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Fig. 1. Diurnal changes in hydrostatic 
pressure recorded at two heights on the 
trunk of a tree of Hevea brasiliensis. 

pressure fell steadily until midday, but 
recovered again after a heavy rain- 
storm at 1220. This diurnal fluctuation 
in pressure has been amply confirmed 
in several experiments, although it is 
highly sensitive to weather conditions. 

Hydrostatic pressure at the lower 
level on the tree is always greater than 
that at the upper position (Fig. 1). 
We have detected no direct influence 
of girth size on observed hydrostatic 
pressure and therefore conclude that 
this height effect is not an artefact 
occasioned by the smaller volume of 
laticiferous tissue at the high level. As 
a consequence of the "head" of latex, 
which has a specific gravity close to 
one, it might be expected that the pres- 
sure at the lower point would exceed 
that at the higher by approximately 1 
atmosphere. At night, the observed dif- 
ference does, in fact, approach this 
figure. It may be supposed that this 
hydrostatic pressure difference is coun- 
terbalanced by a corresponding differ- 
ence in osmotic pressure; otherwise 
water would be lost from the vessels 
at the base of the trunk, owing to the 
excess pressure. 

During the day, pressure falls more 
rapidly near the top of the tree than 
near the ground, so that the pressure 
difference between the two levels in- 
creases. Reduction in turgor pressure 
of the latex vessel system during the 
daylight hours is most probably 
brought about by loss of water to the 
xylem, although contraction of the 
wood under transpirational tension may 
have an effect, by relieving the pres- 
sure within the encircling bark (which 
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may be thought to be under a periph- 
eral, elastic, tension at night). In 
either case, the production of a steeper 
pressure gradient during the day would 
seem to reflect a considerable tension 
gradient in the xylem under conditions 
of rapid transpiration. The difference 
in pressure between the two levels 
reaches a maximum of 2.9 atmospheres; 
this figure is of the same order as 
estimates published previously for xy- 
lem tension gradients during active 
transpiration (6). 

The diurnal variation in turgor pres- 
sure suggests a passive reflection of 
changes in xylem tension. It is of in- 
terest to consider what effect such 
changes in turgor of the phloem tissue 
might have on translocation. The latex 
vessel system and sieve tubes are close- 
ly associated elements of the phloem 
tissue in Hevea (7) and, in the absence 
of any active mechanism controlling 
sieve-tube turgor, one might expect the 
pressures in the two systems to be 
similar. For a simple form of Munch's 
pressure-flow hypothesis to operate in 
sieve tubes, a turgor gradient is re- 
quired from crown to base in an ac- 
tively growing tree. At no time does a 
significant gradient exist in this direc- 
tion in our measurements. Thus if 
pressure-flow does operate, sieve tube 
turgor must be controlled by a separate 
mechanism. 

A number of workers have observed 

gradients in the concentration of sieve- 
tube exudate (5, 8), generally in the 
direction required for pressure-flow, 
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The last 10 years have witnessed a 
considerable renewal of interest in the 
old observation that organic functions, 
typically executed once a day in the 
native state, continue to be executed 
with a nearly 24 hour rhythmicity in 
environments of constant light (or dark) 
and temperature (1). Halberg (2), and 

Pittendrigh (3, 4) among others have 

emphasized the fact that these rhythms, 
typically assayed by "superficial" phe- 
nomena such as locomotory activity or 
leaf movement, are only reflections of 
an underlying rhythmicity that pervades 
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but because of the probable loss of 
turgor due to transpiration, such de- 
terminations cannot be accepted as 
proof of the existence of turgor-pres- 
sure gradients. Direct measurement of 
sieve-tube turgor might be possible by 
the use of micromanometers in con- 
junction with the aphid-stylet technique 
(9), but the technical difficulties in- 
volved need no emphasis. 
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the whole metabolic system. Daily-or 
circadian-rhythmicity, as it is now 
called, applies to enzyme systems, drug 
sensitivity, temperature tolerance, sensi- 
tivity to ultraviolet light, and other less 

easily assayed parameters of organisms, 
as demonstrated by several investiga- 
tors. It has been emphasized repeatedly 
that the rhythmicity is an innate, in- 
herent feature of physiological systems 
(4). Thus, circadian rhythmicity not 

only persists indefinitely with the period 
of about a day (hence, circadian) in 
constant conditions of light and temper- 
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Circadian Rhythmicity in the Sensitivity of Two Strains of 

