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ABSTRACT

Female ACI rats were exposed to diethylstilbestrol (DES) transpla-

centally and followed to 10 months of age to assess the effect of the drug
on mammary development and tumorigenesis. Pregnant rats were given
injections of vehicle (sesame oil) or DES (total dose, 0.8 /ig = low DES
or 8.0 nv, = high DES) on days IS and 18 of gestation. Pellets containing

2.5 mg DES + 17.5 mg cholesterol (DES pellet) or 20 mg cholesterol
(chol pellet) were implanted s.c. into 12-week-old female offspring,

creating 6 experimental groups: vehicle exposure + chol pellet (1) or +
DES pellet (2); low DES exposure + chol pellet (3) or + DES pellet (4);
high DES exposure + chol pellet (5) or + DES pellet (6). At sacrifice,
representative mammary tissue and all palpable mammary tumors were
removed for histopathological analysis. Each of the 6 experimental
groups contained a minimum of 32 rats from at least 14 litters. In
computation of data, the unit of analysis was the litter. Groups which
had received any DES (prenatally or postnatally) were found to have
elongated nipples and enlarged pituitaries. The mammary gland whole
mounts from all rats in groups 4 and 6 displayed extensive lobuloalveolar
proliferation comparable to that seen in DES pellet controls (group 2).
Mammary glands of approximately 75% of rats in groups 3 and 5 were
categorized as showing the lowest grade of differentiation while this
undifferentiated condition was seen in only 36% of group 1 controls. No
palpable mammary tumors were found in rats exposed to vehicle in utero
(group 1). But in group 5, a total of 6 tumors in 5 animals derived from
4 different litters were obtained, a difference shown to be statistically
significant. Group 3 had 1 rat with 8 tumors. Among rats bearing the
DES pellet, tumor latency was shortened significantly in both groups
exposed to DES in utero. By 22 weeks after pellet implantation, 100%
of the DES-exposed litters (groups 4 and 6) contained at least 1 tumor-
bearing rat compared to about 50% of the tumor-bearing litters in group

2. Tumor multiplicity at sacrifice was increased significantly in the group
exposed prenatally to the higher dose of DES. Histologically, the over
whelming majority of palpable mammary tumors from all tumor-bearing

treatment groups were classified as adenocarcinomas. Prenatal exposure
to DES did not alter the ratio of malignant to benign lesions observed,
nor did it affect the degree of differentiation noted in the adenocarcinomas.
Thus, mammary tumors can be induced in female ACI rats by either
prenatal DES exposure alone or by postnatal DES treatment alone, with
the combination of the 2 yielding significantly greater tumor multiplicity
and decreased tumor latency.

INTRODUCTION

The association between ingestion of the synthetic estrogen,
DES,4 by pregnant women and teratogenic and carcinogenic

lesions of the genital tract in their progeny is well documented
(1, 2). Similar histopathological changes following DES expo-
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sure in utero have been demonstrated in several rodent models
(3-5). The differentiating mammary gland is also a target for
possible modification by transplacental exposure to DES. Com
pared with studies on the reproductive tract, however, research
on mammary gland effects following prenatal exposure to DES
has been rather limited. Whether human breast tissue was
adversely affected by DES exposure is not known. To date,
there is no evidence that DES offspring show any higher risk
of breast cancer. However, as with vaginal cancer, the oldest
DES-exposed daughters are now just approaching the age range
when the risk for developing breast cancer is greatest. Data
from several rodent models indicate that exposure to DES or
sex steroids during the perinatal period might be expected to
have adverse consequences on breast development and on the
risk of breast cancer among these women (6).

We have previously shown that exposure to DES in utero
caused impaired nipple morphology in neonatal rats (3) and
altered incorporation of [3H]uridine in the primary duct epithe
lium of 5-day-old pups (7). Our earlier work also showed that
DES exposure in utero was not sufficient to induce an increase
in the incidence of palpable mammary tumors in Sprague-
Dawley rats up to 14 months of age (8). By contrast, the
combination of DES exposure plus DMBA treatment resulted
in a greater tumor multiplicity and a decreased tumor latency
for palpable mammary tumors in DES-exposed rats compared
with vehicle-exposed DMBA-treated controls (8, 9). Thus in
the Sprague-Dawley rat a second carcinogenic insult is neces
sary to observe the effects that prenatal exposure to DES has
on mammary tumorigenesis.

