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It is usually considered to be one of 
the basic tenets of radiation genetics that 
variation in radiation intensity-that is, 
dose rate-does not affect mutation rate. 

However, the experimental results upon 
which this conclusion is based were ob- 
tained only from certain cell stages, par- 
ticularly Drosophila spermatozoa. The 
bulk of the radiation dose causing genetic 
hazards in man will be accumulated not 
in spermatozoa but in spermatogonia and 

oocytes. It was therefore of both practical 
and fundamental importance to question 
whether mutation rates observed follow- 

ing irradiation of these cell stages would 
also prove to be independent of radiation 

intensity. 
Two major considerations that 

prompted such a question, in the face of 
the general acceptance of the absence of a 
radiation intensity effect on induced mu- 
tation rate, may be outlined. First, there 
has been increasing evidence that induc- 
tion of mutation may not be as direct an 
action as had often been supposed, and 
that the mutation process in the gene may 
not be entirely independent of variation 
in its. cellular environment. Consequently, 
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in its. cellular environment. Consequently, 

there was room for speculation that even 

though the mutation process in sperma- 
tozoa is apparently independent of dose 
rate, it might not be so in metabolically 
active cells like spermatogonia. Second, 
it was reasoned that even if the actual 
mutation process in spermatogonia 
should prove to be, as in spermatozoa, 
independent of radiation intensity, never- 
theless the mutation rate, as measured 
by mutations transmitted to the offspring, 
might still be dependent on dose rate, be- 
cause of cell selection due to killing or 
other interference with the dynamics of 
the cycle of the seminiferous epithelium 
(1, 2). 

With these two considerations in mind, 
experiments to determine mutation rates 
induced by chronic gamma irradiation in 
spermatogonia in mice were started. The 
first data from these experiments, and a 
comparison of them with mutation rates 
obtained earlier with acute x-irradiation, 
were presented at the April 1958 annual 
meeting of the National Academy of 
Sciences (1). They had been submitted 
earlier for a publication still in press 
(2), and they have also been discussed 
briefly elsewhere (3). The results showed 
a much lower mutation rate from chronic 
gamma than from acute x-irradiation. It 

there was room for speculation that even 

though the mutation process in sperma- 
tozoa is apparently independent of dose 
rate, it might not be so in metabolically 
active cells like spermatogonia. Second, 
it was reasoned that even if the actual 
mutation process in spermatogonia 
should prove to be, as in spermatozoa, 
independent of radiation intensity, never- 
theless the mutation rate, as measured 
by mutations transmitted to the offspring, 
might still be dependent on dose rate, be- 
cause of cell selection due to killing or 
other interference with the dynamics of 
the cycle of the seminiferous epithelium 
(1, 2). 

With these two considerations in mind, 
experiments to determine mutation rates 
induced by chronic gamma irradiation in 
spermatogonia in mice were started. The 
first data from these experiments, and a 
comparison of them with mutation rates 
obtained earlier with acute x-irradiation, 
were presented at the April 1958 annual 
meeting of the National Academy of 
Sciences (1). They had been submitted 
earlier for a publication still in press 
(2), and they have also been discussed 
briefly elsewhere (3). The results showed 
a much lower mutation rate from chronic 
gamma than from acute x-irradiation. It 

was pointed out that, without further 

analysis, it could not be definitely decided 
whether the difference was attributable to 
intensity or to quality of radiation (al- 
though the latter seemed unlikely in view 
of the magnitude of the effect), and 
whether it was the mutation process itself 
that was involved or some secondary 
process, such as cell selection. 

Since the time of the early reports, the 
data have been approximately doubled. 
Also, a number of new experiments, un- 
dertaken specifically for the purpose of 
analyzing the observed effect, have al- 
ready thrown additional light on the 
problem. Because of the wide interest in 
this field, the present interim report has 
been prepared, bringing tabulation of the 
spermatogonia results up to date and pre- 
senting preliminary results from the new 

experiments. 

Chronic Gamma Irradiation 
of Spermatogonia 

Young mature male mice were ex- 
posed, in polystyrene cages of 3.0 to 3.5- 
millimeter wall thickness (more than 

adequate for secondary electron equilib- 
rium), to a 5-curie Cs137 source. Dose 
rate was regulated by distance. Exposure 
was continuous (except for occasional 
interruptions of a few minutes) until the 
total dose had been accumulated (4). 
The males were mated to test females 
(see below) immediately following re- 
moval from the radiation field. However, 
only mutations induced in spermatogonia 
are considered in this section of this ar- 
ticle. Unirradiated males were tested 
simultaneously with the irradiated. 