Mice to Whole-Body Radiation 

Abstract. When male mice of the Swiss-Webster and CsH strains are maintained 
on a light-dark cycle in which the light begins at 7 a.m. and ends at 7 p.m., they 
are more sensitive to whole body x-irradiation (800 to 900 roentgens) given at 
2 a.m. than at any other time in the cycle tested. 
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ature, it also develops spontaneously in 
organisms bred through several genera- 
tions in such constant conditions (5). 
The role of the light cycle in nature is 
not to impose rhythmicity on the sys- 
tem; it is merely to entrain it-that is, 
to regulate the period of the rhythm to 
precisely 24 hours and bring it into 
proper phase relative to the earth's rota- 
tion and hence to the daily cycle of en- 
vironmental change. In the laboratory 
a light cycle can be similarly employed 
to establish the phase of the rhythm 
(which would occur in any case in the 
absence of the light) at any phase angle 
relative to real local time. 

Evidently, it is still not widely appre- 
ciated how universal and pervasive this 
circadian rhythmicity is in physiological 
systems, and how pertinent it is to all 
assays of sensitivity. Pizzarello et al. 
(6) were certainly not aware of the 
plausibility of their unexpected and un- 
looked-for finding that rats subjected to 
x-rays at morning and evening mani- 
fested major differences in radiosensi- 
tivity. And it is clear that critics of 
their paper (especially 7) found the re- 
sult even less plausible. 

Our earlier observations have now 
been extended to cover the radiosensi- 
tivity of two strains of Mus musculus 
at different times of day. The results, 
which confirm the implications of the 
original observation on rats, are reported 
here and a critical evaluation of the 
recent papers by Rugh et al. (7) and 
Straube (8) is included in an attempt 
to clarify the contradictory positions of 
our laboratory and theirs, and the com- 
patibility of all the data with our posi- 
tion. 

In June and July of 1963 we con- 
ducted our first series of experiments. 
Two strains of mice [Swiss-Webster 
male mice, delivered by cesarian sec- 
tion, and males of the C:H Strain (9)] 
weighing, on the average, 24 to 29 g, 
were used in all these experiments. 
The mice were maintained on a 12- 
hour light and 12-hour dark cycle (the 
lights were turned on at 7 a.m.) and 
given unrestricted access to water and 
Purina Laboratory Chow. This light- 
dark cycle is also used by the suppliers 
of the mice (9) so that, except for the 
period in which the animals were in 
transit to our laboratories, they had 
been on this cycle since birth. The 
rooms in which the animals were housed 
were maintained at 20?C. No effort was 
made to control or measure the noise 
in the building and there was certainly 
a greater amount of noise from 7 a.m. 
to 4 p.m. than during the rest of the 
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day. Food and water supplies were 
replenished at noon each day. The ani- 
mals were housed in cages of the "hang- 
ing-drawer type" with wire mesh floors 
so that it was not necessary to handle 
the animals themselves at any time prior 
to radiation. 

The mice were irradiated by means 
of a high-frequency, deep therapy unit 
of 280 kv (peak), operating at 20 ma, 
with added filtration of tin /4 mm), 
copper (1/2 mm), and aluminum (1 
mm). The half-value layer of the beam 
was 1.54 mm copper. The target to 
midbody distance was 50 cm and doses 
of 800 and 900 r (measured in air) 
were given. The dose rates (83 r/min) 
were checked during each period of ir- 
radiation by means of a Victoreen roent- 
gen chamber and meter calibrated by 
the National Bureau of Standards. The 
unit was equipped with a dose-rate 
meter, in the beam, which measured the 
constancy of the output. 

The effect of a given dose of x-rays 
is measured by the subsequent longevity 
of the irradiated sample, and is ex- 
pressed in terms of the number of days 
elapsing between treatment and 50 per- 
cent mortality. 

