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Acute Radiation Injury of Mice and the Influence 
of Sudden Time Shift1 

A L E X A N D E R L . G E R B E S , * B E R N H A R D A R B O G A S T , ! P E T E R S C H I C K , * 

A N D O T F R I E D MESSERSCHMIDT* 

^Laboratories of Experimental Radiology, Sanitätsakademie der Bundeswehr, Ingolstädter 
Landstrasse 2, 8042 Neuherberg, Federal Republic of Germany 

f Institute of Social Pediatrics, University of Munich, Lindwurmstrasse 131, 8000 Munich 2, 
Federal Republic of Germany 

GERBES, A. L. , ARBOGAST, B., SCHICK, P., A N D MESSERSCHMIDT, O. Acute Radiation Injury 
of Mice and the Influence of Sudden Time Shift. Radial. Res. 99, 285-293 (1984). 

The daily light-dark regimen for two groups of mice was advanced by 8 nr. A third group 
remained in unchanged lighting conditions. At seven different times within the following day 
subgroups of the time-shifted mice as well as of the group with unchanged time schedule were 
exposed to whole-body X irradiation. Mortality, body weight, and temperature of each animal 
were registered for 30 days following exposure and were regarded as indicators of radiation 
response. Radioresistance was found to be highest after two-thirds of the daily light span, confirming 
earlier reports by other authors. Well-defined effects of time shift and a corresponding shift o f 
the maximum of radioresistance could be demonstrated. With the individual body weight as an 
independent variable, mathematical formulas for survival prognosis could be established. 

INTRODUCTION 

In the course of evolution on our rotating planet, circadian rhythms may have 
developed as an adaption to many variations in the environment following an estimated 
24-hr cycle (7, 2). The extent of an organism's response to drugs or harmful agents 
in many cases also shows diurnal rhythms (3-5). To date there have been numerous 
investigations on the possible dependence of mammalian radiation response on the 
phase of circadian systems at exposure time (6-8). After some contradictory results 
(9, 70), it now seems generally accepted that animals such as rats (77, 12) and mice 
(13-15) exhibit lower radiation susceptibility during the daily light compared to the 
daily dark span. 

Sudden time shifts of synchronizer phase, e.g., after transmeridional flights, are 
known to bring about considerable internal desynchronization of biological systems 
(16-18). However, to date there have been no investigations on the influence of time 
shift on radiation susceptibility. Considering the aforementioned reports it seemed 
worthwhile to evaluate the circadian rhythm of radioresistance, to investigate the 
influence of sudden time shift before irradiation, and to establish possible mathematical 
models of survival prognosis. 

1 The authors dedicate this paper to Professor Dr. Gustav Paumgartner in honor of his fiftieth birthday. 

285 0033-7587/84 $3.00 
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286 GERBES ET AL. 

MATERIALS A N D METHODS 

Animals. Male C3H mice were purchased from GSF, Munich, and housed five animals per cage (Macrolon) 
under standard laboratory conditions (24 ± 1°C temperature, 65% humidity, Altromin hard role food and 
tap water ad libitum). The illumination regimen was L (light) 0600-2100, D (dark) 2100-0600 for group 
I , corresponding to the natural day-night ratio during time of experiment and L 1400-0500, D 0500-1400 
for groups I I and I I I . Each group consisted of 70 mice. Age of the animals at time of irradiation was about 
10 weeks. 

Time shift. One week before irradiation the rectal temperature of every mouse was taken at seven 
approximately equidistant times during 1 day (Teiethermometer 43 TF, temperature probe 520, Yellow 
Springs Instrument Co., Ohio). Best fitting cosine curves (Fig. I ) demonstrate an average 8-hr phase difference 
between temperature rhythms of group I and groups I I and I I I , corresponding to the different lighting 
schedules. One week later groups I I and I I I were time shifted: At 0930, after half of their daily dark span, 
the mice of group I I and at 2130, after half of their daily light period, the mice of group I I I were transferred 
to a room with the L - D schedule of group I . The bar diagram of Fig. 2 explains the lighting regimens and 
the time shift manipulations. The next morning groups I to I I I were divided in seven subgroups each. 
Subgroups 1 to 7 of each group were irradiated at seven approximately 3.5-hr intervals: subgroup 1 at 
1000, subgroup 2 at 1330, subgroup 3 at 1700, and so on. 

Irradiation. The unanesthetized mice were exposed to whole-body X irradiation (X-ray unit M G 300, 
CHF Müller, Hamburg, FRG; 250 kV, 12 mA, half-value layer 1.9 m m Cu, dose rate 88 cGy/min). At a 
focus mouse distance of 40 cm the total dose was 640 cGy (simultaneous dosimetry with Duplex Dosimeter, 
PTW, Freiburg, FRG). For 30 days following irradiation, rectal temperature and body weight of each 
animal were recorded daily at fixed times. 

