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Kinetics of Epidermal Cell Proliferation
in Experimental Skin Carcinogenesis

ARNE EVENSEN'

It is well known that there exists a daily rhythm in the mitotic count in the epidermis of
the mouse. It has also been emphasized that the mitotic rate cannot be estimated correctly
from the mitotic count unless the mitotic duration is constant.

In this paper it is shown that applications of 3-methylcholanthrene to the skin cause
great variations in the mitotic duration of the epidermal cells. The Colcemid technique
is used to study the mitotic duration in the untreated epidermis of hairless mice during a
24-hour interval, and it is shown that the diurnal and nocturnal variations in the mitotic
count are the effect mainly of variations in the mitotic duration and not of variations in the
mitotic rate.

In a previous paper (Evensen, 1961) it was shown
that the mitotic count and the number of DNA-
synthesizing cells in the epidermis of hairless mice
decreased during the first two days after application
of 0.005-ml of 1% 3-methylcholanthrene in benzene.
The carcinogen was applied to a well-defined area
measuring 0.7 x 1 cm on the right side of the back.
(A very short initial increase in the mitotic count
was later shown to be due to blocking of the mitoses.)
After the first two days' decrease, the mitotic
count and the number of DNA-synthesizing cells
increased again. The values reached a peak on the
11th day after the application of methylcholanthrene,
and then fell more slowly for the next four weeks.

In the literature on kinetics of cellular prolifera-
tion it seems to be widely assumed that the DNA-
synthesizing time (S) and mitotic duration (M)
remain fairly constant, even during periods with a
high rate of cell renewal, whereas the post-mitotic
period (G1) is assumed to change parallel to the
changes in growth rate of the tissues under study.
This further led to the assumption that the mitotic
count and the number of cell nuclei labelled with a
radioactive DNA precursor can be used synony-
mously with mitotic rate or rate of DNA synthesis
respectively.
During a study of the effect of carcinogens on the

rate of cell proliferation in the epidermis of hairless
mice, it was observed that the mitotic duration and
the DNA-synthesizing time in fact vary considerably.

FResearch Fellow, Institutt for Generell og Eksperimen-
tell Patologi, Oslo, Norway.

If colchicine or demecolcine (Colcemid) is injected
into an animal in a sufficient dose all mitoses in the
epidermis are arrested in metaphase for four hours or
more (Hoffmann, 1953). If the number of mitoses is
recorded just before and at certain time intervals
after the injection, the increase in the figures will
indicate the number of cells which have entered
mitosis during each interval and mitotic duration can
be estimated by the formula proposed by Leblond &
Stevens (1948). As mitotic rate or rate of cell
renewal can be defined as cell divisions per time unit,
the mitotic rate can be estimated as:

Mitotic count . Mitotic duration.
A cell has to double its content of DNA before

division, and after division each of the daughter
cells contains the same amount of DNA as the
mother cell did (Leblond & Walker, 1956: Davidson,
1960). Provided a sufficient amount of a radioactive
precursor of DNA-for instance, tritiated thymidine
-is injected into an animal, it is possible to record
the number of cells that synthesize DNA at the time
when the precursor is available in the blood (Leblond,
Messier & Kopriva, 1959). The rate of DNA syn-
thesis can be estimated as:
Number of labelled cells . DNA-synthesizing time.

EXPERIMENTS AND RESULTS

The strain of hairless mice used and the experi-
mental techniques were mainly the same as described
earlier (Evensen, 1961). The following additional
features should be mentioned. Mitoses and labelled
cells were recorded among at least 2000 epidermal
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cells and were expressed as a percentage. In experi-
ments on mitotic duration, the animals were injected
intraperitoneally with 0.25 ml of a solution con-
taining 0.1 mg of Colcemid. In experiments with
3-methylcholanthrene, groups of four animals were
killed 4 or 6 hours after the injection. In the other
experiments, groups of four animals were killed
6 hours after the injection. In experiments in which
Colcemid was injected, four control animals of the
same age and sex but receiving no Colcemid were
used to establish the average normal mitotic count.
To study the DNA-synthesizing time in the epi-

dermis, four animals were injected twice with 10 utc
of tritiated thymidine at 30 minutes' interval and
killed 30 minutes after the last injection. Four
animals were injected once with 10 ,uc of tritiated
thymidine and killed one hour after the injection.
The increase in the number of labelled cells from the
group with one injection to the group with two
injections was assumed to be caused by the epider-
mal cells which started their DNA synthesis in the
half-hour interval between the two injections of tri-
tiated thymidine, and from this value the average
DNA-synthesizing time was estimated.

In animals injected with Colcemid at 8 a.m. and
killed at 2 p.m. mitotic duration was estimated at
one hour, and the mitotic rate at 0.57 %/hour.
Between 9 and 10 a.m. the DNA-synthesizing time
was estimated at 5.3 hours and the rate of DNA
synthesis at 0.55 %/hour.
Twenty-four hours after a single application of

0.005 ml of 1% 3-methylcholanthrene in benzene,
mitotic duration was found to be 0.25 hour and the
mitotic rate 1.72%/hour. At the same time the
DNA-synthesizing time was estimated at 1.1 hour
and the rate ofDNA synthesis at 1.68 %/hour.

