observed only one mutation in 20.507 offspring conceived in weeks 
two to four from highly mutable oocytes. The two frequencies are not different. 

It is not known whether stage 1,2, and 3 oocytes are as sensitive to chromosome 
aberration induction as the later stages, and may never be known, because of the 
extreme sensitivity of these stages to killing. The sensitivity of the later stages 
is, however, quite variable. Because of this, as suggested by RUSSELL (1977), 
caution must be used in interpreting the shapes of dose-response curves. A valu- 
able lesson can be learned from early work on both animal and plant somatic 
cells, whose dose-response curves were generated without regard to the complexi- 
ties introduced by stage sensitivity (see BREWEN 1964; SCOTT and EVANS 1967; 
WOLFF 1968; BENDER and BREWEN 1969, for detailed discussions). It is seen 
(Figure 2) that the yield of both chromosome deletions and specific-locus muta- 
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tions increase as a function of D1.7 up to 200 R, when all oocyte stages contribute 
to the yield; and then linearly from 200 R, when data from only the less sensi- 
tive stages (week one) are used at the higher doses. This observation could lead 
to the conclusion that a repair system is operating with varying efficiency at the 
lower doses, but is not functional, i.e., has become saturated or inhibited, at the 
higher doses. RUSSELL (1 972b) hypothesized this to explain the specific-locus 
mutation data in the mouse oocyte. In fact, the specific-locus data show a dose 
exponent of approximately 1.7 when stage sensitivity is taken into consideration 
and data only from the same stages are analyzed. The chromosome aberration 
data show a similar response across the entire dose range studied. The commonly 
accepted explanation for the shape of the aberration dose-response curve is that 
both one- and two-track mechanisms are operating. This seems a plausible 
explanation for the specific-locus data as well. This conclusion is supported, in 
part, by the observations of RUSSELL and RUSSELL (1960) and L. B. RUSSELL 
(1971) that many of the specific-locus mutations induced in oocytes are asso- 
ciated with deletions. and the observations of BREWEN, PAYNE and ADLER (1977) 
that the magnitude of the radiation dose does not influence the oocyte’s capacity 
to repair lesions that interact to form chromosome aberrations. 

The variation in oocyte sensitivity has a bearing on a basic issue of estimating 
human risks. ABRAHAMSON and WOLFF (1976) have re-analyzed the specific- 
locus data by fitting the acute data to the model Y = CI + bD + cD2 to obtain an 
estimate for the one-track coefficient, b. They suggest that this coefficient should 
not be influenced by dose rate. Their calculated value of b predicts higher muta- 
tion yields with chronic exposures than have been observed. They suggest that 
the observed values are spuriously low because much of the data were generated 
from oocytes that were irradiated while in stages 1 and 2. stages that appear to 
be resistant to mutation induction but have no comparable stage in the human 
female. RUSSELL (1977) criticized this interpretation of the data on the basis 
of the length of the oocyte maturation process. We suggest that the ABRAHAMSON 
and WOLFF (1976) estimate of b might be high. They had to use the total pooled 
specific-locus data from acute X-ray exposures, because at the time they published 
their article, the data on week-by-week sensitivity were not available. Unfor- 
tunately, the only data available at 400 R were generated from week one con- 
ceptions, which represent less sensitive oocytes. Thus the yield at 400 R is 
artificially low compared to the yields at 50 and 200 R. In fitting the model, 
this might lead to an over-estimate of b in order to compensate for the relatively 
low yield of mutations at 400 R. 

We have analyzed the specific-locus data of RUSSELL (1977) in the same 
manner as the present cytogenetic data, i.e., week one data and weeks two to six 
data separately. Both groups of data give an excellent fit to the model Y = a -I- cD2. 
In the case of the week one data, a equals 1.17 x and c equals 1.033 +- 

0.151 X mutations per gamete per RZ (xi = 1.59, 0.5 > p > 0.3). In  the 
case of the week two to six data, a equals 0.99 x mutations per gamete and 
c equals 2.95 -t 0.04 x mutations per gamete per R2 (xz = 0.004, p > 0.9). 
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These results suggest that mutations are produced principally by a two-track 
process and that the one-track component is small. This would explain the very 
low mutation yields following chronic or multiple small fractionated exposures 
(see CARTER 1958; LYON and PHILLIPS 1975; RUSSELL, RUSSELL and KELLY 
1958; RUSSELL 1963,1972a). 

The similarities in the variations in sensitivity of induction as a function of 
oocyte maturation and the dose-response characteristics, when this stage sensi- 
tivity is accounted for, of both structural chromosome aberrations and specific- 
locus mutations lead us to conclude that they are produced by the same general 
mechanism following ionizing radiation. This conclusion is further substantiated 
by the fact that both events behave in a quantitatively similar fashion to chronic 
radiation (see BREWEN, PAYNE and ADLER 1977). We suggest that this mech- 
anism involves, principally, the interaction of two independently induced lesions 
when low LET radiation is employed and consequently follows approximate 0' 
kinetics. This proposal does not require any more complicated hypotheses to 
explain the data and is in accord with other radiobiological theory. 

In evaluating both the specific-locus and chromosome aberration data, care 
must be taken to consider the very large differences in stage sensitivity. Accurate 
estimation of one- and two-track coefficients for the purpose of risk assessment 
requires individual fitting of the data from the different oocyte stages and weight- 
ing the contribution they are expected to make over the fertile period. This pre- 
caution applies equally to the issue of the sensitivity of the resting oocyte. 
Although the early stage 3 oocyte of the mouse is morphologically similar to that 
of man and other mammals, it is apparently much more sensitive to killing. 
The solution may be to compare less kill-sensitive stages of oocytes in the mouse 
to those in other mammals. Having done that, resting oocytes of the other mam- 
malian species can be compared to maturing oocytes to derive a basis of across- 
species extrapolation. 
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