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Summary.—The 32P uptake in a mammary tumour induced by DMBA and in the
Walker 256 carcinosarcoma was measured by external GM-tubes. The uptake
was significantly higher than in the skin. During exposure to a synchronized
light regime a circadian variation was present in the 32P uptake of the hormone-
dependent DMBA -induced tumour. The maximal 32P uptake was in the dark
period, in which the highest temperature in the tumour has also been found (Meller

and Bojsen, 1975).
was no periodicity in 32P uptake.

In the hormone-independent Walker 256 carcinosarcoma there
No variation in 32P uptake was registered in the

skin of normal controls or in tumour-bearing rats.

SoME years ago there was a great
interest for the circadian variations in
32P uptake in human breast cancer
(Bullen et al., 1963; Calcutt et al., 1967;
Stoll and Burch, 1968; Taylor et al.,
1968; Woolley-Hart et al., 1968). In
this connection the word ‘‘ uptake ” is
taken to mean the changes in measured
radioactivity from 32P in the tissue
once equilibrium is established. It was
thought that these circadian variations
represented a metabolic synchronization
of the tumour growth, and that they
could be correlated to the classification
of the tumour. The intention was to
use the variations in 32P uptake as an
aid to the choice of the optimum time
for therapy. Systematic research based
on experimental tumours was, however,
lacking. The present paper describes a
study of the periodicity in the 32P uptake
in a DMBA-induced tumour, Walker
carcinosarcoma and skin, performed on
rats. A previous study on rats demon-
strated that the circadian temperature
rhythm in the two tumours, the peri-
toneal cavity and the subcutaneous tissue
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followed identical patterns (Mgller and
Bojsen, 1975).

MATERIALS AND METHODS

Experimental animals.—Four- to seven-
months-old female Sprague-Dawley rats
were used, some bearing the DMBA-induced
mammary tumour, others the Walker 256
carcinosarcoma. The rats were kept in
a room with controlled 12L/12D (lights on
07.00 h, off 19.00 h). The relative humidity
was about 60%, and the room temperature
was 22 + 1°C.

Tumours.—Two types of tumour were
used:

1. A hormone-dependent mammary tu-
mour induced by administration of 20 mg
7,12-dimethylbenz(«)anthracene  per  os
(Daniel and Prichard, 1967; Jabara, 1967;
Jabara, Toyne and Harcourt, 1973; Teller ef
al., 1969). They were mainly classified
as adenocarcinomata. After 3 to 5 months
the volume of the tumour was 9-18 cm3,
and at this stage necrosis was rare. In
some preliminary cell-kinetic studies (un-
published data) a mitotic index of about
0-2%, was found, and after injection of
SHTdR (1 uCi/g body weight) a labelling
index of about 8%, was observed.

* Part of this paper has been presented at Congressus Tertius Societatis Radiologicae, Edinburgh,
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2. The other tumour was the trans-
plantable, fast-proliferating, hormone-inde-
pendent Walker 256 carcinosarcoma (Fisher
and Fisher, 1969). Rats were inoculated
s.c. with about 10® tumour cells, and 10-14
days after inoculation the tumours were
8-28 cm3. The rats died from metastases
4-6 weeks after injection.

32P measurements.—At least 3 days before
the start of the measurements, the rats
were injected with 32P orthophosphate,
0-02 uCi/g i.p. in order to permit an equi-
librium of 32P to be established in the
animal (Taylor et al., 1968). During the
32P uptake measurements the count rates
were not less than 1000 ct/h, which gave
a relative uncertainty of the accumulated
counts <<3%,. If a rat was measured several
times it was necessary to give a second injec-
tion (0-02 pCi/g i.p.) if more than 8-12 days
had passed since the first injection. The
experiments took place in the same room
in which the temperature measurements
already had been performed for 14-30 days
(Mgller and Bojsen, 1975). The 32P measure-
ments were usually started at the beginning
of l:;he light period and lasted in general
24 h.