The animals were divided into three 
groups (two groups of Swiss-Webster 
mice and one of CRH mice) for x-irradi- 
ation with 800 r. The three groups rep- 
resented three separate shipments and 
were not irradiated at the same time but 
on three separate occasions (in sub- 
groups of ten). The animals were held 
in the laboratory for 14 days after their 
arrival and before irradiation. After 
each group had been irradiated, the sur- 
vival time in days was noted and re- 
corded for each animal within the group, 
and the next group was not irradiated 
until all animals in the first group were 
dead. Radiations scheduled for the ani- 
mal's dark period (7 p.m. to 7 a.m.) 
were actually performed in the dark. 
However, some light was necessary to 
enable us to remove the animals from 
their cages and place them in the radi- 
ation chamber, as well as to replace 
them in their cages. Those irradiated in 
the light period (7 a.m. to 7 p.m.) were 
in the dark while they were being irra- 
diated since in this series an opaque 
chamber was used. There were no dif- 
ferences in the handling of the animals 
prior to irradiation or following it. 

In defining treatment times it is im- 
portant to emphasize that what is being 
analyzed is a possible cycle of sensi- 
tivity (or capacity to recover) whose 
phase is determined by the prevailing 
light-cycle acting as an entraining agent 

(4) or Zeitgeber (10) for the internal 
rhythm. Thus it is quite inadequate to 
define treatment times in terms of local 
time (say 9 a.m. eastern standard time) 
without also saying at what hours, local 
time, the lights go on and off. And in 
the interests of complete unambiguity 
it is better to define treatment times on 
a scale that refers directly to the phase 
of the entraining light cycle. That scale 
(Arbitrary Zeitgeber Time, AZT) runs 
from hour 00 to 24, with hour 00 de- 
fined as the onset of the light. 

One of the groups of Swiss-Webster 
mice was divided into subgroups of ten 
and irradiated with 800 r at: AZT: 03, 
07, 11, 15, 19, 23; one subgroup being 
used at each of the times. At 19 AZT 
the animals appeared to be more sensi- 
tive than at any of the other times tested 
(Fig. 1). The second group of Swiss- 
Webster mice, also divided into sub- 
groups of ten, were then irradiated at 
AZT: 15, 17, 19, 21, and 23 to deter- 
mine whether or not such a sensitive 
point could be demonstrated again near 
19 AZT and whether there might be a 
time close to 19 AZT at which the ani- 
mals were even more sensitive (Fig. 1). 
Finally, CH mice (in subgroups of ten) 
were irradiated at AZT: 03, 07, 11, 15, 
19, 23 (Fig. 1). Only Swiss-Webster 
mice were irradiated with 900 r; sub- 
groups of ten were irradiated at AZT: 
03, 07, 11, 15, 19, and 23 (Fig. 1). 
The animals were placed, unanesthe- 
tized, on a rotating table (12 rev/ 
min) in a wooden enclosure (15 cm 
diameter by 2 cm deep) covered by 
a piece of cardboard, and irradiated. It 
was determined by using a pane of glass 
instead of the cardboard in a mock set- 
up that the animals could not climb on 
top of one another in such an enclosure. 
The treatment therefore was not com- 
plicated by mutual screening. Weights 
of the animals were checked in the 
morning, three times weekly, after they 
had been irradiated, as an additional 
check on whether or not radiation was 
received. All groups showed a loss of 
weight. 

The results are presented in Fig. 1 
and Table 1. In Fig. 1 the data from all 
of our experiments as well as those of 
Rugh et al. (7) are shown by plotting 
the day after radiation at which 50 
percent of the animals were dead against 
the time at which they were irradiated, 
while in Table 1 we have used the mean 
survival times of our own animals irra- 
diated at different times of day. We 
have treated the data in Fig. 1 in this 
way in an attempt to present a mean- 
ingful comparison between the results 
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Fig. 1. The data of series 1, a curve sum- 
marizing the data of series 2 of this report, 
and the data of Figs. 1, 2, and 3 of the 
report of Rugh et al. (6) are plotted on 
the same coordinate scale. Two cycles are 
shown to clarify the "wave-form." The 
abscissa is Arbitrary Zeitgeber Time (lights 
on - hour 00 on AZT scale) and local 
time. Local time for Rugh et al. must be 
assumed since it was not specified. The 
overall patterns of the two reports are 
strikingly similar. The two doses given 
by Rugh et al. have produced two curves 
of nearly identical shape. The curves rep- 
resented are from Fig. 2 of the Rugh re- 
port and the other points are from their 
Figs. 1 and 3. It should be noted that in 
choosing 9 p.m. and 9 a.m., Rugh et al. 
chose two points in the cycle, defined by 
the data in their Fig. 2, that are nearly 
identical. There is only a very slight in- 
crease in expected tolerance at 9 a.m.; and, 
in fact, this increase is found for the treat- 
ment of 650 r in their Fig. 1 and the 
treatment with 750 r in their Fig. 3. 

