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ABSTRACT

The potential of individual stages of the rat estrous cycle to
alter the incidence and subsequent behavior of mammary carci
nomas induced by a single dose of W-methyl-W-nitrosourea on

diestrus, proestrus, or estrus was examined. Mean latencies to
first tumor appearance in diestrous, proestrous, and estrous
groups were 86, 71, and 69 days, respectively (P < 0.05 diestrus
versus proestrus, estrus). Tumor incidence in diestrous rats given
injections (73%) was significantly lower than in proestrous (87%)
or estrous (89%) animals given injections, as was the mean
number of tumors per rat. However, the number of days required
for tumors to reach 1 cm in diameter in diestrous animals given
injections (13.0) was significantly lower as compared with tumors
in rats given injections during proestrus (19.3) or estrus (22.2).
In later growth stages, the diestrous tumor doubling time was
one-half that of tumors in proestrous rats given injections. Flow
cytometric analysis of tumor tissues during midlog and later
growth phases did not reveal any significant changes in ploidy
or growth fractions between groups. Further, there was no
significant difference in tumor cytosol estrogen receptor inci
dence, affinity (Ka), or content between groups, although tumor
cell nuclear receptor for estrogen was higher (38.3 fmol/mg DNA;
P < 0.05) in proestrous rats given injections than in diestrous
(21.6) or estrous (21.8) animals given injections. These data
support the concept that the prevailing hormonal profile of the
estrous cycle at the time of tumor initiation modulates the
subsequent induction of mammary tumors. Further, the absence
of any observed difference in tumor behavior between proestrous
and estrous rats given injections suggests that prolactin does
not impose an additive or synergistic effect on the initial stage
of tumor induction when mammary gland epithelial cell DNA is
previously stimulated by estrogen.

INTRODUCTION

The induction of mammary tumors in female rats has been
widely used as a model system for studying the mode of action
of chemical carcinogens (1-7). An interesting possibility is that

the increases in circulating estradici or prolactin which occur at
discrete intervals during the rat estrous cycle may alter the
sensitivity of mammary glands exposed to carcinogens. Estradici
levels are highest during the morning of proestrus at least 8 h
before the late afternoon surge of prolactin (8,9). Thus, potential
effects of these 2 hormones on tumor induction should be
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separable. Initial studies designed to examine the influence of
the rat estrous cycle on mammary tumor induction were per
formed using DMBA.3 However, interpretation of the results is

difficult due to the 16-h delay in maximal DMBA:mammary gland

DNA adduci formation (2,4), which places the formation of active
metabolites and their subsequent binding to DNA over the entire
time course of estrogen and prolactin secretion.

We have recently demonstrated that the timing of NMU admin
istration during maximal estradici secretion is associated with a
decreased tumor latency, increased tumor number per rat, lower
ER content, and slower tumor growth rate (3). While our initial
study took advantage of the rapid and direct alkylation of DNA
by NMU (10), the multiple-dose regimen that was selected (1)

complicated our ability to accurately assess the relationship
between the initial stages of carcinogen presentation and poten
tial modification of subsequent tumor induction. Since it is known
that a single i.v. dose of NMU reproducibly induces mammary
tumors (11), we surmised that such a treatment protocol prior
to or during the peak of estradici secretion, and following the
rise in prolactin, could be used to establish whether prolactin
exerted an additive or synergistic effect to that of estrogen on
tumor induction. To investigate this hypothesis, we examined
the relationship between administration of a single dose of NMU
on diestrus, proestrus, or estrus, and mammary tumor incidence,
latency, number, growth rate, and hormone receptor status. The
latter provides a marker for potential hormone responsiveness.
Our initial results on a small number of animals were reported in
abstract form (12) and comprised part of the present report.