The 32P uptake in tumour and normal
tissue was measured by two end-window
Geiger Miiller (GM) tubes (type G.E.C.
EHM 2.8). During the measurements the
animals were fixed in a box of transparent
perspex. The box had movable sides and
end-walls, which could be adapted to each
rat. Arrangements were made for con-
tinuous water and food supply. The GM-
tubes were placed in the side walls which
were milled to reduce the thickness of the
perspex to 0-5mm. Lead plates with cir-
cular holes of diameter 14 mm were placed
in the milled areas as collimators.

Before the 32P measurements, the rats
were held in the box several times for
periods of up to 24h to get accustomed
to it.

The monitored tissue was limited to a
cylinder with a diameter of 14 mm and a
depth of about 7 mm, as the B-particles
emitted by 32P in tissue have a maximum
range of 8 mm. The skin constituted the
1 mm closest to the GM-tubes. In the
control animals the holes were placed to
cover skin overlying the thorax. In tumour-
bearing rats one of the holes covered the
skin over the tumour, and the other, which
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acted as control, was placed over the contra-
lateral side of the thorax. The areas to
be measured were shaved and marked with
Indian ink to indicate the proper placement
during the measurements.

In some animals the measurements were
repeated, but always after an interval of a
few days.

The count rate after injection of 32P
varied due to Dbiological variation and
different time intervals between measure-
ment and injection (or re-injection). As
both flanks of all rats were measured these
variations in count rate from animal to
animal could be eliminated by using the
ratio between the contralateral sides of
each animal in the analysis of the results.

The disintegrations detected were accu-
mulated in 1h periods. Six consecutive lh
results were added, to give 4 sets of average
values per 24 h. The intention was to look
for a circadian variation, i.e. to see if there
was any difference between the two 12h
periods of a day. For this reason the
results were analysed in two ways. As
the temperature rhythm, like many other
circadian rhythms, follows the shift between
light and dark (Echave Llanos and Piezzi,
1963; Mpgller and Bojsen, 1975; Wever,
1970) we thought that a periodicity in the
32P uptake was most likely to do the same,
for which reason model A was used (Fig. 1).
It could not, however, be taken for granted
that a circadian variation in 32P uptake
would be synchronized with the shift between
light and dark, so it was also tested whether
the shift between two ‘ light—dark > periods
showed synchronization (model B).

To evaluate results both Student’s ¢ test
and a computerized variance analysis were
performed. However, with the measuring
technique used, only results from single
24h periods could be obtained and therefore
the analysis of variance approximated the
analysis of Student’s ¢ test. The ¢ test was
used in the following calculations.

Temperature measurements.—The tem-
perature was measured by implanted ther-
mistors and registration took place tele-
metrically (Bojsen, Megller and Faber, 1971;
Moller and Bojsen, 1975). Normal rats had
a transmitter with one thermistor implanted
s.c. on the back. In tumour-bearing rats
a transmitter with two thermistors was
implanted: one thermistor in the tumour
and the other in the subcutis (Mgller and
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Fra. 1.—Calculation type A: Means of 3P
uptake in the light period (1 + 2) are
compared with Means in the dark period
(3 + 4). Cdlculation type B : Means of 32P
uptake in the light-dark period (2 4+ 3)
are compared with Means in the dark-light
period (4 4- 1).

Bojsen, 1975). As the implanted thermistor
was small (height 8 mm, diameter 2-5 mm)
the presence of the thermistor was not
believed to have influenced the 32P measure-
ments. Furthermore the 32P uptake was
not measured in areas close to the implanted
thermistor. ~ The circadian temperature
rhythm was monitored continuously in the
hope that it could be used as an estimate
of the extent to which the rats had become
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adjusted to the box (Mgller and Bojsen,
1974). The circadian temperature rhythm
of normal rats and rats bearing DMBA-
induced tumours was measured continuously
for a month. Rats bearing Walker carcino-
sarcomata could only be measured for 2-4
weeks.