Mutation rates were determined by 
the specific locus method. Irradiated and 
control males are mated to females ho- 
mozygous for seven autosomal recessive 
visibles. The offspring are then examined 
for mutations at the seven loci. Details 
of the experimental procedure have been 
described earlier (5). 

The results from the chronic gamma 
irradiation experiments are given in 
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Table 1. The mutations listed in the 
table have not yet all been tested for 
allelism. However, classification by phe- 
notype has proved remarkably reliable 
in our experience with well over 100 
tested mutants at these loci, so there is 
little likelihood of error. 

For comparison with the chronic 

gamma irradiation data listed in Table 1, 
a summary is presented in Table 2 of the 
results of three of our acute x-ray ex- 

periments (2). The radiation intensity 
in these experiments was approximately 
80 to 90 roentgens per minute. 

Results from the chronic gamma and 
acute x-ray experiments are compared 
in Fig. 1. All the points for the chronic 

gamma-ray mutation rate curve are con- 

siderably below the acute x-ray curve. 
However, a comparison of the two sets 
of results over the whole range of doses 
cannot be reduced to a simple statistical 
test of significance because the mutation 
rate curve following acute x-irradiation 
shows a clear departure from linearity, 
already discussed elsewhere (2, 3, 6), 
while the present mutation rate data 
from chronic gamma irradiation show no 
evidence of a similar departure. Three 
statistical tests have been made (7) 
which attempt to avoid this difficulty in 
different ways. 

In view of the possible special reasons 
for the departure of the acute x-ray curve 
from linearity (the drop in the mutation 
rate at the 1000-roentgen dose being at- 
tributed to cell selection), one test of the 
significance of the difference between the 
chronic gamma and acute x-radiation in- 
duced mutation rates was made with the 
1000-roentgen x-ray point excluded. The 
two sets of data, with a combined control 
point, were fitted simultaneously to two 
straight lines by the method of least 

squares, with weights based on the Pois- 
son assumption. The ratio of the slopes 
is 4.1 (95-percent confidence interval 
2.36, 12.5), and the slopes differ signifi- 
cantly (P < 1 x 10"9). A similar test, but 
one that excludes both the acute x-ray 
1000-roentgen point and the chronic 
gamma-ray 861-roentgen point, also 
yields a significant difference (P < 1 x 

10~). The third statistical test was made 
between just two points. In view of the 
lack of data at closely comparable doses 
in the lower part of the dose range, and 
because of the presumed complexity at 
the 1000-roentgen x-ray point, the two 
points that seemed to offer the most 
meaningful single comparison were the 

600,roentgen point for acute x-rays and 
the 516-roentgen point for chronic gamma 
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Table 1. Mutations at specific loci induced 
in spermatogonia of mice by chronic 
gamma irradiation. 

Mean 
Mu- No. of 

muta- 
Inten- Off- ta- tions 

Dose sity spring tions per 
(r) (r/wk) (No.) at 7 locus, 

(No.) gaper gamete 
(x 106) 

0 105,403 8 1.08 
86 10 48,500 6 1.77 

516 90 20,752 4 2.75 
861 90 20,993 9 6.12 

Table 2. Mutations at specific loci induced 
in spermatogonia of mice by acute x-ir- 
radiation. 

Mean 
No. of 

Muta- muta- 
Off- tions tions 

Dose spring at 7 per 
(r) (No.) loci locus, 

(No.) per 
gamete 
(x 10') 

0 42,833 1 0.33 
300 40,408 25 8.85 

0 106,408 6 0.81 
600 119,326 111 13.29 

0 33,972 2 0.84 
1000 31,815 23 10.33 
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Fig. 1. Mutation rates at seven specific loci 
in the mouse, with 90-percent confidence 
intervals. Solid circles represent results 
with acute x-rays (80i to 90 r/min), Open 
points represent chronic gamma-ray results 
(triangles, 90 r/wk);. (circle,, 10 r/wk). 
The point for zero dose represents the sum 
of all controls. 

rays. A test of the significance of the 
difference between the mutation rates 
per roentgen at these two points gave 
P = 0.0008 for a one-tailed test (8). 