of Rugh et al. (7) and our own. Since 
Rugh did not present the survival curves 
for all of his animals under every condi- 
tion but ended them with the 30-day 
survival, it has not been possible for us 
to obtain the mean survival time for 
each of his experiments, and, thus, we 
could not compare our data with his in 
that way. It was possible, however, for 
us to determine how many days after 
radiation were required for 50 percent 
of the animals to die in the Rugh ex- 
periments and, since, in our own experi- 
ence, there has been little or no differ- 
ence between the time required for 50 

percent of the animals to die and the 
mean survival time after radiation in 
a given group, we felt that we could 

compare the data best with this end 

point. For the statistical testing of our 
own data, however, the results of which 
are given in Table 1, it has been neces- 

sary for us to obtain and employ the 
means. The analysis of variance tech- 

nique and Duncan's new multiple range 
test (11) were used on the data. The 
results of the analysis of variance per- 
formed on each group of animals indi- 
cated that the variations among the 
mean survival times for the various 
times of day tested would occur by 
chance alone, less than one time in one 

thousand, for each of the four analyses. 
For both strains of mice irradiated with 
800 r, and for Swiss-Webster mice irra- 
diated with 900 r, the shortest survival 
time after irradiation occurred when the 

x-rays were delivered at 19.00 Arbitrary 
Zeitgeber Time (2 a.m. local time in 
this case). The results of Duncan's test 
indicated that the survival time of Swiss- 
Webster mice after irradiation at 19 
AZT with 800 r was significantly dif- 
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ferent from the survival time after irra- 
diation at AZT: 03, 07, 11, 15, and 
23. It cannot, however, be statistically 
distinguished from 17 and 21. At the 
900 r dose-level, 19 AZT is statisti- 
cally different from 23, 03, 07, and 
11, but not from 15. At 800 r, sur- 
vival time in C3H mice after radiation 
at 19.00 cannot be distinguished statis- 
tically from 15 and 23, but these times 
are statistically different from 03, 07, 
and 11 AZT. 

Both C3H and Swiss-Webster mice 
have similar patterns of radiosensitivity 
(Fig. 1) in that they are more sensitive 
in the subjective night phase than they 
are in the subjective day phase. It 
should be noted, however, that the 
precise duration and time of onset of 
the radiosensitive period is different in 
the two strains. 

A second series of experiments was 
undertaken in March, April, and May 
of 1964. All the animals used were mice 
of the Swiss-Webster strain. These were 
bred, in our laboratory, from animals 
delivered by caesarian section, obtained 
from the Charles River Breeding Labo- 
ratories, Brookline, Mass. The breeding 
stock is housed under exceptionally 
clean conditions, handled by one care- 
taker dressed in sterile outer garments, 
face-mask, and cap. Sterile bedding and 
sterile food are used exclusively, and 
the drinking water contains sodium hy- 
pochloride, 10 parts per million, to pre- 
vent growth of, or cross-contamination 
by, Pseudomonas sp. Water bottles 
are changed three times per week in 
the early afternoon. The bottles, when 
not in use, are soaked in sodium hypo- 
chloride solution, 100 parts per million. 
Particular attention is given the nipples, 
a common breeding ground of Pseudo- 
monas. The breeding room is main- 
tained on a 12-hour light, 12-hour dark 
cycle, lights on at 7 a.m. eastern stand- 
ard time. 