RESULTS

The influence of restraint on the temperature
of the antmal

The body temperature was recorded
continuously before, during and after,
all the measurements of 32P activity.
Under unrestrained conditions before and
after the 32P measurements, the circadian
temperature rhythm of the rats showed
the highest temperature during the dark
period (Bojsen et al., 1971; Moller and
Bojsen, 1975). The temperature records
changed, however, when the animals
were restrained. When the rats were
placed in the box an immediate tempera-
ture rise of 1°C occurred. The tempera-
ture gradually returned to normal level
during the next 2-3 h. While the animal
remained in the box the temperature
continued to decrease independently of
the light-dark regime, but never fell
below the temperature normal for the
light period. A temperature reaction,
similar to that during the first 2-3 h in
the box, was produced when a normal
unrestrained rat was injected s.c. with

TaBLE I.—Temperature itn a DM BA-induced Twmour during the 32P
Uptake Measurements

Before the 32P measurements

During the 2P measurements

First day after 32P measurements

Tumour Dark — Light
ce ce

°C+ts.e. °C4-s.e.
Dark period 38:-540-1 . .
Light period  37-40-1  11£0:2°
Dark period 37-540-2 . 1o
Light period  37-140.2  074£0°1¢
Dark period 37-34-0-2 0-940-2°

Light period 36-44-0-1

The circadian temperature rhythm was monitored continuously before, during and after all the

measurements of the 32P activity.
2 0-001 < P < 0-002.
*P > 0-1.
c0-01 <P < 0-02.
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4 ug adrenalin. Only one of the rats
showed a tendency to maintain the
circadian temperature rhythm during the
measurements in the box (Table I). The
temperature rhythm did not therefore
indicate that the rat had become adjusted
the box. In all cases the circadian to
temperature rhythm was re-established
shortly after the end of the restraint.

The 32P uptake measurements

The 32P uptake measurements in skin
are shown in Fig. 2. There was no
significant difference in 32P content be-
tween skin on the left and right flanks
of normal rats. The lack of a circadian
variation of the 32P uptake in skin of
normal rats and skin on the contra-
lateral flank of tumour-bearing rats is
proved in Table II. This result is the
same whether the calculation was of
type A or B.

The 32P uptake pattern in the DMBA-

x10% counh,b
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induced tumours showed variation during
24 h. A set of measurements is shown in
Fig.3. Therat was measured 3 times with
the same result. This rat was the only
one which maintained the circadian
temperature rhythm (Table I). Figure 4
shows the measurements from another
rat. In the experiments the highest
content of 32P in the DMBA-induced
tumour was always found in the dark
period except for one rat (No. 208) that
showed a maximum in the light period.
When it was omitted from the material
a significant variation in 32P uptake
between the light and dark period was
present whether or not the ratio between
tumour and skin was used in the calcula-
tion as previously discussed.

With the data grouped as in type A,
a significant light—dark variation was
found in the DMBA-induced tumours,
but not in the Walker carcinosarcoma
(Table II, Fig. 5). With calculation type

v

oo

F1c. 2.—3?P uptake in skin on contralateral sides of a normal rat.

mulated 1h periods.

v

12

The points represent the accu-

No significant difference between the uptake of skin on the left and right

flank was found after corrections have been made for the slightly greater efficiency of the left

GM-tube.
the dark period.

No circadian variation was found in 32P uptake of skin.

The heavy black bar indicates
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TaBLE II.—Evidence for a Synchronizing Effect of the Light—Dark Regime on
the 32P Uptake in Skin and Tumours

Calculation Calculation Measurements/
Test object State of animal Type Ae Type Ba No. rats
Skin Control P>0-3 P>0-4 19/7
DMBA P>0-6 P>0-3 12/7
Walker P>0-1 P>0-8 5/5
Tumour area DMBA P>0-1 P>0-7 9/7
DMBA excl. 208 0-01<P<0-02 P>0-8 8/6
DMBA, necrotic P>0-4 P>0-8 3/1
‘Walker P>0-1 P>0-5 5/5
Tumour area/ DMBA 0-02<P<0-05 P>0-4
Contralateral skin DMBA excl. 208 0-01<P<0-02 P>0-4
DMBA, necrotic P>0-7 P>0-8
Walker P>0-5 P>0-5