MATERIALS AND METHODS

Tumor Induction and Assessment. One hundred seventy-five 38- to
40-day-old virgin female Sprague-Dawley rats (Hartan, Madison, Wl) were

housed in polycarbonate cages, fed a commercial diet and water ad
libitum, and maintained under a 12-h light-12-h dark lighting regimen. At

age 50 to 51 days, the rats were weighed and separated according to
the stage of the estrous cycle. Eighty-five rats in diestrus (leukocytic

smear), 60 rats in proestrus (nucleated smear), and 30 rats in estrus
(comified smear) each received a 50-mg/kg body weight dose of NMU

(Sigma Chemical Co., St. Louis, MO) i.v. via the jugular vein under light
ether anesthesia, as previously described (11).

The mammary chains were palpated twice weekly following NMU
exposure to determine the presence of tumor. Tumor latency was defined
as the number of days that elapsed subsequent to carcinogen treatment
until a palpable lesion was noted. Tumor size was then recorded twice
weekly until a diameter of 1 cm in at least one dimension was attained.
Volume (V) was estimated according to the formula: V = length x width
x depth x 7T/6. Initial growth was arbitrarily defined as the number of

'The abbreviations used are: DMBA, dimethylbenz(a)anthracene; NMU, N-
methyl-W-nitrosourea; HAP, hydroxyapatite; DES, diethylstilbestrol; TEB, terminal
end buds; TED, 10 mM Tris-HCI:1.5 mw EDTA:0.5 mw dithiothreitol, pH 7.4; ER,
estrogen receptor(s); ERN, nuclear estrogen receptor(s); FCM, flow cytometry.
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days required for the tumor to reach 1 cm in diameter. Tumor volume
was then calculated weekly until the rat was sacrificed. Growth curves
were constructed from tumor volume measurements by analysis of
covariance and linear regression (13) and used to calculate doubling
times. Exponential growth was observed in all groups for only 5 weeks
after reaching 1 cm in diameter. Tumor growth was therefore divided
into 2 additional growth phases: <5 weeks and >5 weeks.

Tumor Removal and HistolÃ³gica! Preparation. On a day of diestrus
approximately 150 days after treatment with NMU, the animals were
sacrificed by carbon dioxide (dry ice) asphyxiation between 8:00 and
11:00 a.m. Mammary tumors were dissected from surrounding tissues,
necrotic tissue (if present) was removed, and representative specimens
from each tumor were fixed in 10% buffered formalin. The remainder of
each tumor was immediately frozen over dry ice and stored at -70Â°C.

At autopsy, the abdominal and pleural cavities were examined visually
for mÃ©tastases.

Buffers and Reagents. ER assay buffer was essentially TED buffer.
Hydroxyapatite (Bio-Rad Laboratories, Richmond CA) was prepared as
a 60% (w/v) slurry in TED buffer. Radiolabeled 17/3-[1,2,6,7-3H]estradiol

(102 Ci/mmol) was obtained from New England Nuclear (Boston, MA).
Radioinert DES was obtained from Sigma Chemical Co. (St. Louis, MO).
Additional reagents were obtained from Fisher Chemical Co. (Pittsburgh,
PA).

Cytosol ER Assay. Tumor cytosol was prepared at a 1:10 dilution as
previously described (3) for the analysis of ER content. Final protein
concentrations were 1 to 2 mg/ml (14). Saturation analyses of ER were
done essentially as previously described (3), with the substitution of a
modified HAP method (15) for the dextran-coated charcoal method

originally used to separate bound from free steroid. Briefly, aliquots of
tumor cytosol (200 p\) were added to 2 parallel series of 8 tubes. One
series contained 0.05 to 5.0 nw radioactive estradici; the other contained
the same range of radiolabeled estradici plus a 100-fold excess of DES

to correct for nonspecific binding. All of the tubes were incubated for 16
h at 4Â°C. Following the incubation period, 200 pi of a 60% (w/v)

hydroxyapatite slurry were added to the tubes, which were then mixed,
incubated on ice for 10 min, and centrifugea at 1800 x g for 5 min. The
pellets were then washed 3 times with 1.0-ml aliquots of cold TED,

resuspended in 1.0 ml of absolute ethanol, and extracted by incubating
at 30Â°C for 30 min. Following extraction, the tubes were immediately
chilled on ice and centrifuged (2000 x g, 15 min) at 0-4Â°C. Lastly, the

supematants were counted in a Beckman LS 7500 liquid scintillation
counter with 40% efficiency. Binding constants and total specific binding
of estradici were calculated according to the method of Scatchard (16).