When the animals were ready for use 
in the experiments they were removed, 
cages and all, from the breeding room 
and taken to regular animal rooms. 
Some remained undisturbed, in the 
stainless steel cages in which they were 
housed in the breeding room, but others 
were transferred to large and small, 
hanging-drawer wire mesh cages. The 
cages, then, contained what we have 
chosen to define as a "natural group," 
consisting of a mother, father, and litter, 
all above the age of weaning. Two ex- 
periments were conducted upon the 
"natural groups" remaining in the stain- 
less steel cages (henceforth, regular 
cages) immediately upon being removed 
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from the breeding room. In three other 
experiments, those in which the animals 
were housed in large and small, hang- 
ing-drawer wire mesh cages, the groups 
remained in the animal rooms for one 
week prior to exposure to radiation. The 
temperature of these rooms was con- 
tinuously monitored and was maintained 
at 20.2? + 1?C. The only dosage used 
was 800 r and the physical conditions 
of delivering the x-rays were the same 
as described in the previous series of 
experiments except that the radiation 
chamber consisted of a lucite chamber, 
15 cm in diameter and 2 cm deep (de- 
signed exactly as the wooden one de- 
scribed for the first series) with a per- 
forated lucite lid. As a result of using 
this kind of container, groups irradiated 
during the light period of the day (7 
a.m. to 7 p.m.) were in the light when 
they were irradiated, and those irradi- 
ated during the dark period of the day 
(7 p.m. to 7 a.m.) were irradiated in 
the dark. The times chosen for radia- 
tion were AZT 03, 07, 11, 15, 19, and 
23. 

The results of all the experiments in 
this series are given in Fig. 1 and 
Table 1. The analysis of variance tech- 
nique and Duncan's new multiple range 
test were used on the data. The results 
of the analysis of variance performed on 
each group indicated that the variations 
among the mean survival times after 
radiation for the various times of day 
tested would occur by chance alone, 
less than one time in one thousand, for 
each of the five analyses. In all of these 
experiments, as well as in those of the 
first series, the period of maximum sen- 
sitivity or smallest capacity to recover 
occurred in the dark period of the 24- 
hour day. And, in four out of the five 
experiments maximum sensitivity devel- 
oped by 19.00 AZT (2 a.m. local time, 
in this case). In these four experiments 
the animals were no more sensitive to 
radiation at any other time, but at 23.00 
AZT (6 a.m. local time) the animals 
were, in two cases, just as sensitive as 
they were at 19.00 AZT. A curve sum- 
marizing the five experiments done with 
natural groups is given as part of Fig. 1. 
This was constructed by determining the 
number of days that each animal sur- 
vived after radiation at a given point in 
the circadian cycle in each of the five 
experiments and determining the day at 
which 50 percent of them were dead. 
This curve, then, represents the results 
of irradiating a total of 313 animals, 
with each point representing between 
44 and 56 animals. The results of these 
experiments clearly demonstrate that 

radiosensitivity in mice is different at 
different phase points in the circadian 
cycle. In both series of experiments the 
point of maximum sensitivity or mini- 
mal capacity to recover occurred at 
19.00 AZT, but in the second series, 
some of the animals appeared to be 
equally sensitive at 23.00 AZT. The 
manner of caging did not seem to have 
any effect on the outcome of the ex- 
periments. Since our data were repre- 
sented graphically as the day on which 
50 percent of the animals were dead 
after radiation at given points in the 
circadian cycle, we felt that the varia- 
tions thus indicated should be tested 
statistically. Therefore, we applied the 
X test to the variations observed in the 
curve summarizing the data obtained in 
the second series of experiments and 
presented in Fig. 1. We obtained a X2 
value of 29.987 and the probability 
levels for X2 (5 degrees of freedom) are 
as follows: 0.05 - 12.6, 0.01 = 15.1, 
and 0.005 = 16.7. 

These data lack the dramatic impact 
of the apparently all-or-none effect we 
encountered earlier in rats (6). Actu- 
ally, the all-or-none aspect (100 percent 
death in 13 days as opposed to 0 per- 
cent death in 130 days) of our earlier 
results (6) is misleading without further 
comment. After radiation both groups 
became very sick. The group irradiated 
at 02 AZT (9 a.m., local time, under 
the conditions of that experiment) did 
not, however, get as sick as that irradi- 
ated at 14 AZT (9 p.m. local time) and 
eventually recovered fully (as assayed 
at 130 days); the group irradiated at 
AZT:14 simply did not recover. It is 
clear that, given a cycle of changing 
radiosensitivity such as our present re- 
sults make more explicit, overall mor- 
tality may well not be different for two 
treatments unless first, a dose is used 
which is very near to being lethal and 
secondly, the treatments are given at 
just the right phases in the cycle of sen- 
sitivity (or capacity to recover). It is 
evident in view of the data presented 
here that Pizzarello et al. (6) were lucky 
on both counts. In any case it will be 
better to assay the effects of the treat- 
ments not simply by overall mortality, 
as we were able to do originally, but 
by its effect on the full time-course of 
survival. 