An alternative model for studying the interaction between
estrogens and other factors in mammary tumorigenesis has
been developed by Segaloff and Maxfield (10) and Shei labarger
et al. (11-14) using the inbred ACI (AXC9935) rat strain.
Lifetime studies have revealed an extremely low incidence of
spontaneous mammary tumors in this rat strain (IS). Of partic
ular interest here is the fact that adult female ACI rats developed
mammary adenocarcinomas in response to implantation of
DES-cholesterol pellets, while comparably treated Sprague-
Dawley rats remained free of mammary tumors (14). Further,
only the DES-treated ACI rats developed pituitary adenomas
and were found to have serum prolactin levels 10-40 times
higher than controls.

In light of the exceptional mammary tumor response of the
ACI rat to DES treatment, we felt that this strain could serve
as a useful model for studying the effects of prenatal exposure
to DES on mammary gland development and tumorigenesis.
In the present study we specifically address the question of
whether DES can act alone transplacentally as a mammary
teratogen or carcinogen or whether a subsequent insult (i.e.,
DES pellet) is necessary to observe the effects that prenatal
exposure to DES has on mammary gland development and
tumorigenesis.

MATERIALS AND METHODS

Treatment of Pregnant Rats. Rats of the ACI strain were obtained
from HarÃanSprague-Dawley, Inc. (Walkersville, MD) when they were
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6-8 weeks of age. They were housed in temperature- and light-con
trolled animal quarters and supplied with water and commercial rat
chow ad libitum. Three-month-old virgin females were placed with
males of proven fertility in the late afternoon; day 0 of pregnancy was
established by the presence of sperm in the vaginal smear on the
following morning. DES (Sigma Chemical Co., St. Louis, MO) or
vehicle was administered by s.c. injection to pregnant rats assigned
randomly to 3 treatment groups. Experimental animals received 2
injections of either 0.4 Â¿igDES in 0.2 ml sesame oil (total dose, 0.8 tig
= low DES) or 4.0 /ig DES in 0.2 ml sesame oil (total dose, 8.0 ng =

high DES) on days IS and 18 of gestation. DES treatments were
equivalent to 4.28 and 42.8 Mg/kg body weight, respectively, and were
comparable on a body weight basis to doses used previously to accelerate
mammary tumorigenesis in Sprague-Dawley rats (8, 9). Control ani
mals received 2 injections of sesame oil only. Dams were allowed to
deliver naturally and raise their pups to weaning. After removal of male
offspring litter sizes ranged from 1-7 females per litter.

Postnatal Treatment of Female Offspring. At 12 weeks of age female
littermates in each of the 3 prenatal exposure groups were randomly
assigned to 1 of 2 postnatal treatments, creating 6 experimental groups
(Fig. 1). Treatments consisted of implantation of a 20-mg compressed
pellet containing 2.S mg DES and 17.S mg cholesterol (DES pellet) or
a 20-mg cholesterol pellet. This formulation of DES was chosen from
among those used by Holtzman et al. (16) to induce a high, yet
submaximal, incidence of mammary tumors in this rat strain. The
pellets were implanted s.c. in the interscapular region of each rat under
Nembutal (sodium pentobarbital) anesthesia. Beginning 1 week after
pellet implantation, rats were palpated for mammary tumors every 2
weeks for 100 days and then weekly until termination of the experiment
(7 months postpellet). Surviving animals (93% of initial population)
were sacrificed using a rodent guillotine. Trunk blood was collected;
serum was isolated and frozen at -NOV. Samples for prolactin assay

were randomly chosen from among rats in each group in diestrus. To
control for circadian fluctuations, the time of collection of blood was
noted. For the samples assayed, the mean time of collection was 10:45
a.m. Â±57 min (range, 9:15 a.m. to 3:00 p.m.). Assay for serum prolactin
was performed using a heterologous radioreceptor method as described
previously (17). Samples of nontumorous mammary tissue were re
moved and fixed in 10% neutral buffered formalin, dehydrated through
tetrahydrofuran, embedded in paraffin, sectioned at 10 urn, and stained
with hematoxylin and eosin. The entire right inguinal mammary gland
(no. 5) was prepared as a whole mount; this tissue was fixed between
glass slides in 70% ethanol and stained in alum carmine prior to
dehydration through a graded ethanol series and storage in toluene.
After survey of the entire gland at xl 10 using a Wild stereomicroscope,
each gland was assigned a development score using the following
criteria:

Class 1: undifferentiated; gland with thin ducts; less than 50% of
gland area showed terminal end buds;

Class 2: slight differentiation; ducts with alveolar buds present in
less than 50% of gland area;

Class 3: moderate differentiation; small lobules present in up to 50%
of the gland;

Class 4: fully differentiated; gland filled with enlarged lobules as in
late pregnancy.

At sacrifice the anatomical location of each mammary tumor was noted.
Palpable and nonpalpable mammary tumors were excised, weighed,
and fixed in neutral buffered formalin. At least 3 palpable mammary
tumors from each tumor-bearing animal were selected randomly for
further histolÃ³gica! processing. The tumor tissue was dehydrated in
Cellosolve (ethylene glycol monoethylether, Fisher Scientific, Pitts
burgh, PA.) and toluene, embedded in paraffin, and stained with he
matoxylin and eosin. Each of these tumors was categorized according
to the guidelines of Komitowski et al. (18).

Statistical Methods. This experiment was designed to measure dif
ferences in mammary gland tumorigenesis resulting from prenatal
exposure to and postnatal treatment with DES. Anticipating that we
might analyze the data with a two-way analysis of variance, we chose a
3x2 complete factorial design with 3 levels of prenatal exposure (0,

PRENATALEXPOSURE

VEHICLEâ€”

POSTNATALTREATMENT

-i>1 CHOLESTEROL PELLET
(36 RATS IN 14 LITTERS)

-02 DES PELLET
(32 RATSIN 14 LITTERS)

OBugDES-

-03 CHOLESTEROLPELLET
(45 RATS IN 14 UTTERS)

-t>4 DES PELLET
(32 RATS IN 14 LITTERS)

8 Dug DESâ€”
>5 CHOLESTEROL PELLET

(33 RATS IN 14 LITTERS)

DES PELLET
(47 RATS IN 16 LITTERS)

Fig. 1. Stratification of litters into 6 experimental groups. See "Materials and
Methods" for prenatal exposure and postnatal treatment regimens.

0.8, and 8.0 Â¿tgDES) and with 2 levels of postnatal treatment (choles
terol pellet and DES/cholesterol pellet). Having decided upon a design
and an analysis, it was possible to calculate the minimum number of
litters which would be needed in each of the 6 treatment combinations
using the method of Gill (19). We selected a maximum level of signif
icance of 5% and a minimum statistical power of 80%. In our previous
experiments on DES-associated mammary tumorigenesis using Spra-
gue-Dawley-derived rats, similar treatments increased tumor frequency
90-100% and produced a coefficient of variation of approximately 30%
(9). Taking into account the relatively low fecundity of ACI rats and
wishing to detect a difference of at least 33% in tumor frequency, we
calculated that 14 litters per treatment would be adequate.

Statistical analyses were based on litter means or litter totals; this
measure compensates for similarities among littermates due to maternal
effects and common prenatal exposure. Data analysis included quali
tative variables which were analyzed using contingency tables. To
determine whether prenatal exposure to DES increased tumor inci
dence, the frequencies of tumor-bearing and non-tumor-bearing litters
in groups 1 and 5 were arrayed in a 2 x 2 table and analyzed using
Fisher's exact test. The anatomic distributions (anterior-posterior, left-

right) of palpable mammary tumors were compared among groups 2,
4, and 6 using 3x2 tables and were analyzed using the G statistic
which is distributed approximately as x2.

Time-dependent variables were analyzed using appropriate transfor
mations and regression analysis. To assess tumor latency, the cumula
tive distribution of first tumor per litter for groups 2, 4, and 6 were
subjected to probit analysis (20). Then the T., was determined and the
corresponding 98% fiducial limits on Tft were computed. We desired
the equivalent of a multiple range test in which all possible pair-wise
comparisons among groups could be made, with the limitation that the
overall level of significance should not exceed 5%. Therefore the fiducial
limits were extended so that 0.05 < 1 - (1 - P)3 where 1 - P is the

probability that the true T... lies within the calculated fiducial limits. A
difference in tumor latency was judged statistically significant when the
fiducial intervals surrounding the T, ,s for any 2 groups failed to overlap.