In the statistical tests, the fitted curves 
show no evidence of departure from line- 
arity. The question of whether or not 
the data may be expected to be truly 
linear is discussed below. The actual ratio 
of effectiveness of chronic gamma and 
acute x-irradiation found may, of course, 
be valid only for the particular combina- 
tion of doses and intensities tested. The 
important point is that the data now 
available adequately confirm the earlier 
report (1-3) that chronic gamma radia- 
tion is significantly less effective than 
acute x-radiation in inducing specific 
locus mutations in spermatogonia. 

The conclusions of the preceding para- 
graphs-that chronic gamma irradiation 
of mouse spermatogonia is mutagenically 
less effective than acute x-irradiation- 
is in sharp contrast to the findings for 
Drosophila spermatozoa, reviewed by 
Muller (9), which have heretofore been 
considered to have general applicability 
and have entered into the basic concepts 
of radiation genetics. 

It is, therefore, of great importance to 
attempt to determine what factors are 
responsible for the present result. For 
this reason, a number of experiments, de- 
signed to throw light on this question, 
have been initiated. In Table 3, pre- 
liminary results of these new experi- 
ments, as well as older findings already 
reported elsewhere, are compared with 
the present data. 

Intensity versus Quality 

The difference in mutation rate be- 
tween spermatogonia subjected to 
chronic gamma irradiation and those 
subjected to acute x-irradiation could be 
due to differences either in quality or in 
intensity of radiation. In order to dif. 
ferentiate between these two factors, the 
effect of a change in quality alone has 
been investigated in three separate com- 
parisons (see Table 3). No appreciable 
differences were found in the effective- 
ness of acute gamma rays (from Co60), 
on the one hand, and acute x-rays, on the 
other, in inducing dominant lethal mu- 
tations in spermatozoa, specific locus mu- 
tations in spermatozoa and other post- 
spermatogonial stages, or specific locus 
mutations in spermatogonia. (It appears 
safe to assume the same result also for 
oocytes, for which no direct quality com- 

1547 



Table 3. Semiquantitative comparison of mutation rates presented in this article with 
those obtained earlier and with preliminary results from experiments in progress. Each 
plus symbol in the table stands for a mutation rate of approximately 5 x 10-8 per roentgen, 
per locus. The check marks represent arbitrary values that are valid for comparative pur- 
poses among the dominant lethal results. They cannot be quantitatively compared with 
the specific locus mutation rates. 

Type of irradiation 

Gametogenic Genetic Acute 
stage effect Chronic Ac 

irradiated measured Gamma 
(Cs187) (CoG ) X-ray 

Postspermatogonia Dominant lethals*t V V V V? /V V V V 
Postspermatogonia Specific locus 

mutations ( l I I )1t 4H-ll-H-H- ? I I1 - -- 1- 1 11 

Spermatogonia Specific locus 
mutations + ?+1+ 1-1 

Oocytes Specific locus 
mutations +1 1111111** 

* Paper in preparation. 
f Chronic and acute gamma rays give approximately equal rates, although comparison is not exact because 
of difficulty in matching particular postspermatogonial stages irradiated. In the comparison of acute gamma 
with acute x-rays, the former were found slightly less effective. 
t Value is based on only 1 mutation in 1613 young, so the mutation rate is not yet reliable. 
? Value based on 4 mutations. 
I1 From Russell et al. (17). 
?1 From Russell et al. (12); see also Carter (13) for chronic Co60 gamma data. 
** From Russell et al. (18). 

parison was made.) These results show 
that difference in the quality (linear 
energy transfer) of the gamma rays and 
x-rays tested, while it may account for 
a small part, cannot account for the bulk 
of the difference between the chronic 
gamma and acute x-ray mutation rate 
results. It can be concluded that most 
of the difference must be due to intensity 
of radiation. 

Intensity and Gametogenic Stage 

The results summarized in Table 3 
show that radiation intensity effects were 
found only for spermatogonia and 
oocytes. In the experiments with post- 
spermatogonial stages, radiation intensity 
had no appreciable effect on the yield of 
genetic changes. This conclusion can be 
drawn with near certainty for dominant 
lethals. The specific locus data, from ex- 

periments still in progress, are not yet 
extensive, but, as far as they go, they 
are not in disagreement with the domi- 
nant lethal result. In both cases, the 
stages irradiated were spermatozoa and 

spermatids, with the bulk of the data from 
the former. It may thus be concluded 
that dose rate does not influence the fre- 

quency of genetic changes produced by 
irradiation in mouse spermatozoa, but 
conclusions regarding spermatids and 
spermatocytes will have to await further 
work. The spermatozoa results are in 

agreement with the findings for Dro- 
sophila spermatozoa. Thus, the classic 
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finding of intensity independence is sup- 
ported for spermatozoa (10). The ex- 
planation for the new phenomenon of 
intensity dependence resides in gameto- 
genic stage. 