Rugh et al. (7) have reported results 
they regard as an adequate basis for 
casting doubt on our original claim that 
radiosensitivity does vary with time in 
the circadian cycle. Further, they re- 
gard their data on whole body irradia- 
tion of mice as being adequate for ex- 
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Table 1. The data for, and results obtained by, the analysis of variance technique and the results of Duncan's new multiple range tests for the 
two series of experiments. Values for degrees of freedom (df), mean square (MS), F value, and probability (p) are given for analysis of 
variance showing in all instances that differences between times of radiation are not due to chance alone. Any two times in the Duncan test 
not included in the same column are significantly different. Any two times included in the same column are not significantly different. 

Series I. Analysis of variance 
Swiss-Webster group 1, 800 r Swiss-Webster group 2, 800 r Ca,H, 800 r Swiss-Webster, 900 r 

Item 
_ df MS F p df MS F p df MS F p df MS F p 

Between times 5 32.8 15.6 < .001 4 37.4 11 < .001 5 130.5 76.8 < .001 5 20.3 6.2 < .001 
Error 54 2.1 45 3.4 54 1.7 54 3.3 
Total 59 49 59 59 

Series I. Duncan's new multiple range test 
Swiss-Webster group 1, 800 r Swiss-Webster group 2, 800 r C,H, 800 r Swiss-Webster, 900 r 

2am 10am 10pm 2am 12midnight 10pm 2am 10am 2am 2pm 
6pm 4am 6am m 10pm 2pm 10pm 10am 
2pm 12midnight 6am 6pm 6pm 
6am 6am 

Series HI. Analysis of variance (Swiss- Webster, 800 r) 
Regular cage Regular cage Large hanging drawer Large hanging drawer Small hanging drawer 

df MS F p df MS F p df MS F p df MS F p df MS F p 

Between times 5 73.8 10.84<.001 5 223.7 30.3<.001 5 27.7 6.55<.001 5 55.2 30.0<.001 5 60.5 25 <.001 
Error 66 6.81 72 7.36 50 4.23 52 1.8 49 2.42 
Total 71 77 53 57 54 

Series II. Duncan's new multiple range test (Swiss- Webster, 800 r) 
Regular cage Regular cage Large hanging drawer Large hanging drawer Small hanging drawer 

6am 10am 6pm 2am 6pm 6am 2am 6am 2am 2am 10am 2am 6pm 10pm 2pm 
6pm 2pm 10pm 2pm 10am 6am 10pm 2pm 6am 10pm 2pm 10am 
2am 10pm 10am 2pm 10pm 10am 6pm 6pm 

10pm 
6pm 

trapolation to the radiation of tumors 
in man and thus presume that radiodi- 

agnosis and radiotherapy may be prac- 
ticed around the clock without fear or 

suspicion. We, on the other hand, find 
their results to be a striking confirma- 
tion of our view; namely, that radio- 

sensitivity does vary with time in the 
circadian cycle. The great discrepan- 
cies between (i) their results and their 

conclusions, and (ii) their conclusions 
and ours warrant the following critical 
evaluation of their report. In two ex- 

periments reported by Rugh et al. in 
their Fig. 2 (7), four groups of mice, 
irradiated, respectively, at 12:00 noon, 
6:00 p.m., 12:00 midnight, and 6:00 

a.m., and at two dosages (650 r and 
975 r), indicated significant shifts in 
survival distribution between each of 
the times at which they were tested by 
the Kolnozorov-Smirnov goodness-of- 
fit test (12). As stated earlier, Rugh 
et al. did not report the full time course 
of survival after treatment at each of 
the stated times but chose to report only 
those animals which died up to 30 days 
after irradiation (truncated data). Thus, 
we have not been able to evaluate their 
results exactly as we have evaluated our 