The cumulative incidence of palpable tumors in groups 2, 4, and 6
appeared to increase geometrically with time. Therefore, to compare
the rates at which new tumors were discovered in these groups, both
tumor incidence and time were transformed to positive common loga
rithms and then the log of tumor incidence was regressed on the log of
time. The regression coefficients were compared in a pair-wise fashion
with the limitation that .05 < 1 - (1 - P)3 where P is the level of

significance of individual comparisons.
Continuous variables which were independent of time were analyzed

using a fixed-model analysis of variance. Nipple length, measured in
millimeters, met the assumptions of ANOVA; the Newman-Keuls
multiple range test provided all pair-wise comparisons of treatment
means. Measurements on pituitary gland wet weight were not normally
distributed, so they were transformed to positive square root and then
analyzed by ANOVA and the Newman-Keuls multiple range test.

Variables for which no appropriate transformation could be found
were analyzed by the Kruskal-Wallis test (nonparametric ANOVA),
and pair-wise comparisons were made using the Mann-Whitney test
with the same limitation on overall level of significance described above.
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The degree of mammary gland differentiation was classified on a scale
of 1-4 and then groups 1, 3, and 5 and 2, 4, and 6 were analyzed.
Serum prolactin levels were also analyzed using these nonparametric
statistics.

RESULTS

Mammary Tumorigenesis in Rats with Prenatal DES Only.
The influence of prenatal exposure to DES on mammary tu-
morigenesis was assessed by comparing tumor incidence, la
tency, and histology in groups 1, 3, and 5 (Fig. 1). As expected
for this strain, rats in group 1 did not develop any palpable
mammary tumors in the course of the experiment. But, group
5 (exposed to the high dose of DES /// utero) contained a total
of 5 tumor-bearing rats in 4 different litters, an incidence
significantly different from controls (P < 0.05). Six tumors
were palpable in these 5 rats. There was also one tumor-bearing
rat in group 3 which developed 8 tumors; this incidence could
not be shown to be statistically different from group 1 controls.
Mean time of appearance of all tumors in groups 3 and 5 was
163 days after pellet implantation.

Mammary Tumorigenesis after Prenatal and Postnatal DES.
Several parameters of tumorigenesis were analyzed to deter
mine whether prenatal exposure to DES affected the develop
ment of palpable mammary tumors in female rats treated
postnatally with DES pellets (groups 2, 4, and 6; Fig. 1). The
first palpable mammary tumors in groups 6 appeared 6 weeks
after pellet implantation (Fig. 2), well before tumors appeared
in groups 2 or 4. By 22 weeks after pellet implantation, there
were tumor-bearing animals in all litters which had been ex
posed to DES i/i utero, while approximately one half of the
vehicle-exposed litters contained rats bearing palpable mam
mary tumors at this time point. When these data were analyzed
for tumor latency, the T* was significantly reduced in the DES-
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Fig. 2. Percentage of tumor-bearing litters in groups which had received a

DES pellet postnatally. Group 2, vehicle-exposed (O); group 4, low-dose DES
P); group 6, high-dose DES (A).

exposed groups in a dose-related manner, i.e., group 6 < group
4 < group 2 (P < 0.05; Table 1). Measured another way, the
mean time to appearance of first tumors after pellet implanta
tion decreased from 158 days in control group 2 to 141 days
for group 4 and to 128 days for group 6.

Fig. 3 presents data on the cumulative incidence of palpable
mammary tumors present in groups 2, 4, and 6. When the 3
slopes were analyzed, cumulative tumor multiplicity in group 6
was shown to be significantly different from that in groups 2 or
4 (P < 0.01). At sacrifice, the numbers of both palpable and
nonpalpable mammary tumors in each rat were recorded; the
tumor incidence was then compared among groups (Table 1).
With respect to both the palpable and nonpalpable tumors,
group 6 was characterized by a significantly higher tumor
incidence compared to groups 2 or 4 (P < 0.05).

