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HE existence of genetic variation in radiation sensitivity within a species has been

acknowledged since HENSHAW (1944) reported a difference in the acute lethal
response of C3H and LAF; mice to X-radiation. Since that time, strain or genetic
differences in the radiation response of small laboratory mammals have been indi-
cated for the sterilization dose (LORENZ et al. 1947), susceptibility to leukemia in-
duction (KirscaBAUM and MIXER 1947), changes in blood chemistry (Korn 1951),
hematopoietic response after spleen protection (KapLan and Paury 1952), changes
in body and organ weight (GRAEN 1954a,b) and for the reduction of life expectancy
(HeNsHAW ef al. 1947; Evans 1948; SacHEr 1950; GoweN 1956).

Although the single dose LDjg, value is often used in radiobiological studies as an
experimental end point, information concerning genetic variation in this value is
inadequate. Strain differences in the LDs, following X-irradiation are known to exist
in mice (LORENZ ef al. 1952) and rats (Korn 1951). RucH (1953), reviewing several
independent studies, indicated that the LDy value in mice may vary from 400r to
650r of X-rays, depending upon the strain employed. This range of LDj, values is
confounded, however, with differences in age at exposure, radiation quality, and
unaccountable environmental factors that certainly must vary among laboratories.
No attempt has been made to quantify, in a single experimental effort, strain dif-
ferences in acute lethality. Consequently, certain features such as age changes in
sensitivity, dosage-mortality slopes and sex differenccs are known only in general
terms.

MATERIALS AND METHODS

In order to describe quantitatively strain or genetic differences in radiation re-
sponse, three separate inbred mouse strains and two sublines of a fourth strain were
exposed to single whole-body doses of X-irradiation. In addition to data on strain
differences of LDj values, dosage-mortality slopes and sex effects, some information
on age effects was obtained by deliberately employing a limited amount of variation
in age at time of exposure. To facilitate interlaboratory comparison, strains were
chosen which have been used frequently in experimental radiobiology, cancer genetics
and general mouse genetics.

Inbred strains BALB/c, C3H;/He, C57BL/6 and sublines A/Jax and A/He of the
A strain were used in this study. All mice were bred and maintained by full-sib
matings in this laboratory under conditions of constant temperature and humidity.,

The data for each strain are composed of a series of 15 to 20 independent tests

! Work performed under the auspices of the U. S. Atomic Energy Commission.
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TABLE 1
Summary of experimental design for each strain
Stain Tolg pumber | Nugber of | Do range | Nomber of || Ave purber
BALB/c 672 12 420-600r 17 40
A (Combined) 1008 13 480-660r 30 34
A/Jax 522 11 480-645r 15 35
A/He 486 12 495-660r 15 32
C3H;/He 845 10 525-660r 19 4
C57BL/6 687 8 570-675r 16 43

or replications. With the exception of several preliminary single point tests, the
replication or test group was subdivided into dose groups of an average size of 14
mice with both sexes being represented in about equal numbers. From two to five
dose groups, depending on the number of animals available, were exposed in each
test. All of the mice of a test dose group were irradiated in a single exposure run of
approximately 30 minutes duration.

After the dose range had been ascertained over which a fractionally lethal response
would occur (from approximately 5 to 95 percent mortality), the data were pro-
gressively built up, test by test, during a period of nearly two years. At least three
independent measures of mortality were made at each dose employed for a given
strain although in the more prolific strains it was possible to obtain five or six assays
per dose. Within each strain, however, approximately equal numbers were exposed
to all doses.

The doses were separated by a 15r interval, starting with the lowest dose of 420r.
Table 1 presents a summary of the experimental features for all strains.

Since litter-mates, within-sex, were caged together, the doses delivered in each
test were systematically distributed across mice of the same litter. This procedure
effectively balanced the contribution of age and all factors pertinent to a litter
(i.e. parity and litter size) across all doses within a test, and circumvented the
heterogeneity that can arise (KapLaN and BrRowN 1952; SmitH ef al. 1954a) when
litter differences are confounded with dose.

However, as a result of chance, each replication or test had a mean age, parity
and litter size that differed slightly from all other tests. The removal of this varia-
tion from the final estimates of the LDy, is discussed below.

Because of the distribution process carried out within tests, doses automatically
became balanced across cages, the latter usually holding from 8 to 14 mice. The two
sexes and all strains were caged separately. A 30-day observation period was used
for determining acute lethality. Survivors are being kept for the study of strain
differences in the lifetime effects of single doses.

All exposures were done with a half-wave self-rectified X-ray generator operating
at 200 kvp and 15 ma. With a HVL of 1.1 mm Cu and a target distance of 27 inches
to the mid-point of the animal, dose rates of 21 to 23r/minute in air were achieved.