own, namely, by obtaining differences 
in distribution of mean death following 
radiation at different times of day. The 
Kolnozorov-Smirnov goodness-of-fit test 
makes possible comparison of distribu- 
tions without determination of means 
and standard deviation. We have re- 
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plotted Rugh's data on the same coordi- 
nate scales as used in our experiments 
(Fig. 1). At each of the two dose-levels 
used by Rugh et al. there is a clear 

daily pattern, and, furthermore, the pat- 
tern is identical for the two dose-levels 
adding still greater support to the con- 
clusion we derived from the Kolnozo- 
rov-Smirnov test, namely, that Rugh 
et al. have, in fact, demonstrated a clear 

daily rhythm of sensitivity in their strain 
of mice. Moreover, although the times 
at which they x-irradiated their mice 
are not identical with those used in the 

experiments described in this report, the 

general pattern of sensitivity as a func- 
tion of time of day is the same (Fig. 1): 
maximum resistance occurs within the 

subjective day and maximum sensitivity 
within the subjective night. 

In other experiments Rugh, et al. 
tested radiosensitivity at 9 a.m. and 9 

p.m. local time and reported that no 
statistical differences in survival time 
could be demonstrated after irradiation 
at those times. In choosing 9 a.m. and 9 

p.m. local time to make such compari- 
sons they could scarcely have chosen two 

points closer to the same ordinate value: 

inspection of their data in our Fig. I 

shows that it is likely that no difference 
between these times exists (Fig. 1). If 
a simple two-point comparison of "day" 
and "night" was to have been made, it 
should have been based on two points 
phase-shifted to the right-that is about 
noon and midnight local time (Fig. 1). 

In two experiments Rugh, et al. 
claimed slightly better survival if radia- 
tion was given "in the evening" than if 
it were given "in the morning." No 
more precise definition of time is given 
and no figures were presented to illus- 
trate these experiments. Furthermore, 
while we must assume that lights were 
on during the normal, local day-time 
we are given no information as to the 

precise light cycle. What was the pre- 
cise photoperiod? When was dawn? 
Without answers to these questions, the 
information on irradiation time speci- 
fied as, for example, 9 a.m. (presumably 
eastern standard time) has no real 

meaning with reference to the precise 
phase of the cycle of radiosensitivity ob- 

taining at the time of treatment. Since 
we cannot fix the AZT scale we cannot 
tell how far into the light period radi- 
ation was given "in the morning" or 
how far in the dark it was given "in the 

evening." The most sensitive period in 
mice maintained and irradiated as we 
have described occurred with only one 

exception, about 7 hours after the dark 

period was in progress (that is 19 AZT 
or 2 a.m. in our case). We have no 
doubt that, as Rugh et al. have de- 

scribed, slightly better, statistically in- 

significant survival times might occur at 
some point "in the evening" than at 
some point "in the morning." In addi- 

tion, in one of the experiments of Rugh 
et al. in which sensitivity is described 
as slightly better in the evening than 
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in the morning, it is not possible to tell 
how many animals were used. They re- 
ported using a total of 2347 mice in 
their experiments. Actually, it is possi- 
ble to account for 2364 mice if the 
number of animals reported for each 
experiment is totaled. Even this num- 
ber of animals does not allow for any 
animals to be used in one of the series 
(their series 2) in which it is claimed 
that survival is better in the evening 
than in the morning. 

The same authors (7) have also de- 
scribed experiments in which 12 or 24 
hours of either light or dark were added 
into the "normal" cycle and the animals 
irradiated at 9 a.m. or 9 p.m. after 
either 12 or 24 hours of light or dark. 
This series was presumably designed to 
shift the phase of the putative sensitiv- 
ity cycle relative to local time. How- 
ever, this change was done just once, 
just before irradiation, and the animals 
were then returned to the "normal" cy- 
cle immediately. As Menaker (13) has 
recently noted, one should not expect 
the rhythm in a mammal to be greatly 
shifted immediately following a single 
change in the light cycle, and this was 
evidently the case (Rugh et al., Fig. 1). 
Phase shifts in mammalian rhythms re- 
quire many days. 

