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SUMMARY

The cell cycle of 7,12-dimethylbenz(Â«)anthracene-in-
duced mammary adenocarcinoma in female Sprague-
Dawley rats has been studied by autoradiographic tech
niques and the lengths of the cell cycle and its phases
(hr) are: Tc, about 20; Ts, 8.5; To,, about 11.5; TG2, 1.0;
TM, about 1.0. The thymidine index is generally low
(<10) in growing tumors and is sharply reduced in tu
mors regressing after ovariectomy. The thymidine index
remains low during stasis of growth in tumors regressed
by ovariectomy and increases in spontaneously recurring
tumors. Administration of estradiol and progesterone to
ovariectomized animals with regressed or static tumors
results in an approximately 10-fold increase in thymidine
index.

INTRODUCTION

Kinetic analysis of cell proliferation in DM BA'-induced

adenocarcinomas in the rat has been under study in an
attempt to improve the response to chemotherapy. The
hormone sensitivity (7, 8) of this tumor offers an interest
ing opportunity to investigate kinetic parameters when
the tumors are growing in untreated hosts or are in a
state of regression, stasis, or recurrence (either sponta
neous or hormone induced) following ovariectomy.

The majority of tumors that appear in DMBA-fed rats
may be classified, according to morphological character
istics, as adenocarcinoma, adenomatous hyperplasia, fi-
broadenomatous hyperplasia, fibroadenoma, or "mixed."

All tumors in these rats do not respond to hormonal in
tervention, but approximately 95% of the adenocarcino
mas have been shown to regress following ovariectomy
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(8), and only tumors of this type were included in the
present study.

The cell cycle of the DMBA-induced tumor was stud
ied by the pulse label technique described by Quastler
and Sherman (15) and Baserga (1). The TI following a
pulse exposure to the DNA precursor was determined as
a measure of the percentage of cells from the tumor pop
ulation that were actually synthesizing DNA at a given
time.

MATERIALS AND METHODS

Biological System. Procedures for tumor induction in
female Sprague-Dawley rats, measurement and calcula
tion of tumor mass, bilateral ovariectomy, and adminis
tration of steroids have been described previously by
Griswold el al. (1, 8). For the kinetic studies, the growth
state of each tumor was considered on an individual ba
sis; that is, a static and a recurring tumor might be found
in the same rat.

A portion of each tumor was submitted to histopatho-
logical study, and this tissue was preserved in 10% buf
fered formalin. Sections were stained with hematoxylin
and eosin. Only those tumors diagnosed as mammary
adenocarcinomas were included in this study.

Steroids and Labeled Substrate. Progesterone (NSC
9704 E) at 8 mg/rat/day and 170-estradiol (NSC 9895 E)
at 2 iig/rat/day were administered daily to castrated rats
to stimulate tumor growth. TdR-'H (6.7 Ci/mmole) was

given at 2 MCi/g body weight for the study of the cell
cycle and either 2 or 5 /Â¿Ci/gbody weight for determina
tion of the percentage of labeled cells.

Studies of the Cell Cycle. The length of the phases of
the cell cycle were calculated from a graph of the appear
ance of labeled mitoses with time following a pulse ex
posure to TdR-'H (1, 15). The tumors were processed
individually in 0.85% NaCl solution (18) to yield a mono-
dispersed cell suspension for preparation of slides and
subsequent autoradiography. From 20 to 100 mitotic fig
ures (anaphase and metaphase) were scored as labeled
or unlabeled for each data point. The results of 4 experi
ments processed over a 6-month period were pooled for
the PLM curve shown in Chart 1. The curve represents
the mean value for each time period. The lengths of the
phases of the cell cycle were calculated from the midpoint
intercepts of the ascending and descending arms of the
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Chart 1. Labeled mitosis curve for DMBA-induced adenocarcinorna
in Sprague-Dawley rats. Appearance of labeled mitotic figures with
time following a pulse exposure to TdR-'H. Each dala point represents

the results from I tumor.

curves as previously described (21). The tumor weights
ranged from 190 to 9520 mg with a mean of 2742 mg.