ERN Assay. For the isolation of nuclei, tumor tissue homogenates
were prepared at 1:10 (w/v) dilutions in TED as previously described (3).
Aliquots of 1.0 ml were layered over 1.0-ml pads of 1.2 M sucrose in 12-
x 75-mm tubes (17). The tubes were centrifuged for 30 min at 2000 x g
at 4Â°C,and the nuclear pellets were resuspended in 200 n\ of TED. For

single-point assays of ERN content, nuclei were prepared in quadrupli

cate. Radiolabeled estradici was added to a final concentration of 5 nM
in the presence or absence of a 100-fold excess of DES. The tubes were
incubated for 30 min at 30Â°Cto permit the determination of total ERN

content (18). Following exchange, the tubes were immediately chilled on
ice, and HAP was used to separate bound from free steroid as described
above. For each tumor sample assayed, an additional nuclear pellet was
prepared in parallel and used to determine the content of DNA (19).
Saturation analyses of ERN were done using nuclei prepared as de
scribed above. Radiolabeled estradici was used in a concentration range
of 0.05 to 5.0 nM, with and without a 100-fold excess of DES to correct

for nonspecific binding. Total ERN was measured under exchange
conditions, and HAP was used to separate bound from free steroid as
described above. Data were analyzed according to the method of Scat-

chard (16).
Sucrose Density Gradient Analyses. Tumor tissue cytosols were

prepared in TED at dilutions of 1:6 and 1:8 (w/v), and receptor size was
determined as previously described (3).

Flow Cytometric Analysis. Tumor cell nuclear DNA content and cell
cycle phase distribution were analyzed by FCM using a propidium iodide
(Sigma) staining technique (20). Tumor samples were obtained by biopsy
under light ether anesthesia or upon sacrifice. Biopsied tumors were not
used in the calculation of tumor growth rates. Liver nuclei prepared from
50- to 60-day-old female Sprague-Dawley rats were prepared and

stained in an identical manner to the tumor samples and used as normal
diploid standards. Tumor ploidy was defined by the DNA index, which
was calculated as the ratio of the peak channel number of tumor G0-Gi
cells to the peak channel number of the standard (liver) Go-Gi cells (21,

22).
Statistical Analyses. Tumor latencies, number per rat, ER and ERN

contents, Kds, and DNA indices were compared by one-way analysis of

variance with linear contrasts (13). Tumor incidence and the presence of
ER and ERN were compared by x2 with linear contrasts applied where

needed (PDP-11 version 1b-00; Software Development, Inc., Middlebury,
VT). Tumor growth curves were compared by one-way analysis of
variance and covariance and linear regression by the least-squares

method (13). Prior to analyzing tumor growth by linear regression and
analysis of covariance, it was necessary to convert the raw data to Iog10
due to heterogeneity among the variances calculated for the 3 groups.
The variances calculated for the remaining data were homogeneous and
did not require transformation prior to analysis.

RESULTS

Effect of NMU on Estrous Cycle. Injection of NMU briefly
altered estrous cyclicity in 53% of rats given injections on dies
trus, 38% of rats given injections on estrus, and 28% of rats
given injections on proestrus. The changes in cyclicity were
manifest almost exclusively as increases in the length of the
cycle during which NMU was administered. Estrous cycle delay,
when it occurred, ranged from 1 to 15 days, regardless of the
day of injection of NMU. Vaginal epithelium was either constantly
comified (estrus) or leukocytic (diestrus) during these periods,
and approximately 90% of all rats returned to a regular 4- or 5-

day cycle within 1 to 2 cycles following NMU injection. Vehicle
injection to additional groups of rats did not alter the estrous
cycle (3).