The anatomic distribution of palpable mammary tumors at
sacrifice was also examined. Irrespective of prenatal exposure,
tumors were evenly distributed between the anterior gland pairs
(48%) and the posterior gland pairs (52%). No significant
differences were found in distribution of tumors on the left and
right sides.

Tumor Histology. All 14 palpable mammary tumors detected
in groups 3 and 5 were sectioned and analyzed histologically:
79% were adenocarcinomas (Fig. 4, a and b) and 21% were

Table 1 Analysis of time of appearance and incidence of palpable mammary
tumors in rats treated postnatally with a DES pellet

Prenatal expo-
Mean no. of mammarytumors/rat at sacrifice''

Group2

4
6treatment"Vehicle/DES

Low DES/DES
High DES/DESTw*

(weeks)22.2

(21.5-23.0)
19.4' (18.8-20.0)
15.2' (14.1-16.4)Palpable2.2

3.0
4.3'Nonpalpable3.3

3.55.2'

'Exposed to vehicle or DES on days 15 and 18 of gestation; DES pellet

implanted at 12 weeks of age.
Analyzed by the probit method of Finney (SAS program). Numbers in

parentheses, 95% Fiduciallimits.
'Mean number of palpable mammary tumors per rat at 28 weeks after

implantation of a DES pellet. Data were analyzed by litter.
''Experimental groups were significantly different from each other and from

vehicle-exposed controls, P Â£0.05.
' High DES group significantly different from groups 2 or 4, P < 0.05.

5 r-

o 2

UJ O
o I
y 2

4 8 12 16 20 24 28
TIME AFTER DES PELLET IMPLANTATION

(WEEKS)

Fig. 3. Tumor multiplicity among groups which received DES pellet postna
tally. Group 2, vehicle-exposed (O); group 4, low-dose DES (D); group 6, high-
dose DES (A).
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DES EFFECTS ON RAT MAMMARY DEVELOPMENT AND TUMORIGENESIS

Fig. 4. a, well-differentiated mammary ad-
enocarcinoma. Note cystic dilation of ducts.
Bar, 27 fÂ¡m.b, area of anaplastic adenocarci-
noma. Bar, 14 um.

Fig. 5. a, tubular (simple) adenoma. Bar,
27 (<m. h, higher magnification of a. Bar, 14
If IDÂ»

tubular (simple) adenomas (Fig. 5, a and h). Representative
sections of nontumorous mammary tissue from all 6 tumor-
bearing rats in groups 3 and 5 showed evidence of extensive
epithelial proliferation and lobular development, appearing in
distinguishable from mammary tissue of rats in groups 2, 4,
and 6 which had received postnatal DES treatment (Fig. 6). In
contrast, mammary tissue from each of the vehicle-exposed
controls (group 1) and tumor-free rats in groups 3 and 5 were
judged to be atrophie, typical of a virgin animal.

Out of SOI palpable mammary tumors removed from rats in
groups 2, 4, and 6, 287 tumors (up to 3 per rat) were selected
randomly for histological analysis. Overall, almost 90% of these
tumors were adenocarcinomas. The degree of differentiation of
the adenocarcinomas ranged from highly differentiated (Fig.
4a) to anaplastic (Fig. 4b). However, there was no apparent
difference among the prenatal exposure groups with respect to

the degree of differentiation shown among the adenocarcinomas
examined. Two adenocarcinomas (1 from group 2 and 1 from
group 6) displayed areas of stratified squamous epithelium with
keratin pearl formation (adenoacanthoma; Fig. 7). Fibromas
were very rare; other proliferative lesions distributed over the 3
groups included tubular adenomas and cystadenomas.