Studies of the Thymidine Indices. The rats used in
the studies of TI's were given a single i.p. injection of
TdR-'H and sacrificed 1 hr later. The technique previ

ously described (18) which utilizes 0.85% NaCl solution
and a modification of Puck's procedure (14) was used to

prepare slides for autoradiography. The results shown in
Table 2 are from tumors processed by a modification of
this procedure. These tumors were minced finely and
suspended in calf serum (approximately 10 ml undiluted
calf serum/g tissue) and dispersed in a glass homogenizer
(clearance, 0.14 to 0.23 mm) with 1 to 3 gentle strokes.
For removal of connective tissue, the suspension was fil
tered through stainless steel U. S. Standard sieves with
No. 65 mesh stainless steel cloth (210-^ openings) manu-

Chart 2. Growth history of DMBA-induced
adenocarcinomas selected for evidence of growth
in untreated rats or of regression, stasis, or re
currence following ovariectomy. Day 0 is the day
of ovariectomy in Chart 2, B, C, and D and the
day of initial measurement in . I.
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Table 1
TFs of DMBA -induced adenocarcinomas selected for growth in untreated rats orfor regression, stasis or recurrencefollowing ovariectomv

GrowthMeanMedianNo.

of ratsTumor

wt(mg)56,00026,00018,0006,3002,6002,20048015,9406,3005TI15.05.99.69.55.414.08.29.7

Â±3.79.5RegressionTumor

wt(mg)2,0001,4009705603702602201701701106233108TI0.10.20.50.10.30.20.060.10.10.30.20

Â±0.140.15StasisTumor

wt(mg)6104103702601101103123106TI2.81.31.52.20.70.81.6

Â±0.81.4RecurrenceTumor

wt(mg)18,00018,00011.0001,2006509,77011,0006TI1.20.94.13.04.42.7

Â±1.63.0

factured by The W. S. Tyler Co., Cleveland, Ohio. An
additional 5 ml calf serum were used to wash the cells
through the filter. The cells were harvested by centrifu-
gation, treated with 0.1 Mcitric acid, and fixed in ethanol-
acetic acid as previously described (18). Use of the calf
serum appears to preserve the integrity of the cells (both
mitotic and interphase) and yields a better cell prepara
tion than either the sucrose or NaCl medium previously
used. Three thousand cells on each of 1 to 4 autoradio-
grams were scored as labeled or unlabeled mitotic or
interphase figures. The percentage of labeled cells was
checked on autoradiograms after long storage periods to
ensure recognition of even lightly labeled cells.

Autoradiography. Ilford K-2 Fine Grain Emulsion di
luted 6:4 with distilled water and heated to 45Â° was used

to prepare the autoradiograms. The slides, prewarmed to
about 45Â°, were dipped into the molten emulsion for

about 15 sec, drained, and hung to dry in a stream of cool
air for about 1 hr. The emulsion-covered slides were
stored (with a drying agent) in the dark at 6Â°for periods
ranging from 13 to 42 days, developed for 4 min in Kodak
D 19 developer, fixed for 30 sec in Kodak Fixer, and
stained with toluidine blue in 1% borax (19). Standard
slides were processed with each group of autoradiograms
to check reproducibility of procedures (2).

RESULTS

Cell Cycle Studies. The PLM function (Chart 1) covers
a period of 46 hr with slightly more than the length of 2
cell cycles. Tumors were selected for a history of growth
at the beginning of the experiments, and the assumption
is made that growth continues during the sampling period
(about 2 days). The length of the cell cycle of the mam
mary adenocarcinomas calculated from this function is 22
hr and the lengths of the phases of the cycle in hr are
TCl, 11.5; Ts, 8.5; TG-2,1.0; TM is estimated to be 1.0 hr.
Hoffman and Post (9) reported a 45-hr generation time
with a JO-hr DNA-synthetic phase for DMBA-induced
tumors in rats. The difference may be attributable, at
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Chart 3. Percentage of labeled cells in DMBA-induced adenocar

cinomas at various periods following ovariectomy.

least in part, to the fact that only mammary adenocarci
nomas were included in the present study, and these tu
mors were selected for a history of growth. In addition,
the mass of these tumors was apparently less (based on
diameter measurements), and presumably less time had
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Chart 4. Growth history of DMBA-induced mammary adenocarci-
nomas following ovariectomy-induced regression (ovariectomy on Day
0). A, unstimulated control (sacrified Day 33); B, estradiol and proges
terone daily from Days 30 to 33 (sacrificed Day 33); C, unstimulated
control (sacrified Day 37); D, estradiol and progesterone daily from
Days 30 to 37 (sacrificed Day 37).