Two animals each from the diestrous and estrous groups
succumbed to the carcinogen within 24 h after injection, exhibited
no overt pathology, and were not included in the incidence data.

Tumor Incidence, Latency, and Growth. Tumor incidence
was significantly higher in the groups given injections of NMU on
proestrus/estrus compared to the diestrous group (Table 1). A
significantly shorter mean tumor latency observed in rats treated

Table 1

Behavior of rat mammary carcinoma induced by NMU exposure on different days
of the estrous cycle

At 50 to 51 days of age, virgin female Sprague-Dawley rats each received a
single 50-mg/kg i.v. dose of NMU in 0.9% NaCI solution on the indicated day of
the estrous cycle. The rats were palpated twice weekly to monitor tumor latency
and development.

Latency to first Total No of tumors/
Day of NMU tumor appear- tumors/ tumor-bearing

exposure Tumor incidence ance (days) group rat

DiestrusProestrusEstrus61/83(73)""52/60

(87)25/28
(89)86Â±2.4c-d71

Â±2.269
Â±3.6116122531.8

Â±0.1"2.4

Â±0.22.1
Â±0.2

8 Numbers in parentheses,percentageof tumor-bearing rats.
b P< 0.05, diestrus versus proestrus and estrus (x2 with linear contrasts).
c Mean Â±SE.
d P < 0.05, diestrus versus proestrus and estrus (analysisof variancewith linear

contrasts).
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during proestrus/estrus compared to those animals receiving
injections in diestrus is also summarized in Table 1. Median
tumor latencies of the proestrous/estrous groups given injections
were also shorter than that of diestrous rats given injections
(Chart 1). In spite of a longer latency, the mean time required for
a tumor to grow from a nodule detectable by palpation to a size
of 1 cm in diameter was significantly less for tumors of the
diestrous group compared with the proestrous and estrous
groups [13.3 Â±1.0 (SE) versus 19.3 Â±2.5 and 22.2 Â±4.6 days,
respectively; P < 0.05]. Mean tumor doubling times calculated
over the first 5 weeks of logarithmic growth were also shorter in
the diestrous group (8.4 days) than either the estrous (11.2 days)
or proestrous (14.7 days) groups. The observed differences in
tumor growth rates were not significant, possibly due to the
large variance that was encountered with increasing tumor vol
ume in rats with multiple lesions. In addition to the increased
tumor incidence, rats given injections of NMU on proestrus or
estrus developed significantly more tumors per rat than those
given injections on diestrus (Table 1).

Tumor Histology and Metastasis. The differences noted in
tumor incidence, latency, and growth between groups of tumor-

bearing rats were not a result of histological variation. Tumor
specimens from all 3 groups were morphologically indistinguish
able. All tumors were adenocarcinomas with sheets and cords
of cells that were many layers thick. At necropsy, all tumors
were lobular and encapsulated, with no invasion of the body
wall. No grossly observable mÃ©tastasesto liver, spleen, or lungs
were present. The distribution of tumors between mammary
glands was random as to side of the body (left or right) and
gland site (i.e., cervical to inguinal).

Cytosol Receptor Binding. It was found that tumors from
each of the 3 NMU injection groups contained ER. However, the
incidence of ER-positive tumors within each group was not

â€¢Diestrus injection
o Proestrus injection

Estrus injection

100%. Tumors which were considered to fall into the ER-nega-

tive groups contained either <3.0 fmol of receptor per mg of
protein or bound estradici with an equilibrium dissociation con
stant in an unacceptable range (Kd> 1 nM). Even though tumors
from the latter class exhibited a linear binding curve for radiola-

beled estradici, they were not included in calculating the ER
contents and Kds shown in Table 2. With this qualification, the
incidence of ER-positive tumors was 80% (28 of 35) in tumors