Abnormalities of Mammary Development. Whole mounts of
nontumorous mammary tissue from the right fifth gland were
prepared in order to examine the degree of differentiation of
the gland. A 4 point grading system was used to assess the
extent of development and proliferation in each preparation.
Examples of each category are shown in Fig. 8. The effect of
the s.c. DES pellet was most obvious, with extensive lobuloal-
veolar differentiation (class 4) comparable to that seen in late
pregnancy found in 98% of the specimens from groups 2, 4,
and 6. Of these 111 rats, mammary glands of only 2 were
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categorized as having only a moderate (class 3) level of differ
entiation. Both of these rats were from group 2 and were among
the 5 in this group which remained free of palpable mammary

Fig. 6. Well-differentiated mammary tissue typical of rats bearing a DES
pellet. Bar, 55 iÂ¡m.

tumors throughout the experiment.
Differentiation scores of whole mounts from rats in groups

1, 3, and 5 are presented in Fig. 9. None of the cholesterol
pellet-bearing animals displayed the class 4 (extensive lobuloal-
veolar) differentiation characteristic of the DES pellet-bearing
rats. Litters in group 1 showed considerable variability in dif
ferentiation score, with an almost equal distribution among
classes 1, 2, and 3. In contrast, a majority of glands in groups
3 and 5 (58 of 78 = 74%) were categorized as class 1 (Fig. 8a);
only those 6 rats (8%) which developed palpable mammary
tumors at other sites had gland tissue rated as class 3.

Another aspect of mammary morphology affected by DES
exposure and treatment was the size of the nipples. This effect
was first noted as palpations for mammary tumors began at 3-
4 months of age. All rats which had received any DES exposure
or treatment had nipples which were clearly elongated com
pared to unexposed/untreated controls. At necropsy, nipple
lengths were measured, and analysis of the data confirmed our
initial impressions that both DES exposure and DES treatment
affected nipple length (Table 2).

Effects on Pituitary Weights and Serum Prolactin. Rats ex
posed to DES in utero were found to have significantly enlarged
pituitary glands at necropsy. When groups 1, 3, and 5 or groups
2, 4, and 6 were compared, there was evidence of a dose-
dependent increase in pituitary wet weight (Table 2).

Serum proludili levels from 15 rats in groups 1, 3, and 5, all
in diestrus, ranged from 28-1900 ng/ml. Group means did not
differ significantly (1:967 Â±669; 3:761 Â±780; 5:991 Â±562).
Tumor-bearing rats in groups 3 and 5 could not be distinguished
from controls in group 1 on the basis of serum prolactin levels.
Of the 19 samples assayed in groups 2,4, and 6, 8 had prolactin
values between 9,000 and 25,000 ng/ml. The remaining 11
samples were within the range exhibited by samples from
groups 1, 3, and 5.

DISCUSSION

Mammary Tumorigenesis

Prenatal DES Only. Our data demonstrate that prenatal
exposure to DES is effective in the production of mammary
tumors in the adult female offspring of ACI rats. In absolute
terms the number of tumor-bearing rats in the groups exposed
to DES prenatally was low: 5 of 33 in group 5 (high DES) and
1 of 45 in group 3 (low DES). However, it should be stressed
that the 5 tumor-bearing animals in group 5 were obtained
from 4 different litters, suggesting that the appearance of these
tumors was not an isolated litter effect but rather was a direct

Table 2 Morphological parameters following DES exposure in utero

Group1.

3.
5.2.

4.
6.Prenatal

exposure/
postnataltreatment"Vehicle/cholesterol

Low DES/cholesterol
HighDES/cholesterolVehicle/DES

Low DES/DES
High DES/DESWet

wt of
pituitary gland
(Mgf123.4

Â±21
162.7 Â±43*
208.4 Â±24*244.6

Â±51
345.7 Â±5(/
366.0 Â±4</Nipple

length
(mm)'0.15

+ 0.02
1.47 Â±0.45'
1.97Â±0.08'1.75

Â±0.25
2.80 Â±0.29'
3.12 Â±0.19'

Fig. 7. Adenoacanlhoma with neoplastic acini and keratin pearl formation.
Bar, 55 iim.

* See "Materials and Methods" and Fig. 1.
* Litter means Â±SD of wet weights recorded at necropsy.
' Litter means Â±SD of nipple lengths measured at necropsy using calipers.
'' DES-exposed groups were significantly different from control group and

from each other (P â€¢&0.01).
' Each DES-exposed group was different from the vehicle-exposed control (/'

s 0.01).
^DES-exposed groups were significantly different from control group (P <

0.01).
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Fig. 8. Whole mounts of mammary glands.
a: class 1, low degree of differentiation with
only terminal end buds (Â«-)and terminal ducts;
bar, 50 jim. b: class 2, some alveolar buds (Â«â€”)
present in at least 50% of gland; bar, 55 ^m.
c: class 3, moderate lobuloalveolar expansion;
bar, 50 urn. d: class 4, extensive lobuloalveolar
expansion; Inn. 50 //m.