Mutation Process versus Cell Selection 

The intensity effect in spermatogonia 
might have been due to secondary causes 
-that is, selection as a result of cell kill- 
ing or other interference with the dy- 
namics of the cycle of the seminiferous 
epithelium, as stated above. This was 
put forward as one plausible, but not 
favored, hypothesis in the first detailed 
publication of the data (2). This hy- 
pothesis has now been deliberately tested 
by new experiments on females. Since 

oogonia are not present in the adult 
ovary (11), and since the completion of 
the first meiotic division only just pre- 
cedes ovulation, radiation genetic ex- 
periments on adult females deal exclu- 
sively with primary oocytes, and the bulk 
of these are in the uniform dictyate state. 
Results already reported (2, 12) showed 
that chronic gamma irradiation of 
oocytes gave mutation rates lower than 
those from acute x-irradiation of sper- 
matogonia. The new results (Table 3) 
indicate that acute irradiation of oocytes 
is at least as effective as acute irradia- 
tion of spermatogonia. 

In the light of this finding of a dose- 
rate effect for oocytes as well as for sper- 
matogonia, the hypothesis that the in- 

tensity effect on mutation rate is due to 
cell selection appears to be less tenable. 
Since oocytes are nonmitotic, since the 
stages irradiated show no obvious varia- 
bility, and since, in our chronic irradia- 
tion experiment, the continued fertility 
of the females provides no evidence ot 
extensive killing, selective or otherwise, 
of the oocytes, it seems highly unlikely 
that the difference beween the mutation 
rates following chronic and acute irradi- 
ation of oocytes can be attributed to any 
secondary mechanism similar to that put 
forward as a possible one for spermato- 
gonia. Of course, this mechanism might 
still be postulated as playing a role in 
the spermatogonia results, but it is sim- 
pler to assume that the explanation for 
the results in oocytes-namely, that the 
intensity effect is on the mutation process 
itself-also applies to spermatogonia. 

It should be noted that, at each dose 
rate tested, there is at present no evi- 
dence of marked difference between 
oocytes and spermatogonia in sensitivity 
to mutation induction. Therefore, the 
interpretation by Carter (13), who also 
found a low mutation rate with chronic 
gamma irradiation of oocytes, and who 
thought it most likely that this was at- 
tributable to sex, is not upheld. His em- 
phasis on the consequence of his inter- 
pretation-namely, that only a small part 
of the genetic hazard from medical ir- 
radiation would come from exposure of 
females-must now be discounted. 

Relation to the Linearity Concept 

The various results discussed in the 
three preceding sections and summarized 
in Table 3 have determined which among 
the possible factors are the ones respon- 
sible for the lower mutation rate from 
chronic gamma irradiation. It turns out 
that these are also the more interesting 
factors. Two of these are radiation in- 
tensity, rather than quality; and the mu- 
tation process itself, rather than cell se- 
lection. Since the finding of an intensity 
effect on the mutation process was un- 
expected, the field is now open for new 
hypotheses about the nature of this proc- 
ess. Such hypotheses are aided, or at 
least delimited, by the finding of a third 
factor-namely, that the intensity effect 
occurs in spermatogonia and oocytes, but 
apparently not in spermatozoa. Thus, the 
mechanism for this effect may be found 
among the characteristics by which the 
highly specialized spermatozoa differ 
from spermatogonia and oocytes. 
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Speculation concerning the nature of 
the mutation process has a direct bearing 
on the fundamental problem of what the 
mutation rates are now likely to be at 
other doses and intensities. One specific 
question is already being debated- 
namely, whether or not the finding of 
an intensity effect in spermatogonia and 
oocytes is strong indication that a thresh- 
old dose will be found for mutation in- 
duction in these cells. This possibility 
has obvious and vital importance to the 
problem of genetic hazards. 