Eleven days after the single application of 3-
methylcholanthrene the mitotic duration was esti-
mated at 2 hours and the mitotic rate at 0.62 %/hour.
These experiments showed that there were great

variations in mitotic duration after application of
3-methylcholanthrene. The mitotic rate or " mitotic
activity " thus cannot be estimated from the mitotic
count alone in experimental skin carcinogenesis.
The following experiments were performed to

study whether there is a normal rhythm in mitotic
duration corresponding to the well-known daily
rhythm in mitotic count (Cooper & Schiff, 1938;
Cooper & Franklin, 1940; Blumenfeld, 1942;
Bullough 1948).
Groups of four hairless mice were killed at two-

hour intervals during a 24-hour period, and mitotic

RHYTHM IN MITOTIC COUNT DURING 24-HOUR PERIOD
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counts were made among 2000 epidermal cells
from the back skin. The results are shown in the
accompanying graph, where the mitoses, expressed
as a percentage of all nucleated epidermal cells, are
plotted against the time when the skin specimens
were taken.
The graph confirms that there are great variations

in the mitotic count during a 24-hour period, with a
minimum at 2 p.m., and a maximum at midnight.

Mitotic duration was then investigated by the
Colcemid technique at six-hour intervals, starting
at 2 p.m, then at 8 p m. and at 2 a.m.
The average mitotic duration in the first six-hour

interval was estimated at 0.58 hour and the average
mitotic rate at 0.53 %/hour. During the second and
third intervals the average mitotic duration and
the mitotic rate were estimated at 2.3 hours and
1.9 hours and at 0.56 %/hour and 0.59 %/hour res-
pectively.

DISCUSSION

The experiments demonstrate that a single appli-
cation of 0.005 ml of 1 % 3-methylcholanthrene in
benzene provokes great variations in the epidermal
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cell proliferation of hairless mice. Thus, the mitotic
rate or the rate ofDNA synthesis cannot be correctly
calculated from mitotic count or from the number of
DNA-synthesizing cells unless the mitotic duration
and DNA-synthesizing time are constant and not
influenced by the experimental treatment. Concern-
ing mitotic rate, this has also been emphasized by
Leblond & Walker (1956).

It is well established that there exists a rhythmic
variation in mitotic count in the epidermis of mice.
Bullough (1951) has emphasized that uniform diurnal
mitotic cycles can only be found in an animal
colony which has carefully standardized hours for
feeding and handling, and therefore a standardized
behaviour pattern of waking and sleeping. The
animals used in these experiments have always been
ed between 2 p.m. and 2.30 p.m., and this is the

only time they are disturbed. The animals are most
active about this time, and it is assumed that their
metabolism is high during muscular exercise and
low during sleep. My experiments demonstrate that
the rhythmic variations in mitotic count during a
24-hour period are caused by variations in mitotic
duration, and not by variations in mitotic rate. The
mitotic duration is prolonged during sleep and shor-
tened during muscular activity, and the process of
mitosis is rapid during periods with high metabolism
and slow during periods of low metabolism, in ana-
logy with other biological processes. Kreyberg &
Elgjo (personal communication) have observed an
increased number of mitoses in the spleen of hibern-
ating hedgehogs, and they assume that the increased
mitotic count is caused by a prolonged mitotic
duration and not by increased mitotic rate.

RtSUMI

La technique a la colchicine (Colcemid) a permis de
demontrer que la duree de la mitose dans 1'epiderme
normal de la peau du dos d'une souris glabre (souche
recessive particuliere) entre 9 heures et 19 heures est
d'environ une heure et que la proportion des mitoses
aux memes heures est d'environ 0,57% des cellules
nucleees de 1'epiderme par heure. On a utilise la thymi-
dine marquee au tritium avec autoradiographie con-
secutive pour demontrer que le temps necessaire a la
synthese du DNA (acide desoxyribonucleique) entre 9 et
10 heures du matin est d'environ 5,3 heures et que le
taux de syntheses du DNA est a peu pres de 0,55% par
heure.

Vingt-quatre heures apres une seule application de
0,005 ml d'une solution a 1 % de methyl-3-cholanthrene

sur une surface cutanee de I x 0,7 cm, la duree de la
mitose a et6 estimee a environ un quart d'heure et le taux
mitotique 'a environ 1,88 % par heure. Le temps necessaire
a la synthese du DNA a ete estime a 1,1 heure et le taux
de synthese du DNA a 1,65% par heure.
Le rythme nycthemeral du nombre des mitoses a ete

etudie dans 1'6piderme sans preparation de la peau du
dos. On a note la presence d'un minimum a 14 heures et
d'un maximum a minuit. La dur6e moyenne de mitose
et le taux moyen des mitoses ont e e'tudi6s 'a 6 heures
d'intervalle pendant 24 heures. La dure'e des mitoses varie
de fa$on considerable, etant allongee lorsque le nombre
des mitoses est eleve et vice versa. Par contre, le taux des
mitoses a e trouve pour ainsi dire inchang6 pendant
toute la duree de l'observation.
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