result of the prenatal DES exposure. This conclusion is sup
ported by several other findings. First, lifetime studies of spon
taneous mammary tumor incidence have indicated an essen
tially 0 incidence of spontaneous mammary tumors in the ACI
rat (15, 21). Our results are consistent with that report in that
the control animals (group 1) did not evidence a single palpable
mammary tumor (0 of 36 rats) during the 10 months of this
investigation. Even at necropsy, there were no nonpalpable
masses visible in the mammary glands. Second, Holtzman et
al. (16) reported a MTA of first mammary tumors of 148 days
in ACI rats implanted with a 2.3-mg DES pellet and followed
up for 27 weeks postimplant. In the present study we obtained
similar values for MTA in rats exposed prenatally to DES alone
(groups 3 and 5, MTA = 163 days) and in rats implanted with
a 2.5-mg DES pellet and followed for 28 weeks postimplant
(group 2, MTA = 158 days). Third, the histological classifica
tion and range of differentiation of the mammary tumors from
rats in groups 3 and 5 were indistinguishable from those ob
served in groups 2, 4, and 6.

24

INDIVIDUAL RATS GROUPED BY LITTER

32

Fig. 9. Histogram depicting differentiation scores of mammary gland whole
mounts from rats in groups 1, 3, and 5. See Fig. 8 for examples and descriptions
of differentiation scores. *, rats which developed palpable mammary tumors.
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To the best of our knowledge this is the first report of a
positive association between prenatal DES exposure alone and
the induction of mammary adenocarcinomas in the female
offspring using a rodent model. In a previous report from our
laboratory we found that CD rats (Sprague-Dawley derived)
that were exposed prenatally to DES only (at a dose comparable
on a body weight basis to that used in the present study) showed
no evidence of mammary tumors at 257 days (8). When those
rats were followed additionally to 14 months of age, a low but
comparable incidence of palpable mammary tumors was found
in both the vehicle-exposed and DES-exposed groups. Simi
larly, treatment of pregnant hamsters with a single large dose
of DES (10 mg/kg) on the 14th day of gestation failed to induce
mammary tumors in the exposed female offspring (22). In a
lifetime study, random-bred albino rats exposed to 1 mg/kg
DES propionate during the last 3 days of gestation developed
a few mammary fibroadenomas (4 in 18 rats) while 3 fibroad-
enomas were discovered among 34 controls (23). The statistical
significance of this finding was not addressed. The only other
report of an association between prenatal DES exposure and
development of mammary tumors comes from an investigation
of the female offspring resulting from crosses of 2 inbred mouse
strains differing in the expression of mouse mammary tumor
virus (BALB/C, MMTV-, and C3H, MMTV+) (24). Recip
rocal crosses were carried out and the resultant pregnant fe
males were fed a diet containing 0.2 Â¿Â¿gDES/g continuously
until the morning after delivery. Female offspring of the C3H
x BALB/C cross exposed to DES in utero (i.e., MMTV+)
developed mammary carcinomas almost twice as often as did
an unexposed population. However, BALB/C offspring
(MMTVâ€”) exposed to DES prenatally showed no unusual
occurrence of mammary neoplasms above control values. Thus
in the fetal mouse model, mammary tumor virus expression is
a necessary concomitant to demonstrate the effects of DES
exposure in utero.

Prenatal and Postnatal DES. Additional effects of transpla-
cental exposure to DES were expressed in the offspring which
had been implanted with a DES pellet at 12 weeks of age.
Tumor latency, expressed as T%was inversely related in a dose-
dependent manner to prenatal DES exposure. That is, exposure
to high-dose DES (group 6) significantly reduced the time to
appearance of first tumor relative to low-dose DES exposure
(group 4), and tumor latency in the low-dose DES group was
significantly reduced relative to controls (group 2).