elapsed since exposure to the carcinogen. The length of
the cell cycle has been found to increase with mass and
age of tumor in other ascitic, leukemic, and solid tumor
systems (19, 22, 23). Preliminary attempts to study the cell
cycle of regressing tumors have been difficult, if not im
possible, in view of the low observed mitotic index in these
tumors. Studies of the cell cycle of DMBA-induced tu
mors as a function of mass and also following hormone
stimulation are in process and will be reported later.

Growth History and Thymidine Indices. Tumors were
measured from the day of appearance for evidence of
growth in untreated rats and were measured from the
day of ovariectomy (Day 0) for evidence of regression,
stasis, and recurrence in a second group. The growth
history of these tumors is shown in Chart 2 and again the

results were included for only those tissues diagnosed as
adenocarcinomas.

The mean TI (Table 1) of the growing tumors is 9.7
compared with 0.2 of the regressing tumors 14 days after
ovariectomy. The TI of the static tumors was 1.6 and,
although there was no gross evidence of recurrence in
these tumors, it is possible that the tumors were har
vested just prior to the time when an increase would
have become evident. The mean TI of the recurring tu
mors was 2.7. The mean values of the TI for the 4 groups
are each different from the other by the Student's / test

with 99% confidence with the exception of the static and
recurring groups; the confidence level for a difference
between these 2 mean values is 85%.

Thymidine Indices after Ovariectomy. The estrogen
pool in the body is gradually depleted following ovariec
tomy and this change with time is reflected in a gradual
reduction of the TI (Chart 3). The percentage of cells
utilizing thymidine reaches a nadir (0.2) at 12 days, or
possibly somewhat later, and by 20 days after ovariec
tomy, it appears that the TI of some tumors, at least, is
beginning to increase.

Effects of Steroids on Thymidine Indices. DMBA-fed
rats with 1- to 5-g tumors were ovariectomized, and the
tumors were measured twice weekly to establish evi
dence of regression. Thirty days after ovariectomy, ad
ministration of progesterone (8 mg/rat/day) and estradiol
(2 /ug/rat/day) was begun and was continued daily for 4
or 8 days. At each of these time periods, TdRv'H was
given to groups of untreated and hormone-stimulated

Table 2
Effects of steroids administered after ovariectomy on TTs of

DMBA -induced adenocarcinoma

TI

Treatment andscheduleEstradiol

and progesterone,dailyfrom
Days 30 to 33Control0.30.61.40.9Steroid

treatment6.51.315.92.914.5

Mean

Estradiol and progesterone, daily
from Days 30 to 37

0.8 Â±0.5 8.2 Â±6.7

ConfidenceStudent's
t>90%0.80.70.80.30.92.93.8leveltest9.413.92.510.918.915.6

Mean 1.5 Â±1.3 11.9 Â±5.7

Confidence level
Student's r test

>99%
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Chart 5. Curve A, the increase in mean calculated tumor mass (in
cluding growing, regressing, and static tumors) with time. Curve B, the
increase in mean tumor mass with time for the growing tumors only.
Data for individual tumors were excluded at the time that calculated
mass began to show evidence of regression. The percentage of tumors
still growing at each time period is indicated at top of curve. Curve C,
a calculated growth curve based on an unchanging cell cycle time of 22
hr and 100% proliferative population.

rats. Only tumors that had shown evidence (Chart 4) of
regression following ovariectomy were chosen for study
(Table 2). The TI of the stimulated tumors was approxi
mately 10 times the index for the untreated tumors and,
although the values are variable, the confidence level
calculated by Student's / test is greater than 90% for the

mean values at 4 days and greater than 99% for the mean
values at 8 days.

Growth Curves. The mass of 100 tumors was calcu
lated from weekly caliper measurements of length and
width by the formula

Mass (mg) = (1 X w*)/2.