No circadian variation of the 32P uptake was found either in skin of normal rats or in skin of the contra-
lateral flank of tumour-bearing rats. With the data grouped as in type A (Fig. 1) a significant light—dark
variation was found in the DMBA-induced tumour, but not in the Walker carcinosarcoma. A significant
light—dark rhythm was found in the DMBA-induced tumour if one rat was omitted (¢.e. No. 208, which
had the maximum 32P uptake in the light period), or if the ratio tumour to skin was used.

e See Fig. 1.
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F1e. 3.—32P uptake in tumour and contralateral skin of one rat. The points represent the accu-
mulated 1h periods. This rat, bearing a DMBA-induced tumour, was measured 3 times. The
uptake is higher in tumour than in skin. The heavy black bar indicates the dark period.
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F16. 4.—22P uptake in tumour and contralateral skin of another rat bearing a DMBA-induced
tumour. The points represent the accumulated 1h periods. The heavy black bar indicates the
dark period. :
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Fic. 5—2°P uptake in tumour and contralateral skin of a rat bearing a Walker carcinosarcoma.

The points represent the accumulated lh periods. The heavy black bar indicates the dark
period.



652

U. MJLLER AND J. BOJSEN

TABLE II1.—The Differences in 32P Uptake between Tumour and Skin

Test object

Tumour vs. skin
DMBA  Skin,, right

12h periods

)

iight Dark

DMBA -induced

Skin; ~ ~ Sking, left
Walker Skin,, right

0-01<P<0-02 0-01<P<0-02

Walker carcinosarcoma

Skin; < Skin,, left

0-02<P<0-05 P>0-05

The ratio between contralateral flanks of control animals was tested against the ratio between contra-

lateral flanks of tumour-bearing rats.
for both tumours in the light period.

A significant difference between tumour and skin uptake was found
In the dark period a significant difference was found only in the

DMBA-induced tumour. Skin; stands for skin on tumour-bearing rats; skin, for skin on control animals.

TABLE IV.—Temperatures of Tumour and S.c. Tissue Measured Telemetrically
by an Implanted Transmitter

Tumour type
No tumours
DMBA-induced
Necrotic DMBA -tumour
‘Walker 256 carcinosarcoma

tumour

tumour

B no significant variation was found in
either of the two tumours.

The mean uptake of 32P in both
tumour types was 1:3-1:4 times higher
than that of the skin. Table III contains
an analysis of the differences in 32P
uptake between tumour and skin. There
is a significant difference in the 32P
levels when the ratio between the tumour
and the contralateral side is compared
with the ratio between left and right
sides of normal rats. For the DMBA-
induced tumour the uptake was signifi-
cantly higher in both the light and dark
periods. The uptake in the Walker
carcinosarcoma was significantly higher
than in the skin, but only during the light
period.

It was noticed that a DMBA-induced
tumour showed a decrease in 32P uptake
and a cessation of the variation during
the development of necrosis. Correspond-
ing results were found in the temperature
measurements, where the tumour tem-
perature decreased and the circadian
rhythm disappeared (Table IV) (for fur-
ther information see Mgller and Bojsen,
1975). The 3%2P uptake of the necrotic
tumour was of the same order of magni-
tude as that of the skin.

Measured areas
s.c. tissue

developed necrosis

Dark period Light period

°C+-s.e. °C+ts.e.
36-240-5 35-3+0-5
38:44+0-3 37-1+0-3
34-4 34-3
38-340-2 37-64+0-2
DISCUSSION

In human breast cancer it has been
difficult to find a periodicity in the uptake
of 32P (Bullen et al., 1963; Calcutt et
al., 1967; Taylor et al., 1968) partly due
to technical difficulties, but Stoll and
Burch (1968) found a circadian rhythm
in the late 32P uptake in 9 out of 19
patients with mammary carcinoma. The
temperature variations in the adjacent
skin followed the 32P curve, both curves
having low diurnal and high nocturnal
levels. The relationship between 32P
uptake and temperature found by Stoll
and Burch is similar to our findings in
the hormone-dependent DMBA-induced
tumour (Table IV) (for further informa-
tion see Mgller and Bojsen, 1975), but
the methods used in the present experi-
ments did not permit both curves to be
measured simultaneously. We had to
compare the circadian temperature
rhythm, which was measured before and
after the restraint, with the 32P variation.
For the DMBA-induced tumour both
curves had maxima in the dark period,
in which the rat is active.