removed from rats of the diestrous group receiving injection,
87% (26 of 30) in tumors of the proestrous group, and 71% (10
of 14) in tumors removed from rats of the estrous group given
injection (Table 2). The incidence of tumors exhibiting Ka values
of >1 nM for estradici was 14% (5 of 35) in the diestrous group
given injection, 10% (3 of 30) in the proestrous group, and 14%
(2 of 14) in the estrous group receiving injection. The balance of
the tumors assayed had no detectable binding capacity for
estrogen. In the tumors considered to be positive for ER, Scat-

chard analyses of saturation data indicated the presence of a
single class of high-affinity binding sites for estradici. Statistical

analyses of these data indicate that there were no significant
differences in either ER contents or equilibrium dissociation
constants for estradici in tumors from the 3 injection groups
(Table 2).

Sucrose density gradient analyses of ER in tumor cytosols
from all 3 groups demonstrated similar characteristics. Migration
of receptor to both 4 to 5S and 7 to 8S regions was observed.
In all cases, the peaks were suppressed by an excess of DES
(data not shown).

ERN. Table 3 shows the results of ERN assays performed
with a series of tumors derived from each NMU injection group.
Consistent with the restrictions used to calculate ER content
and Ka, a sample exhibiting nuclear binding of radiolabeled estra
dici was considered to be positive for ERN only if the content
was 3.0 fmol/mg DNA or greater. As summarized in Table 3, the
number of tumors assayed per group is similar to that presented
in Table 2. However, the number of samples is not identical
since, in several instances, tumor tissue was limiting, and both
ER and ERN could not be assessed in the same sample. Similar
to ER, all 3 groups of tumor-bearing rats contained ERN-positive

tumors, with an incidence within groups of 82% (31 of 38) in the
diestrous group, 89% (33 of 37) in the proestrous group, and
75% (15 of 20) in the estrous group (Table 3). Although the
differences in the incidences of ERN between groups were not
significant, the mean tumor ERN content was higher (P < 0.05)
in the proestrous group as compared with the diestrous or
estrous groups, whose mean ERN contents were similar (Table
3). The Ka values reported in Table 3 were determined using

Table 2

ER dynamics in tumors induced on different days of the estrous cycle
NMU-induced mammary tumors were removed from rats sacrificed on diestrus

and assayed for cytoso! ER using HAP as described in "Materials and Methods.'

40 50 60 70 80 90 IOO IIO I20 ISO

Days after NMU injection
Chart 1. Percentage of animals uninvolved with tumor with time following NMU

exposure on different days of the estrous cycle.

Day of
NMU in

jectionDiestrus

Proestrus
EstrusNo.

of tumors/
no. ofrats35/27

30/17
14/7ER

content
(fmol/mg

protein)17.8
Â±1.8s'6

25.4 Â±4.3
23.6 Â±4.5Affinity

(nM)0.35
Â±0.036

0.47 Â±0.05
0.50 Â±0.01Incidence

of
ER*tumors28/35

(80)c'd

26/30 (87)
10/14(71)

* Mean Â±SE.

Not significant, diestrus versus proestrus and estrus (analysis of variance).
c Numbers in parentheses, percentage of ER-positive tumors.

Not significant, diestrus versus proestrus and estrus (x2).
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Mammary tumor ERNdynamics
Mammary tumors were removed on diestrus and assayed for ERN. Nudel were

prepared by a modified sucrose pad method (17) and assayed in duplicate or
triplicate by single-point exchange assays at 30Â°Cfor 30 min. Saturation analyses

were also done under exchange conditions, and data were analyzed according to
Scatchard (16). All separations of bound and free steroid were by the modified
HAP method described in â€¢Materialsand Methods."

Day of NMU
injectionDiestrus

Proestrus
EstrusNo.

of tumors/
no. ofrats38/23

37/19
20/10ERN

content
(fmol/mgDNA)21

.6 Â±3.1"
38.3 Â±7.5"

21.8 Â±4.0Affinity

(HM)0.41

0.35
NDeIncidence

of
ERN*tumors31/38(82)t>-c

33/37 (89)
15/20(75)

8 Mean Â±SE.
* Numbers in parentheses, percentage of ERN-positivetumors.
c Not significant,diestrus versus proestrus and estrus (x2).