For statistical analyses, each test-dose percentage mortality value was trans-
formed to the arcsine scale in order to make the mortality response linear to dosage
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expressed on the arithmetic scale. All values were weighted by the pertinent number
of animals.

In order to estimate the LDgq50 values (the dose expected to kill 50 percent of the
animals in 30 days) a dosage mortality slope, bm.q, or the regression of arcsine
mortality on dose was derived. In this study, the slope employed for each strain is
the average within test slope obtained by means of covariance analysis techniques
described by SNEDECOR (1946). The within-test slope is preferred as it is mdependent
of any variation in age or litter factors.

The LDy value for each test was then estimated by the following formula:

LDy = d + 450 — m’
bm.q
where d is the test mean dose, m is the test mean arcsine mortality, and 45.0 is the
arcsine value for 50 percent. Preliminary estimates of the strain LDjo values were
obtained by deriving the weighted mean of all the individual test LDso values.

To establish the effect of variation in age, parity and litter size upon mortality,
the data for each strain were broken down into four subclasses for each of these
three variates. Effort was made to retain rough numerical equality among subclasses
while attempting to maximize the total range between mid-points of the subclass
intervals. The resulting 4 X 4 X 4 tables generally had 50 ~ 355 cells represented.
Within each cell, the weighted means for dose and for response were estimated so
that the response could be adjusted to a constant dose by means of the dosage-
mortality slope. For each strain, the preliminary estimate of the LDjg, value was
used as the constant dose in order to keep the mortality data in the middle of the
percentage scale. On the assumption that the errors from the adjustment process
were self-cancelling, a weighted multivariate analysis was executed according to
methods described by SNEDECOR (1946). In these data age ranged from 60 ~ 110
days, parity from 1 ~ 10 and litter-size from 2 ~ 12.

In strains BALB/c, A and C3Hj, the most linear interrelationships were obtained
on the arithmetic scale for all variables. A log transform of mortality was used in
the C57BL strain. By means of the derived multiple regression equations, the test
mean mortality values were adjusted to a constant age, parity and litter size for all
strains. Final estimates of the test LDsy values were then obtained from these ad-
justed mortality values.

In each strain the variance among test LDgq values and the standard error of the
mean were calculated in a routine manner.

RESULTS

The final estimates of the strain LDsq,30 values and their standard errors are pre-
sented in table 2. Preliminary analysis had indicated that the two sublines of the A
strain were nearly identical in response (A/Jax LDso: 548 &= 7r; A/He LDso: 557 +
6r); consequently, the data were combined to provide a single estimate listed for
strain A. ,

The maximum difference in LDs values observed among the four strains is 130r,
a difference of about 26 percent in the LDsggs of the C57BL and BALB/c strains.
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TABLE 2

Weigiited mean test LDsosso values, variances among tests and within-test dosage-mortality slopes after
removal of veriation in age, parity and litter size

Strain LDsoy/30 &= SE Variance among tests bm+d = SE
BALB/c 500.1 & 6.9r i 809.79 .368 £+ .032
A 552.3 £ 4.4r ! 583.96 A7 + .037
C3H;:/He 593.2 & 6.2r 735.31 .433 & .050
CS7BL/6 630.3 4= 4.1r 267.46 l .516 + .041

(Since this manuscript was prepared, a fifth mouse strain, C57L/He, has been sub-
ject to test. This strain, which has a common origin with strain C57BL, has the
highest LDg, value among the five strains; 677.8 & 8.5r. The range of genetic varia-
tion in LDs, values is thus increased to over 175r. The dosage-mortality slope is
426 + .041, which represents a recession from the high value seen in C57BL mice.
However, these new observations do not seriously alter the conclusion that suscepti-
bility and variability are concomitant measures of genetic differences in radiation
sensitivity.) Inspection of the data of table 2 reveals that a close and direct relation-
ship exists between the LDg and dosage-mortality slope. This relationship denotes
that strain differences are not constant, but tend to increase as lower levels of mor-
tality are approached. Of greater significance, however, is the indication that the
variability of response, measured in terms of dosage, must increase with susceptibility
because a low slope defines a broad distribution of sensitivities in the population
tested

Figure 1 presents a frequency distribution of the predicted individual test LDsg
values for the four strains. Since the average test employed from 34 to 44 mice, the
precision of test estimates is comparable for all strains.

The multiple regression equations relating mortality to changes in age, parity and
litter size are given in table 3. While variation in mortality was significantly reduced
by this analysis, inspection of the partial correlations indicates that the success of
the analysis was due primarily to the correction for variation in age at exposure.
All strains show a negative correlation between age at exposure and mortality.