Statistical analysis. The statistical analysis was done on a CYBER 175 computer using SPSS library 
routines as well as our own FORTRAN programs. From the raw data the following variables were calculated 
as indicators of radiosensitivity: 

minimal rectal temperature recorded during observation 
TEMP 0 - T E M P m i n , where TEMP 0 means normal temperature at day before ir

radiation; all temperature measurements were performed at corresponding times 
of day 

log(WEIGHT 0 /WEIGHT m i n ) , where WEIGHT 0 means body weight at 1 day before 
irradiation and W E I G H T m i n means minimal weight recorded during observation 

mean survival time after irradiation in days 
percentage of surviving animals per subgroup 

Means and standard deviations for all variables were calculated within each of the seven subgroups of 
groups I to I I I separately. Subgroups with high and low radiation response, respectively, were identified by 
multiple classification analysis. Linear contrasts and / tests showed significant differences between high 
(group I : 1, 5, 6, 7—groups I I , I I I : 1, 2, 3, 7) and low sensitivity subgroup categories (group I : 2, 3, 
4—groups I I , I I I : 4, 5, 6). 

38.5 -

38.0 -

37.5 -

37.0 -

36.5 -

0200 0600 1000 ubo 1800 2200 

F IG . 1. Best fitting cosine curves for circadian rhythms of rectal temperature (°C) in groups I to I I I before 
time shift. Bars at the bottom and at the top indicate L - D schedules for group I and groups I I and I I I , 
respectively. 

TEMP m i n 

TEMP d i f l 

WEIGHT d i f f 

MST 
Percentage survivors: 
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8 HOURS TIME S H I R 

GROUPn 

GROUP 111 

GROUPS II,111 GR0UP1 

F I G . 2. L - D schedules and manipulations to induce time shift. Dotted lines indicate times of transfer 
for groups I I and I I I to L - D regimen of group I . 

Circadian Rhythm of Radiosensitivity 

Lethality as well as mean survival time (MST) within 30 days postirradiation is 
generally regarded as indicators of radiation effects in mice. Figure 3a exhibits M S T 
of groups I to III as a function of exposure time (subgroups 1 to 7). In group I M S T 
proved to be significantly higher in animals irradiated during the light compared to 
the dark span. Since the time shift was not performed until shortly before irradiation, 
the radioresistance of groups II and III was found to be significantly higher in animals 
irradiated at times of day corresponding to the light span during their previous lighting 
schedule. The same held true for the overall lethality (see Table I). 

During acute radiation sickness with the "hematopoietic syndrome" (79), the critical 
period is the second and third weeks after exposure. In many animals body temperature 
as a marker of metabolic activity sank considerably, in prefinal stages even to as low 
as 34°C. The lowest rectal temperature of each animal during the time of observation 
( T E M P m i n , Fig. 3b) and the difference between the individual normal body temperature 
before irradiation and the lowest temperature ( T E M P d i f f , Fig. 3c) were regarded as 
suitable indicators of radiation susceptibility (see Material and Methods). Again highly 
significant advantages were seen for the mice exposed during the light phase. Changes 
in body weight usually are considered to be concomitant with alterations of murine 
state of health. The analysis of weight loss ( W E I G H T d i f f , Fig. 3d), however, showed 
no significant differences between the high and low resistance categories. Observation 
of weight loss on a day to day basis, e.g., of group II , on the other hand, showed 
significant advantages for the high resistance subgroups after the onset of radiation 
sickness (Fig. 4). 

To define the most resistant/sensitive time more precisely, the data of Fig. 3 were 
subjected to approximation by cosine functions. M S T and T E M P m i n (Figs. 5a, b) 

RESULTS 
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1000 1400 1800 2200 0200 0600 1000 1400 1800 2200 0200 0600 1000 1400 1800 2200 0200 0600 

TIME i clock hours) 

1000 K00 1800 2200 0200 0600 1000 1400 1800 2200 0200 0600 1000 1400 1800 2 2 0 0 0200 0600 

TIME (clock hours) 

C 12c 
1000 1-OC 1900 2200 0200 0600 1000 1400 1800 2200 0200 0600 1000 1400 1800 2200 0200 0600 

TIME I clock hours ) 

F IG . 3. Means and standard deviations of subgroups 1 to 7 plotted against the corresponding times of 
irradiation. The bars at the bottom of each plot display the general L - D schedule, being unchanged for 
group I only. Subgroups with high radiosensitivity are marked by solid circles, subgroups with low radio-
sensitivity are shown by open circles. As a consequence of time shifting groups I I and I I I show a corresponding 
shift of radiation response. Significance levels of difference between high and low sensitivity categories were 
<0.05 in groups I to I I I for all variables except WEIGHT d i f f . (a) MST—mean survival time, (b) T E M P m i n — 
lowest rectal temperature, (c) TEMP d i f f —maximal reduction of body temperature, (d) WEIGHT d i f f —logarithm 
of maximal weight reduction. 



RADIAT ION INJURY A N D SUDDEN T IME SHIFT 289 

demonstrated radioresistance to be highest at about 1500 (group I) and 2400 (groups 
II, I II ) , respectively, rather exactly after two thirds of the daily dark span. Cosine 
curves of T E M P d i f f with maxima at about 0300 and 1230 (Fig. 5c) indicated highest 
susceptibility to X irradiation to be during the last third of the daily dark span. 