It is important to note that the
DMBA-induced tumour and the Walker
carcinosarcoma did not have similar 32P
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variation. There was a significant dif-
ference between the 32P uptake in the
light and the dark periods in the hormone-
dependent DMBA-induced tumour. The
external synchronizer must be the shift
between light and dark, as the variation
in the daily 32P uptake was only seen
by calculation type A (Fig. 1). The
hormone-independent malignant tumour
did not show such a diurnal variation
in 32P uptake. Clinical observations have
previously suggested that the diurnal
variation in 32P uptake was chiefly
restricted to hormone-dependent tumours
(Bullen et al., 1963). This suggestion
now finds support from animal experi-
ments.

As mentioned before, the temperature
reaction following the restraint in most
cases indicated an acute stress situation.
It may be a question whether the dif-
ference in 32P activity, measured by
the present method, represents a spon-
taneous circadian variation. It is evident
that the animals were influenced by the
method, but as the 32P results were
evaluated by a comparison with normal
tissue on the same rat, the results can
not be due to the influence of the measur-
ing technique on the animal. Further-
more it was possible to distinguish be-
tween the two types of tumour by this
method. In only one rat, the tempera-
ture rhythm did not disappear during the
restraint, and here the most clearcut 32P
variation was found (Table I, Fig. 3). In
all the experiments 32P uptake was
identical in the skin of normal rats and
tumour-bearing rats, but a comparison
between the DMBA-induced tumour and
the Walker carcinosarcoma showed a
distinction in the 32P uptake pattern.

It may be possible to avoid the
restraint of the experimental animals by
using thermoluminescence dosimeters
(Bojsen et al., 1974). Further experi-
ments are, however, needed before this
method can be used in tumour experi-
ments.

Many suggestions have been made to
explain the daily 3%2P wvariations. In
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some preliminary cell kinetic studies
of the DMBA-induced tumours we deter-
mined mitotic index and labelling index
after injection of SHTdR at different
times during the day. It was, however,
impossible to demonstrate a circadian
variation in these indices as the variations
in the single tumour were as great as
between the tumours (unpub.). The in-
ability to demonstrate a synchronization
of cell cycle parameters in the tumour
makes it improbable that fluctuations
in the incorporation of 32P into DNA,
were responsible for the increased 32P
activity during the dark period. The
decrease in activity during the light
period would furthermore require an
extensive cell death which has never
been recognized in this tumour. In a
study of human tumours, Taylor et al.
(1968) found a better explanation of the
daily variations, as 3%2P wuptake -cor-
responded to fluctuations in the RNA
content of the tumour tissue. The results
would be influenced by changes in the
radioactivity in the blood, but this has
not been found in previous studies (Taylor
et al., 1968; Woolley-Hart et al., 1968).
Furthermore, as the circadian variations
were found only in the DMBA-induced
tumour and not in skin or Walker carcino-
sarcoma, the variations in 32P uptake
could not be directly related to changes
in the specific activity of blood.

The results from the temperature
(Mgller and Bojsen, 1975) and these 32P
measurements can be summarized as
follows:

1. DMBA-induced and Walker cancer
tissue have a higher temperature and 32P
uptake than normal skin.

2. In the hormone-dependent DMBA-
induced tumour a circadian rhythm is
demonstrated in both the temperature
and the 32P uptake. The highest levels
are measured in the dark period, the
naturally active period.

3. In the hormone-independent tu-
mour and normal rat skin a circadian
temperature rhythm could be measured,
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but there was no periodicity in the 3ZP
uptake,
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