Figure 2 expresses this age-dependence of acute lethality in terms of estimated
LDjo values at a constant parity and litter size for all strains. The data show that
strain differences in the LDj, vary quite extensively with variation in age at test.

The observed curvilinear relation between arithmetic mortality and age in the
C57BL strain is fairly consistent with the data of ABraMs (1951) on the same strain
involving a range from 30 to 90 days of age. His observations integrated with those
given here strongly suggest that a rapid rate of increase of the LDsp occurs as age
increases from 30 to 60 days. Both sets of data indicate a progressively declining
rate of increase beyond 60 days of age. The other three strains are similar in having
a linear dependence of the LDj on age. No data are available to ascertain the nature
of the curve prior to or beyond the given age interval. It is possible that all strains
have the same basic age dependence curve, but the comparability of response occurs
over a different chronological age interval in each strain.
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Ficure 1.—Frequency distribution of individual test LDsosz0 values by class intervals of 25r
for all strains after removal of variation in age, parity and litter size. Arrows indicate position of
means.

In parity and litter size there is no consistent effect from strain to strain. This
analysis may not be the most efficient in regard to these variables since litter size
generally shows a shallow curvilinear relation to parity. If a linear relationship is
employed the precision of estimates involving either parity or litter size is reduced.
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Ficure 2.—Dependence of LDso/50 values on age at exposure for all strains at a constant parity
and litter size of 3.5 and 6.3, respectively.

In particular, the significance of all partial correlations is uncertain. They are pre-
sented, however, because deviations from linearity with regard to parity and litter
size are not excessive. In all instances, age:response relationships are linear on the
scale indicated in table 3.

LDy values and dosage-mortality slopes were also estimated for both sexes in
each strain. Sex differences in these values were not significant.

DISCUSSION

The underlying assumption in the use of a linearizing transformation of toxicity
data is that individual sensitivity is a continuously and normally distributed variable
(MATHER 1946). The derived dosage-mortality slope describes this distribution since
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TABLE 3

Multiple regression equations and partial correlations of percent mortality on age, parity and litter size

Strain means

Strain Regression equations:
Age Parity | Litter size
X1 Xg X3
BALB/c Y = 115.99 — 0.990x; + 2.174x, + 1.825%; 85.2 3.60 5.85
A Y = 118.45 — 0.640x; — 1.191x, — 0.878x; 87.2 | 3.37 5.66
C3H:/He Y = 73.04 — 0.246x; — 0.765x, + 0.135x; 84.1 3.78 6.74
C57BL/6 log Y = 2.473 — 0.010x; + 0.035x, — 0.009x; 85.3 3.38 7.18

Partial correlations:

ry1-2s Y213 rys12
BALB/c - —.486 +.244 +.213
A —.508 —.144 —.101
C3H;/He —.335 —.161 +.025
C57BL/6 —.589 +.312 —.156

the inverse slope is proportional to its standard deviation. With the probit transform,
the inverse slope directly produces the standard deviation. The arcsine transform
used in this study can be re-expressed in probit terms by means of a conversion
factor that relates the two transforms to each other. As indicated by FINNEY (1952),
a nearly linear relation exists between the probit and arcsine transformations for
percentage values between five and 95. The linear regression coefficient of probit
values on arcsine values is 0.048. The product of this factor and the arcsine-mortality
slope provides a close approximation of the probit-mortality slope which is then
used to derive the standard deviation in terms of roentgens.

Standard deviations calculated in the above manner for the four strains are:
BALB/c: £56.5r; A: £50.0r; C3H;: +48.1r; C57BL: +40.3r. These values are
descriptive of the variability of expression of each genotype on the dose scale and
can be considered as manifestations of the within-strain phenotypic variances.

The results of the investigation lead, therefore, to one principal conclusion: the
radiosensitivity of each strain is characterized by two parameters, a mean (or LDj3)
and a variance (or dosage-mortality slope). Both parameters are equally significant
as quantities that describe the fundamental properties of the strain. In these data,
susceptibility to the acute lethal effects of X-irradiation is associated with a greater
phenotypic variance since the slope and LDgo decrease concomitantly.

The magnitude of the phenotypic variance, defined above, is presumed to be an
innate characteristic of the genotype and not a function of genetic heterogeneity.
All of the strains tested have been inbred by full-sib matings for at least 50 genera-
tions. It is therefore reasonable to assume that any residual genetic variation existing
in a strain would make only an insignificant contribution to the total variability of
response to X-irradiation.