The average mass of all tumors (growing or regressing)
at each period was used to plot Curve A in Chart 5.
Curve B represents only those tumors that show evi
dence of continuing growth. The data for a tumor show

ing evidence of regression were eliminated from the
average at that time period. The percentage of tumors
still growing at each period is shown at the top of the
graph. Curve C represents the growth curve that might
be expected if tumors fulfilled the following conditions:
(a) 100% proliferative fraction; (b) no cell loss; (c) an
average cell cycle of approximately 22 hr which does not
change with age or mass of tumor.

Doubling times calculated from the growth curve from
the time of appearance of the tumor are longer than the
measured length of the cell cycle. This observation might
be explained by a low proliferative fraction, by high cell
loss, or by a combination of the 2 factors. The relatively
low TI of growing tumors is consistent with a low prolif
erative fraction but does not exclude the possibility of
cell loss.

DISCUSSION

The kinetic studies of the DMBA-induced mammary
adenocarcinomas indicate that the Tc of growing tumors
is approximately 1 day at a time when the tumor mass
doubling time is 9 days (Chart 5). The Tc falls within the
range of 0.5 to 1.5 days which is consistent with that of
many transplantable and spontaneous rodent tumors (4,
12, 13, 18, 21). Other investigators (16, 17) have studied
the cell cycle of DMBA-induced tumors of the hamster
cheek pouch and found Tc's ranging from 0.5 to almost 1

day depending on the strain of hamster.
In the mammary adenocarcinoma, as in the DMBA-

induced tumors of the hamster, the TI is small, less than
10 during most of the growth period. The low TI infers
that the growth fraction (11) is also low. This low prolif
erative fraction may contribute to the poor response of
the DMBA-induced tumors in rats to chemotherapy with
cycle-specific agents. The possible relationship of prolif
erative fraction and response to chemotherapy has been
discussed by Laster et al. (10).

The growth rate (Chart 5) appears to decrease with in
creasing size of the tumor and may reflect a decreasing
proliferative fraction or an increasing rate of cell loss. A
high percentage of the earliest appearing tumors have
been shown to be adenocarcinomas and hormone respon
sive (8); hormone sensitivity appears to decline with in
creasing tumor age and, concomitantly, with increasing
time from exposure to DMBA.

The TI decreases markedly for 2 to 3 weeks during
ovariectomy-induced tumor regression. A small but sig
nificant percentage of cells utilize TdR-'H even during

the period of stasis of tumor size following ovariec
tomy; they may represent an element of the tumor popu
lation which did not respond to hormone intervention.

The TI of tumors following ovariectomy-induced re
gression increases significantly within 4 days after initia
tion of treatment with estradici and progesterone. This
effect on TI is evident in many tumors before gross evi
dence of increased tumor mass is observed. Following 8
days of treatment with hormones, increased tumor mass
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as well as an increased TI becomes evident. These re
sults would indicate that a hormone-responsive element
is present (possibly dormant) in the regressed tumor and
responds to hormone stimulation by an increase in DNA
synthesis.

Epifanova (5) observed an increased proliferating pool
of cells and a decrease in the length of the cell cycle of
the uterine surface epithelium in the mouse following
estrogen stimulation. The Tc decreased from 42 to 26 hr
with a decrease in Ts from 8.5 to 5.5 hr. Other investiga
tors have observed a lesser decrease in both Ts and Tc
of nontarget tissues of the mouse following 17#-estradiol
(6) and a decrease in the cell cycle of normal alveoli of
mouse mammary glands following treatment with 17/3-
estradiol and progesterone (3).

The observed increase in TI of the DMBA-induced tu
mors following hormone stimulation probably could not
be explained solely by decrease in the cell cycle without
a concurrent increase in the proliferating fraction. If both
TS and Tc were reduced proportionately, the TS/TC ratio
would remain almost constant and the TI would not
change. If only Tc were decreased (possibly from 22 to
11 hr) and Ts remained the same (i.e., 8.5 hr), then the
ratio of Ts/Tc might change by a factor of 2 with a simi
lar increase in TI. Hence, it would seem likely that a
significant percentage of the 10-fold increase in TI fol
lowing hormone therapy might be attributable to an in
creased proliferative fraction.

Studies of the kinetics of DMBA-induced mammary
adenocarcinoma indicate that the TI of these tumors is
related to the growth history (i.e., high in growing, low in
regressing, intermediate in recurring, etc.) and the length
of cell cycle of the growing tumors is approximately 22
hr.
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