A strong argument that has long been 
advanced against the threshold concept 
is the likelihood that a single direct hit 
(ion or ion cluster) on such a small tar- 
get as a gene must sometimes be ade- 
quate to cause mutation. This hypothesis 
has not only seemed plausible on physi- 
cal grounds but has also been supported 
by the mutation rate data for Drosophila 
spermatozoa and for other material 
where an intensity independence or a 
linear relation with dose has been found 
(9). The new data from mouse sper- 
matozoa provide additional support. If 
the intensity effect reported here for 
mouse spermatogonia and oocytes is 
taken as evidence for a threshold effect 
for all mutations induced in these cells, 
then this necessarily implies that all mu- 
tations in spermatogonia and oocytes 
are induced by a process different from 
that which has long been, and still can 
be, assumed for spermatozoa. This may 
be true, but it would certainly be incau- 
tious to jump to this conclusion. In fact, 
it seems quite plausible to assume that 
spermatogonia and oocytes may not be 
completely different from spermatozoa- 
in other words, that at least a portion 
of the mutations in them may be induced 
by a single-hit process. 

To make the consequences of this hy- 
pothesis easily understandable, they will 
be presented in terms of a specific model. 
Thus, it can be postulated that there 
are two kinds of mutation which, for 
simplicity in the following discussion, will 
be called "reparable" and "irreparable." 
(They could, alternatively, and perhaps 
more realistically, be looked upon as 
"preventable" and "not preventable.") 
It can be further assumed that in sper- 
matogonia and oocytes there is repair 
of the reparable mutations at the low 
radiation-intensity (chronic) level so far 
tested. Such repair is assumed to be im- 
possible, or less probable, because of 
radiation damage to the repair process, 
at high radiation intensities (acute) in 
spermatogonia and oocytes. Repair is 
also assumed to be impossible at all in- 
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Fig. 2. Theoretical dose curves constructed 
on the basis of the hypothesis (see text) 
that "repair" of some mutations is possible 
in spermatogonia and oocytes but not in 
spermatozoa. 

tensities in spermatozoa, perhaps be- 
cause of some property-for example, 
a metabolic activity-lacking in them 
that is present in spermatogonia and 
oocytes. 

Such a hypothesis could lead to a set 
of curves something like that shown in 
Fig. 2. The straight line for chronic irra- 
diation of spermatogonia and oocytes is 
assumed to be the single-hit curve for 
irreparable mutation, all reparable ones 
having been repaired. A steeper straight 
line is shown for spermatozoa, where it is 
assumed that none of the reparable mu- 
tations are repaired and that both these 
and the irreparable ones follow a single- 
hit relation with dose, regardless of in- 
tensity. It follows logically that, as is 
shown in the third curve, acute irradia- 
tion of spermatogonia and oocytes would, 
at total doses low enough to permit re- 
pair, duplicate the curve for chronic ir- 
radiation, but that, at higher doses, when 
repair fails, the curve would shift over 
to a new position approaching that for 
spermatozoa. (Actually, the curve for ob- 
served mutations in spermatozoa is much 
steeper than the curve for acute irradia- 
tion of spermatogonia. The reasons for 
this, one of which is probably a large 
chromosomal aberration component of 
the mutations in spermatozoa (14), are 
assumed to be irrelevant to the present 
argument. In Fig. 2, the curve for sper- 
matozoa, as well as the curve for oocytes, 
may be looked upon as being appropri- 

ately adjusted to eliminate the irrelevant 
factors and to provide an uncompli- 
cated comparison for radiation intensity 
only.) 

No importance is attached to the par- 
ticular details chosen to make this type 
of model easily understandable. Thus, 
"reparable" and "irreparable" need not 
imply qualitatively different mutational 
sites. Only one kind of site is necessary 
if, for example, it is assumed that there 
is a time lag for the completion of the 
mutation process and (even with the re- 
pair process intact) a probability of less 
than unity that repair could occur before 
this completion. Also, the term repair 
is not necessarily restricted to mean the 
reversal of a damaged gene to normal. 
In fact, as was mentioned earlier, the 
term preventable might be substituted in 
place of reparable. Prevention could oc- 
cur at any stage in the mutation process, 
even at its initiation when there might 
be diversion, by a "lightning-rod" effect, 
of ions that might otherwise have caused 
mutation. 