P< 0.05, proestrusversusdiestrusandestrus(analysisof variancewithlinear
contrasts).

8 ND, not determined.

Table 4
Flow cytometric analysis of mammary tumor tissue during midlog phase and end

stage growth
NMU-inducedmammary tumors were biopsied under light ether anesthesia(<5-

week groups) or removed at autopsy. Tumor samples were prepared and stained
with propidium iodide as previously described (20). Normal rat liver was prepared
and stained in an identical manner and used as diploid standard.

ERN content
Day of NMU Wk of growth (fmol/mg % of cells in

injection (1-cm lesion) DNA index DNA) G0-G,

Diestrus
Diestrus
Proestrus
Proestrus<5

(n = 9)
>5 (n = 9)
s5(n = 10)
>5 (n = 5)0.93

+ 0.028'6

0.96 Â±0.02
1.00 Â±0.03
0.96 Â±0.0613.2

Â±2.2*

15.8 Â±2.5
20.7 Â±4.0
17.1 Â±4.087.0

Â±4.7
91.0 Â±1.8
91.0 Â±1.4
90.0 Â±1.8

8 Mean Â±SE.
" Not significant,diestrus <5 versus proestrus <5.

pooled tissue samples from the appropriate groups, as a sub
stantial amount of tissue was needed to prepare enough nuclei
by the sucrose pad method to conduct saturation analyses.
However, Scatchard plots of the saturation data indicated the
presence of a single class of high affinity binding sites for
estradici in the tumors of proestrous and diestrous animals given
injections.

Flow Cytometric Analyses. Table 4 presents the results of
flow cytometric analyses of tumor samples from diestrous and
proestrous animals receiving injections. Tumor samples obtained
either by punch biopsy or at sacrifice were placed into 2 groups:
<5 weeks or >5 weeks of post-1-cm growth at the time of the

analyses. As shown in Table 4, in terms of DNA index and the
percentage of cells in the G0-Gi phase of the cell cycle, there

were no differences between tumors from diestrous and proes
trous rats given injections either early or late in the tumor growth.
The results suggest that the tumors in both groups (diestrous
and proestrous) were diploid with similar proportions of cells in
the proliferative state. Only one tumor of 34 examined by FCM
had an aberrant DNA distribution profile, being extremely hypo-

diploid. FCM analysis of a limited number of tumors, i.e., 5, from
the estrous group gave similar results to those obtained for the
diestrous and proestrous groups (data not shown).

Most of the tumors examined by FCM were also assayed for
ERN. The overall incidence of ERN-positive tumors was 86%

(12 of 14 and 13 of 15, in diestrous and proestrous groups,
respectively). One of 2 tumors negative for ERN, in the proes
trous groups, was the extremely hypodiploid lesion previously
noted. Mean tumor ERN contents were not significantly different

in tumors in early or late growth phase Â¡neither diestrous or
proestrous groups.

DISCUSSION

Carcinomas induced by the polycyclic aromatic hydrocarbon
DMBA have been shown to arise from undifferentiated mammary
gland structures known as TEB, which are largely confined to
young, virgin female rats (5). After 55 to 60 days of age or
following pregnancy and lactation, the population of TEB is
reduced by differentiation into the more mature quiescent struc
tures of the developed mammary gland. At this time, chemical
carcinogens generally fail to induce carcinomas (2, 5).

It is assumed that female rats of age 50 to 55 days are most
susceptible to chemical carcinogens, because TEB at this age
exhibit their most rapid rate of DNA synthesis (5). The total cell
cycle length in TEB is 9 to 10 h, of which 6 to 7 h are spent in S
phase, 1 h in G2 + M phase, and the balance in the G0-G, phase
(5, 23, 24). These parameters are altered directly by estrogen or
prolactin, which reduce the time spent in S phase by increasing
the rate of DNA synthesis and, thus, the rate of mitosis in the
TEB (6, 23-25). Hormone-stimulated acceleration of the rate of

mitosis may be a critical factor in mammary tumorigenesis, since
it has been shown that cells which are rapidly synthesizing DNA
and dividing have a higher oncogenic response than do more
quiescent cells, possibly due to a greater fixation of lesions in
DNA (2, 4, 5, 26, 27).