With respect to the radiation response, it is assumed that the primary event, the
absorption of energy, leads to identical primary injury in all strains. The initial ex-
pression of injury, occurring one to five days after exposure, is undoubtedly very
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similar in all strains. Studies by GrauN (1954) on the genetic variation in body weight
response after X-irradiation showed that for the first two days very little strain
difference existed. After five days postirradiation strain variation in time and rate
of recovery from the initial expression of injury became apparent. It is similarly con-
cluded here that strain differences in the LDj; value are a function of different rates
of recovery of physiological systems important in the manifestation of acute radia-
tion lethality. In this regard, the hematopoietic system is of primary importance, as
indicated by the success of spleen and marrow protection in enhancing survival
(Jacosson 1952). In addition, SmiTH ef al. were able to show with mice that sur-
vival rate between four and 19 days after irradiation is closely related to the granu-
locyte count under routine experimental conditions (1954a) and also when the ani-
mals were challenged with a Pseudomonas aeruginosa infection (1954b). During this
pertod, hematopoietic recovery is most active.

Although no data are yet available on the postirradiation blood counts for these
strains, it is postulated that the time and rate of recovery of the hematopoietic sys-
tem are major variables in the expression of strain differences in acute lethality. The
mode of gene action under this postulate may be the control of the rate of produc-
tion of blood cells during recovery. Additionally, it is possible that the more resistant
genotype may act to create a greater physiological sensitivity to feed-back impulses
arising from the depleting blood system.

If susceptible mice remain at a critical physiological level for longer periods of
time as a result of slower recovery rates, then two features of the survival time data
should emerge in support. One, the survival time of decedents in the 30-day interval
should be greater (SacuEr 1951). Two, during the modal period of deaths from the
hematopoietic syndrome, which has been described by BoxD et al. (1954), mortality
should be sustained at a higher rate to a later time in the 30-day interval. A pre-
liminary analysis of the survival time data shows that strains BALB/c, C3H; and
CS57BL are in close adherence to expectation for both criteria. They have mean sur-
vival times of 14.6, 13.9 and 13.3 days respectively, while the crude daily rate of
mortality remains above two percent per day until about 21, 18 and 17 days. There
is a secondary contribution to the mortality between 20 and 30 days, generally run-
ning at a rate less than two percent per day. Strain A mice, which have a shorter
survival time than all other strains, have an almost negligible incidence of death in
this latter period. A more detailed analysis of the time rates of mortality, to be
reported subsequently, may provide insight into the apparent inconsistency of the
A strain.

Increases in susceptibility that are concurrent with increases in survival time are
also noted between species of widely different radiosensitivity (SacHER 1951).
BrecuER and CRONKITE (1952) gave evidence that, here too, the rate of recovery
of the hematopoietic system is of primary significance in accounting for species dif-
ferences. Thus, there is good general adherence between and within species to the
hypothesis that greater susceptibility to irradiation is a consequence of slower rates
of recovery, particularly of the hematopoietic system. The general hypothesis will
be given formal treatment by SACHER.

A comparison of the results of this study with those from other laboratories is
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difficult because of wide variation in experimental procedure. There is apparently
no comparative data on the BALB/c strain, although a related strain, BALB/Gw,
is known to be relatively radiosensitive (GRAHN 1954). LoRENZ et al. (1952) gave
LD;; values for 3-month old mice of strains A and C3H; as 560r and 600r, respec-
tively, after exposure to 186 kvp X-rays. The similarity with the results of the
present study undoubtedly rests upon the comparability of age and radiation factors.

KaprLaN and BrRown (1952) report an LDj value for 33-day old C57BL mice of
486r after exposure to 120 kvp X-rays. This value may well be consistent with the
present data in light of the rapid rate of change of the LDsg with age in this strain.

In consideration of the fact that variation in X-ray quality alone can alter the
LDs, for mice by as much as 30 percent (GRAHN ef al. 1956), it cannot be overempha-
sized that for useful interlaboratory comparison radiation quality, in addition to
strain, age and sex, must be clearly defined. When knowledge of the dosage-mortality
slope is available, this should be given because of its significance in defining the basic
variability of response.

SUMMARY

1. Following single whole-body exposure to X-irradiation, the LDsq/5 value for
four inbred strains of mice is shown to vary from 500r for the most susceptible strain
to 630r for the most resistant strain.

2. The existence, between strains, of a positive relationship between the dosage-
mortality slope and the LDj, value indicates that the basic within-strain phenotypic
variance is positively correlated with susceptibility.

3. Age is a major variable which affects response with resistance increasing pro-
gressively between 60 and 110 days of age. Parity and litter size are inconsistent and
minor in effect.

4. No significant sex differences were indicated either in the LDgg values or in the
dosage-mortality slopes.

5. It is postulated that the time and rate of recovery of the hematopoietic system
are the major physiological variables in the expression of genetic differences in the
acute radiation response. Certain indirect evidence is presented to support this
postulate.
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