Whether or not the proposed hypothe- 
sis is favored, it demonstrates clearly that 
the discovery of an intensity effect does 
not necessarily imply that all induced 
mutations in spermatogonia and oocytes 
must follow a threshold response. Of 
course the hypothesis does involve a 
threshold concept, but it applies to only 
a portion of the mutations. As demon- 
strated, the theoretical consequence for 
chronic irradiation of spermatogonia and 
oocytes, in this particular model, is a 
linear relation between mutation rate 
and dose, even down to the lowest doses, 
in spite of a lower mutation rate than 
with acute irradiation. 

Other plausible models can, of course, 
be constructed. Experiments now under 
way with various intensities of radiation 
and with fractionated doses will un- 
doubtedly narrow down the possibilities. 
It should be noted, however, that the 
range of intensities already tested is tre- 
mendous-namely, 10,000-fold (100,- 
000-fold at one point). The fact that this 
has yielded only a fourfold difference in 
mutation rate certainly raises the ques- 
tion of whether a further decrease in 
intensity would be likely to give a further 
drop in mutation rate. The mutation 
rate at the lowest intensity tested-10 
roentgens per week-and the rate re- 
ported by Carter et al. (15) for a similar 
intensity still have such wide confidence 
intervals that they are not particularly 
informative in a comparison with the re- 
sults from the 90-roentgen-per-week in- 
tensity. 
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Human Hazards 

Caution must be exercised against 
reaching dangerous conclusions from the 
present results. Thus, as has been empha- 
sized, it is not safe to conclude that the 
data imply a threshold dose for all mu- 
tations in spermatogonia and oocytes. 
There might not even be any further re- 
duction in mutation rate with further 
decrease in intensity. Furthermore, it 
should not be forgotten that even the 
lower mutation rates obtained with the 
present intensity levels are still appre- 
ciable and at least as high as Drosophila 
rates for acute irradiation. However, 
from the results as they stand-results 
that apply to the germ-cell stages (sper- 
matogonia and oocytes) that are impor- 
tant in appraising human hazards-it 
does seem safe to conclude that, with at 
least some intensities of radiation, the 
genetic damage would not be as great as 
that estimated from the mutation rates 
obtained with acute irradiation. 

Summary 

New data have clearly confirmed the 
earlier finding that specific locus muta- 
tion rates obtained with chronic gamma 
irradiation of spermatogonia are lower 
than those obtained with acute x-rays. 
Since this result is in contrast to classical 
findings for Drosophila spermatozoa, and 
apparently contradicts one of the basic 
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tion rates obtained with chronic gamma 
irradiation of spermatogonia are lower 
than those obtained with acute x-rays. 
Since this result is in contrast to classical 
findings for Drosophila spermatozoa, and 
apparently contradicts one of the basic 

tenets of radiation genetics, it was im- 
portant to determine what factors were 
responsible for it. 

Experiments undertaken for this pur- 
pose reveal the following: (i) the lower 
mutation frequency is due mainly to dif- 
ference in dose rate of radiation, rather 
than quality; (ii) a dose-rate effect is not 
obtained in experiments with mouse sper- 
matozoa, confirming classical findings for 
spermatozoa, and indicating that the ex- 
planation for intensity dependence in 
spermatogonia resides in some character- 
istic of gametogenic stage; and (iii) a 
dose-rate effect is found not only in sper- 
matogonia but also in oocytes, where cell 
selection is improbable, indicating that 
the radiation intensity effect is on the 
mutation process itself. 

A threshold response for all mutations 
in spermatogonia and oocytes is not a 
necessary consequence of the findings. 
Plausible hypotheses consistent with the 
present results can lead to other predic- 
tions. 

From a practical point of view, the 
results indicate that the genetic hazards, 
at least under some radiation conditions, 
may not be as great as those estimated 
from the mutation rates obtained with 
acute irradiation. However, it should not 
be forgotten that even the lower muta- 
tion rates obtained with the present in- 
tensity levels are still appreciable (16). 

References and Notes 

1. W. L. Russell and E. M. Kelly, Science 127, 
1062 (1958). 

tenets of radiation genetics, it was im- 
portant to determine what factors were 
responsible for it. 

Experiments undertaken for this pur- 
pose reveal the following: (i) the lower 
mutation frequency is due mainly to dif- 
ference in dose rate of radiation, rather 
than quality; (ii) a dose-rate effect is not 
obtained in experiments with mouse sper- 
matozoa, confirming classical findings for 
spermatozoa, and indicating that the ex- 
planation for intensity dependence in 
spermatogonia resides in some character- 
istic of gametogenic stage; and (iii) a 
dose-rate effect is found not only in sper- 
matogonia but also in oocytes, where cell 
selection is improbable, indicating that 
the radiation intensity effect is on the 
mutation process itself. 