Effects of Time Shift 

The best fitting cosine curves (cf. Fig. 5) quite clearly demonstrate a shift of the 
rhythm of radioresistance in groups II and III approximately corresponding to their 
previous time shift. There is also evidence for lower resistance of the time shifted 
groups compared to group I: the variable T E M P d i f f showed significantly higher ra
diosensitivity of groups II and III (analysis of variance, P < 0.05). However, for M S T 
and T E M P m i n the groups did not differ significantly. Between the shifted groups II 
and I I I there were no significant differences. 

TABLE I 

Overall Lethality (Percentage) within 30 Days Postirradiation as a Function of Time of Exposure 

Subgroup Group I Group I I Group I I I 
Approximate time 

of irradiation 

1 
2 
3 
4 
5 
6 
7 

High sensitivity category 
Low sensitivity category 

80 
60 
50 
70 
90 
70 
80 

80 
60 

100 90 1000 
90 90 1330 
90 90 1700 
70 70 2030 
70 50 2330 
40 80 0300 

190 ] 80 0630 

93 88 
60 67 

Note. High radiosensitivity categories comprise subgroups 1, 5, 6, 7 for group I and 1, 2, 3, 7 for groups 
I I and I I I ; low sensitivity categories subgroups 2, 3, 4 for group I and 4, 5, 6 for groups I I and I I I . High 
sensitivity subgroups are framed. 
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WEIGHT C%3 

GROUP I 

(1 + 2 + 3+7)—» 
(4 + 5 + 6) --o 
+ : p < 0.01 
• : p < 0.001 

T T T T 

2 6 8 10 12 
DAYS POST IRRADIATION 

26 

F IG . 4. Changes of body weight in high and low sensitivity categories of group I I , shown as percentage 
of the weight before irradiation. P indicates level of significance (/ test) for difference. 

Survival Prognosis 

As body temperature decreases very rapidly and to a marked extent often not 
before prefinal stages, it was not considered to be helpful for prediction of survival 
chances. Survival rates plotted against maximum weight loss, however, could be 
approximated by simple logarithmic regression (Fig. 6). With the help of the resulting 
formula, 

maximal survival chance = e { 0 O ^ O S X W E I G H T ^ ) _ q.05, 

the maximal survival chance for a given weight can be calculated if the weight before 
irradiation is known. Considering the day after exposure as a second independent 

TEMP diff 

MST Cdays D 

a 

- --- J 
m BSp 

0200 0600 1000 U 0 0 1800 2200 0200 0600 1000 U00 1800 2200 0200 0600 1000 U00 1800 2200 

F IG . 5. Estimated rhythms of radioresistance, based on best fitting cosine curves for data of Fig. 2. 
(a) MST, (b) TEMP m i n , (c) TEMP d i f r . 
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ClogD 

WEIGHT min 

F IG . 6. Double-logarithmic display of correlation between loss of body weight and lethality. Each data 
point was computed regarding all animals with a logarithmic weight loss within an abscissa interval of 0.02. 

variable, the overall survival chance at a given day with known weight loss can be 
calculated using the following formula found by multiple logarithmic regression: 

survival chance = ^-o.65-wEiGHTduix5.3+DAYxo.o38) _ o 0 5 

Sixty-two percent of the overall variability could be explained by this mathematical 
model. As could be expected, the quality of prognosis was found to be best for data 
from the second and third weeks after exposure, after the beginning of considerable 
weight loss in the critical period of the hematopoietic syndrome. 

DISCUSSION A N D SUMMARY 

Undefined light schedules or seasonal conditions, inadequate caging or laboratory 
conditions, or the use of female animals with possible cyclic interference of radio
protective sexual hormones may explain contradictory answers to the question of 
circadian rhythms of radiosensitivity in earlier years. Considering not only lethality 
and mean survival time, but also body weight and temperature, this report confirms 
more recent investigations (20, 21) that defined the second half of the daily light span 
( L - D 12-12) as the period of highest radioresistance in mice. With a light regimen 
of 15-9, corresponding to the natural seasonal conditions during the time of exper
iment, least and most sensitive times were found to be after two-thirds of the daily 
light span and in the last third of the daily dark span, respectively. This result can 
be closely correlated with the circadian rhythms of general activity (22), body tem
perature (23), metabolic (24), and mitotic activity (21, 25). 



292 GERBES ET AL. 

The corresponding shift of rhythm of radioresistance following sudden time shift 
supports the above-mentioned diurnal rhythms. Sudden time shift shortly before 
irradiation led to a significantly greater reduction of body temperature, possibly in
dicating an aggravation of radiation sickness. There was, however, no significant eifect 
on survival time. The mice with shortened dark and activity span by time shifting 
(group II) showed no significant differences compared to the animals with reduced 
light and rest span (group III ) . 

Using the body weight as a variable, mathematical models of survival prognosis 
and of the overall survival probability on a given day after irradiation could be 
established. An even better model of survival prediction might be found regarding 
the changes of parameters of circadian rhythms, e.g., the amplitudes of body tem
perature. 
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