Throughout the report of Rugh et al. 
the authors chose, arbitrarily, the num- 
ber of mice that survived the 30-day 
test period in computing their statistical 
test of significance. With this as a test 
criterion, few statistically significant re- 
sults were obtained; some were, how- 
ever, found to be statistically significant 
but the authors chose to ignore them- 
which is surprising in an argument 
where the final position is that no such 
differences exist. That is to say, since 
the final position that Rugh et al. adopt 
is based on failing to find significant 
differences, they are under special obli- 
gation to explain away the significance 
they did in fact find. 

In any case we note there are clear 
hazards in selecting any arbitrary cut- 
off point (such as 30 days) in compar- 
ing two effects whose essential features 
are expressed as distributions (of sur- 
vival) through time. We find, by means 
of the Kolnozorov-Smirnov goodness- 
of-fit test (12) that in all the experi- 
ments, of Rugh et al. in which the 
animals were anaesthetized before x-ir- 
radiation, significant shifts in the time 
course of survival when one group 
treated at night is compared with the 
other group treated in the morning: the 
irradiation always proved more dele- 
terious in the night group. 
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The work of Straube with rats (8) 
did not show a similar dependence of 
radiation sensitivity on time of day. 
However, there are, as Straube himself 
noted, differences between the methods 
used in his experiments and those used 
by us in experiments with rats (6), 
some of which might account for the 
discrepancies in our results. Most im- 
portant of these is the fact that Straube 
restricted his assay to two points in the 
cycle and used a 12-hour photoperiod 
as against the 9-hour photoperiod used 
in our earlier work with rats. His assay 
of sensitivity in the "night" phase was 
made 3 hours after the onset of dark- 
ness as against the 5 hours in our work 
on rats and the 7 hours shown here to 
be the most sensitive point in C3H and 
Swiss-Webster mice maintained on a 12- 
hour photoperiod. There is abundant 
evidence (see, for example, 3, 5, 14) 
that the phase of entrained circadian 
rhythms shifts relative to any fixed point 
in the light cycle (like dusk, or lights- 
off) when the photoperiod is changed. 
Without direct empirical study of the 
dependence of phase on photoperiod in 
the rat one cannot compare sensitivity 
at the time chosen by Straube with the 
times chosen by Pizzarello. Moreover, 
there is evidence (14) that the whole 
"wave-form" or pattern of a circadian 
oscillation is liable to change with pho- 
toperiod. 

On several counts, therefore, any fur- 
ther work designed to confirm or reject 
the view offered earlier (6), and fur- 
ther developed here, should avoid argu- 
ment based on simple two-point com- 
parisons at least until the general wave- 
form of the circadian cycle in question 
has been explored, including its depend- 
ence on photoperiod. As noted previ- 
ously, Pizzarello et al. (6) were simply 
lucky in their choice of two points for 
comparison; and Rugh et al. (7), in 
failing to note the waveform indicated 
by their own data, were equally un- 
lucky. 

Pizzarello and colleagues were prob- 
ably lucky, too, in their choice of dos- 
age and strain which, with the times 
chosen, combined to produce the dra- 
matic difference they encountered origi- 
nally. The fact that at other dosages, 
in other species, the circadian rhythm 
of sensitivity is less spectacular in its 
"amplitude" does not, however, detract 
from the significance, both practical 
and theoretical, of its existence. Nor 
do the added difficulties for further 
analysis presented by the differences be- 
tween strains in the wave-form of the 
cycle. It is clear that, to the extent that 

there is a circadian cycle of sensitivity, 
the radiobiologist is confronted with a 
new tool: phase correlations between 
the cycle of sensitivity and the many 
known circadian cycles of physiological 
change should provide new leads to the 
physiological basis of sensitivity. What 
is now needed is an intensive study, 
within a single strain, of the circadian 
system (3, 4) as a whole including: 
(i) concurrent measurements of radio- 
sensitivity and some other circadian 
rhythm (for example, locomotion) as 
a "marker"; (ii) dependence of phase 
and wave-form of both rhythms (sensi- 
tivity and locomotion) on photoperiod; 
and (iii) an ultimate search among the 
many known physiological rhythms (see 
2) for the basis of the increased sensi- 
tivity at a given phase in a given photo- 
period. 
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