A threshold response for all mutations 
in spermatogonia and oocytes is not a 
necessary consequence of the findings. 
Plausible hypotheses consistent with the 
present results can lead to other predic- 
tions. 

From a practical point of view, the 
results indicate that the genetic hazards, 
at least under some radiation conditions, 
may not be as great as those estimated 
from the mutation rates obtained with 
acute irradiation. However, it should not 
be forgotten that even the lower muta- 
tion rates obtained with the present in- 
tensity levels are still appreciable (16). 

References and Notes 

1. W. L. Russell and E. M. Kelly, Science 127, 
1062 (1958). 

2. W. L. Russell and L. B. Russell, in Proc. 2nd 
Intern. CQnf. Peaceful Uses Atomic Energy, 
Geneva, 1958, in press. 

3. W. L. Russell, L. B. Russell, E. F. Oakberg, 
in Radiation Biology and Medicine, W. D. 
Claus, Ed. (Addison-Wesley, Reading, Mass., 
1958), pp. 189-205. 

4. We are greatly indebted to Dr. M. L. Ran- 
dolph and Mr. D. L. Parrish for the dosim- 
etry, which will be described elsewhere. It 
should be noted that recent refinements in 
dosimetry have resulted in some changes sub- 
sequent to publication of our preliminary ab- 
stract on this subject [W. L. Russell and E. 
M. Kelly, Science 127, 1062 (1958)]. Thus, 
doses listed in that abstract as 600 r at 100 
r/wk and 100 r at 10 r/wk correspond, respec- 
tively, to 516 r at 90 r/wk and 86 r at 10 r/wk 
in later publications (2, 3), including the pres- 
ent one. 

5. W. L. Russell, Cold Spring Harbor Symposia 
Quant. Biol. 16, 327 (1951). 

6. W. L. Russell, Genetics 41, 658 (1956). 
7. We are indebted to Dr. A. W. Kimball for 

statistical advice and computations. 
8. A. Birnbaum, J. Am. Statist. Assoc. 49, 261 

(1954). 
9. H. J. Muller, in Radiation Biology, A. Hol- 

laender, Ed. (McGraw-Hill, New York, 1954), 
vol. 1, pp. 475-479. 

10. This conclusion is not meant to exclude the 
possibility of special types of intensity effect 
such as that reported by A. M. Clark [Nature 
177, 787 (1956)] for sex-linked lethals in Dro- 
sophila spermatozoa at high dose rates in the 
presence of sodium azide. 

11. E. F. Oakberg, Proc. 10th Intern. Genet. 
Congr. (1958), vol. 2, p. 207. 

12. W. L. Russell, L. B. Russell, J. S. Gower, S. 
C. Maddux, Proc. Natl. Acad. Sci. U.S. 44, 
901 (1958). 

13. T. C. Carter, Brit. J. Radiol. 31, 407 (1958). 
14. W. L. Russell and L. B. Russell, Radiation 

Research, in press. 
15. T. C. Carter, M. F. Lyon, R. J. S. Phillips, 

Nature 182, 409 (1958). 
16. We are grateful to Mrs. M. B. Cupp, Miss J. 

W. Bangham, and the other members of the 
Mammalian Genetics and Development Sec- 
tion who assisted with the laboratory work. 
The Oak Ridge National Laboratory is op- 
erated by Union Carbide Nuclear Company 
for the U.S. Atomic Energy Commission. 

17. W. L. Russell, J. W. Bangham, J. S. Gower, 
Proc. 10th Intern. Genet. Congr. (1958), vol. 
2, p. 245. 

18. W. L. Russell, L. B. Russell, M. B. Cupp, 
Proc. Natl. Acad. Sci. U.S., in press. 

2. W. L. Russell and L. B. Russell, in Proc. 2nd 
Intern. CQnf. Peaceful Uses Atomic Energy, 
Geneva, 1958, in press. 

3. W. L. Russell, L. B. Russell, E. F. Oakberg, 
in Radiation Biology and Medicine, W. D. 
Claus, Ed. (Addison-Wesley, Reading, Mass., 
1958), pp. 189-205. 