This idea received support from our initial study of NMU
induction of rat mammary gland cancer (3). The carcinogenic
activity of NMU, a direct alkylating agent of extremely short half-
life (5 to 15 min at 37Â°C,pH 7.4) (10), was altered when it was

administered to female Buffalo (BUF/N) rats at different stages
of the estrous cycle (3). Modification of NMU-induced tumorigen

esis was manifested by shorter tumor latencies and a greater
number of tumors per rat when the carcinogen was injected
early on the mornings of proestrus or estrus, relative to diestrus.
Group specific differences in tumor growth rates and estrogen
and progesterone receptor incidence and content were also
noted.

In contrast to our previous work in this area, we have modified
the carcinogen dosage and regimen and the strain of rat used.
Nonetheless, the data presently reported correlate well with
those of the initial 3-dose study (3). We observed a decreased

tumor latency, greater number of tumors per rat, and a higher
tumor incidence in proestrous/estrous rats given injections com
pared to those injections on diestrus. It should be noted that, in
contrast to the present study, there was no statistically signifi
cant difference in tumor incidence between groups with the
multiple-dose regimen (3) or in our initial report with a small
number of animals (12). Further, the initial (1-cm diameter) tumor

growth rate was more rapid in the diestrous groups, compared
to the proestrous/estrous groups. Unlike the former study (3),
no significant difference between the groups in measurable tumor
growth rates (past 1.0 cm in diameter) was noted. This was
possibly due to the increased variance in tumor volume with
increasing size in rats with multiple lesions. The number of
tumors per rat was reduced by 50% across the groups in the 1-
dose induction experiments as compared to the 3-dose regimen.

The latter regimen may have influenced tumor growth by increas
ing the tumor burden on the individual animals, contributing to
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the decreased growth rate observed in proestrous rats given
injections in our earlier study.

The growth data of both studies do not agree with those of
Nagasawa ef al. (27), suggesting that tumors from rats given
injections of DMBA during the evening of diestrus grow at a
slower rate than those in rats given injections on proestrus. The
difference possibly lies in the delay in DMBA:DNA adduct for
mation which would place maximum carcinogen binding at the
time of maximal estrogen secretion (8, 9, 27). If so, the obser
vations of Nagasawa et al. (27) and those of the present study
actually correlate quite well. A similar relationship would prevail
with previous observations of an increase in tumor number in
rats given injections of DMBA on diestrus (7).

Our initial observations of group-specific differences in cytosol
ER content (3,12) do not correlate with data obtained for tumors
induced using a single dose of NMU in large groups of rats at
each stage of the cycle. It is possible that differences in the strain
of rat given injection (BUF/N versus Sprague-Dawley) may have
altered ER content. However, as circulating levels of estradici
and prolactin are similar in both strains,4 this does not seem
likely. The differences may again lie with the NMU multiple-dose
regimen, which would provide more opportunity for hormone
interaction during DNA adduct formation. Repeated NMU alkyl-
ation of DNA, superimposed upon a hormone-induced increase
in DNA synthesis, might provide the stimulus for an increase in
ER-positive cells over that observed following a single injection
of carcinogen. In support of this point, Rose ef al. (28) have also
reported dose regimen-related differences in ER content and
hormonal responsiveness of NMU-induced tumors. Our initial
studies using the single-dose regimen also suggested an in
crease in ER content on diestrus which was not sustained when
the number of rats in each group was increased.

In contrast to ER content, a significant increase (77%) in ERN
content in tumors from proestrous rats compared to diestrous
and estrous animals receiving a single dose of NMU was ob
served. This difference was probably not due to changes in
circulating hormone levels on the day of necropsy, since all rats
were killed on a morning of diestrus. Rather, it may reflect the
endocrine status of the animal at the time of NMU injection.