4. We are greatly indebted to Dr. M. L. Ran- 
dolph and Mr. D. L. Parrish for the dosim- 
etry, which will be described elsewhere. It 
should be noted that recent refinements in 
dosimetry have resulted in some changes sub- 
sequent to publication of our preliminary ab- 
stract on this subject [W. L. Russell and E. 
M. Kelly, Science 127, 1062 (1958)]. Thus, 
doses listed in that abstract as 600 r at 100 
r/wk and 100 r at 10 r/wk correspond, respec- 
tively, to 516 r at 90 r/wk and 86 r at 10 r/wk 
in later publications (2, 3), including the pres- 
ent one. 

5. W. L. Russell, Cold Spring Harbor Symposia 
Quant. Biol. 16, 327 (1951). 

6. W. L. Russell, Genetics 41, 658 (1956). 
7. We are indebted to Dr. A. W. Kimball for 

statistical advice and computations. 
8. A. Birnbaum, J. Am. Statist. Assoc. 49, 261 

(1954). 
9. H. J. Muller, in Radiation Biology, A. Hol- 

laender, Ed. (McGraw-Hill, New York, 1954), 
vol. 1, pp. 475-479. 

10. This conclusion is not meant to exclude the 
possibility of special types of intensity effect 
such as that reported by A. M. Clark [Nature 
177, 787 (1956)] for sex-linked lethals in Dro- 
sophila spermatozoa at high dose rates in the 
presence of sodium azide. 

11. E. F. Oakberg, Proc. 10th Intern. Genet. 
Congr. (1958), vol. 2, p. 207. 

12. W. L. Russell, L. B. Russell, J. S. Gower, S. 
C. Maddux, Proc. Natl. Acad. Sci. U.S. 44, 
901 (1958). 

13. T. C. Carter, Brit. J. Radiol. 31, 407 (1958). 
14. W. L. Russell and L. B. Russell, Radiation 

Research, in press. 
15. T. C. Carter, M. F. Lyon, R. J. S. Phillips, 

Nature 182, 409 (1958). 
16. We are grateful to Mrs. M. B. Cupp, Miss J. 

W. Bangham, and the other members of the 
Mammalian Genetics and Development Sec- 
tion who assisted with the laboratory work. 
The Oak Ridge National Laboratory is op- 
erated by Union Carbide Nuclear Company 
for the U.S. Atomic Energy Commission. 

17. W. L. Russell, J. W. Bangham, J. S. Gower, 
Proc. 10th Intern. Genet. Congr. (1958), vol. 
2, p. 245. 

18. W. L. Russell, L. B. Russell, M. B. Cupp, 
Proc. Natl. Acad. Sci. U.S., in press. 

The present series of radiocarbon dates 
obtained at the University of Groningen 
covers the period from March 1956 to 
August 1957. The first two lists (1, 2) 
will be referred to as I and II. Charac- 
teristics of the counters and descriptions 
of the technical procedures, statement of 
errors, and so forth, were given in list II. 

Samples numbered between 600 and 
900 were measured in the small counter; 
samples numbered between 500 and 600 
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and between 1200 and 1500 were meas- 
ured in the large counter; and samples 
between 900 and 1200 and above 1500 
were measured in the medium-sized 
counter. 

Measurements on the radioactivity of 
shells and snails from different environ- 
ments during the last 4 years have been 
published separately (3), since they are 
not given "dates." One of the conclusions 
drawn from these measurements is that 

and between 1200 and 1500 were meas- 
ured in the large counter; and samples 
between 900 and 1200 and above 1500 
were measured in the medium-sized 
counter. 

Measurements on the radioactivity of 
shells and snails from different environ- 
ments during the last 4 years have been 
published separately (3), since they are 
not given "dates." One of the conclusions 
drawn from these measurements is that 

the amount of carbon-14 in the atmos- 
phere increased by about 5 percent be- 
tween the end of 1953 and the spring of 
1957. This increase is due to the explo- 
sions of atomic bombs. A group of Wiirm 
interstadial samples has been published 
separately (4), since they require a more 
detailed discussion. The results can be 
summarized briefly as follows: About 
26,000 years ago a fairly short inter- 
stadial (or warmer oscillation) occurred, 
which produced the Paudorf fossil soil. 
The first Wiirm interstadial occurred at 
about 50,000 years ago, no indication of 
a warmer period between 50,000 and 
26,000 years ago being found up to now. 

The remaining dates are given here in 
four groups (Tables 1-4). The first 
group consists of a series of geological 
samples from northwestern Europe; it 
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