Our observations on tumor-proliferative activity and ERN con
tent correlate to some extent with those on human breast cancer,
in which proliferative activity and ER contents were inversely
proportional (21, 22). The highest ERN content was associated
with slower-growing tumors from proestrous rats receiving injec
tion. Consistent with data suggesting that ER-positive tumors
are more often diploid than ER-negative tumors (21,22), virtually
all of the tumors from the groups we analyzed by FCM were
diploid (97%), ER positive (88%), and ERN positive (88%), with
no major differences in cell cycle phase distributions in tumors
of the proestrous and diestrous groups (Table 4). A limited
analysis of tumors from the estrous group also gave similar
results (data not shown), and the complete absence of mÃ©tas
tases is concordant with the diploid nature of these tumors.

In sum, the data of the present study suggest that there is a
correlation between the levels of estrogen or prolactin and the
induction of mammary tumors in female rats by NMU. The effect
of estrogen may be to modify either the site(s) at which NMU
exerts its carcinogenic insult or, possibly, the magnitude of that

4W. F. Lindsey and C. W. Beattie, unpublished observations.

insult. For example, the ability of steroid hormones to modify
nitrosourea binding to DNA has been demonstrated by Tew ef
al. (29) using log-phase hydrocortisone-treated HeLa cells in
which transcriptional activity was increased,while DNA synthesis
was depressed. In addition, NMU binds preferentially to DNA
undergoing transcription (30). Thus, in that the only hormone-
mediated events which could be expected to be occurring at the
time of NMU administration to the proestrous group are early
transcriptional events, set in motion by the proestrous surge of
estradiol (8, 9, 31), an estrogen-modulated increase or a site-
specific alteration in DNA alkylation by NMU during early tran
scriptional events in mammary gland epithelial cells may be a
plausible interpretation of the data we obtained in the proestrous
group. This possibility is, indeed, consistent with our experimen
tal model.

The differences observed in tumor induction between the
diestrous and estrous groups may also be a consequence of the
temporal sequence of estradiol action. Nagasawa ef al. (4) have
shown the importance of mammary gland DNA synthesis at the
time of carcinoma induction. The estrous rats given injection in
the present study received NMU early on the day of estais,
approximately 20 to 24 h after the proestrous estrogen surge
(8, 9). This time period postestradiol has been con-elated with

the peak rate of DNA synthesis in estrogen target tissues (31).
The carcinogenic potential of NMU administered at this time may
be enhanced due to an increased number of available alkylation
sites in the epithelial cell DNA or by an increase in fixation of the
lesions in DNA during rapid synthesis (26). While it is impossible
to rule out a role for prolactin in tumor induction or promotion,
the data from the estrous group given injection suggest that, in
combination with estrogen, prolactin is not producing an additive
or synergistic effect on tumor induction. If prolactin had a signif
icant effect on NMU-induced carcinogenicity, tumor behavior in
estrous animals given injection should be expected to differ from
that in the proestrous group receiving injection, in terms such as
a shorter latency, greater number of tumors per rat, etc. While
prolactin may have direct mitogenic effects on normal and neo-
plastic rat mammary tissue (6), there is no correlation between
prolactin binding, tumor growth, and circulating levelsof prolactin
(32). In contrast, circulating levelsof estradiol appear to correlate
with tumor development.

In conclusion, we presently report that mammary tumor induc
tion in rats is modified by timing the administration of a single
dose of NMU. Since all tumors were similar with respect to
histopathology, it is likely that the mechanism(s)of initiation and
cellular transformation are similar. However, tumor initiation ap
pears to be a function of the hormonal status of the rat at the
time of exposure to the carcinogen. Thus, the single-dose NMU
injection regimen should be beneficial for use in studies designed
to characterize the molecular mode of tumor initiation and the
potential modification of in vivo mammary tumor induction by
steriod hormones.
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