Tumor multiplicity, whether analyzed cumulatively over time
or at sacrifice, was increased in the high-dose DES group
compared to groups 2 or 4. Thus prenatal exposure to DES
appears to increase the sensitivity of the mammary gland to the
effects of a second stimulus given postnatally. It is noteworthy
that other studies from our laboratory (9) using the Sprague-
Dawley rat-DMBA model system also demonstrated a stimu
latory effect of prenatal DES exposure on mammary tumori-
genesis. Thus DES exposure in utero appears to sensitize the
rodent mammary gland to a postnatal challenge with either a
chemical carcinogen or a synthetic estrogen.

When the histolÃ³gica! type of the palpable mammary tumors
was considered, an overwhelming predominance of adenocar
cinomas was found in rats from all exposure groups. This
response is comparable to that described by Stone et al. (25) in
this rat strain following postnatal treatment with a DES pellet
or with a combination of postnatal radiation plus DES pellet.

Mammary Gland Morphology

Analysis of mammary gland whole mounts revealed extensive
lobuloalveolar proliferation only in those rats that received the

DES pellet (groups 2, 4, and 6). Interestingly, the 6 rats from
groups 3 and 5 (prenatal DES alone) that also developed
palpable mammary tumors had moderate ductal and lobuloal
veolar proliferation with some evidence of secretion. By con
trast mammary gland whole mounts from tumor-free rats in
groups 3 and 5 were largely undifferentiated, showing a lower
grade of development than most of the controls.

A significantly reduced mammary gland rating was also found
by Nagasawa et al. (26) in 180-day-old Sprague-Dawley rats
which had received daily injections of 170-estradiol (days 0-
30) or prolactin (days 0-20) as neonates. However, these "es-
trogenized" and "prolactinized" rats were also found to be

resistant to mammary tumor induction by DMBA at a dose
which produced tumors in over 50% of controls. Tomooka and
Bern (27) reported a transient inhibition of ductal branching of
the mammary gland of mice treated neon atally (days 1-5) with
17/S-estradiol. The number of ductal branchings in the fourth
gland pair was lower in 17ÃŸ-estradiol-treated mice than controls
on day 6 but significantly increased over controls by day 33.
Neonatal DES also produced an early inhibition; at the higher
dose used, the number of branchings was also significantly
below controls at day 33. Furthermore, 3- to 8-month-old mice
made hypothyroid by thiouracil treatment initiated at weaning
were shown by Vonderhaar and Greco (28) to have mammary
glands which retained a primitive ductal appearance, character
istic of pre-/peripurbertal animals. Thus, hormonal perturba
tions at perinatal stages can have long-lasting inhibitory effects

on mammary gland differentiation.

Serum Prolactin

There were no apparent differences in serum prolactin levels
among rats in groups 1, 3, and 5. Previous experiments from
our laboratory on DES-exposed Sprague-Dawley rats showed
no differences in serum prolactin levels between experimental
and control rats at age 9 months (17). Also, in a recent report
on 8-month-old C3H/MTV+ mice that were treated neonatally
with 0.001 Mg/day DES, serum prolactin levels did not differ
from control values (29). In both our earlier work on the
Sprague-Dawley rat and in the recent study on C3H/MTV+
mice, there was a transient decline in serum prolactin levels in
young animals either prenatally exposed or neonatally treated
with DES. At this time, we are unable to determine whether a
transient decline in serum prolactin levels occurred in this
experimental system. This aspect could be addressed if serial
blood samples were obtained and assayed at various ages before
and after pellet implantation.

In the current experiment, extraordinarily elevated serum
prolactin levels were found in some rats which received the
DES pellet (groups 2,4, and 6), comparable to results of Stone
et al. (14). They view these highly elevated levels of prolactin
as the mediator of the mammary tumor response in this strain.

Possible Mechanisms of Action

These experiments demonstrate that DES administered
transplacentally is associated with mammary tumor develop
ment and that it can act synergistically with a chronic admin
istration of DES in the adult in the induction of mammary
adenocarcinomas. However, there is no reason to assume that
this synthetic estrogen is operating through a common mecha
nism at the cellular or molecular level when given during
different periods of development and differentiation. Thus, it is
possible that in our ACI rat model DES has acted as a true
"initiator" of carcinÃ³genosis and/or as a promoter of previously

transformed cells. It is also conceivable that the prenatal DES
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exposure has permanently altered the functioning of the hypo-
thalamic-pituitary axis in a manner which facilitates the devel
opment of mammary tumors.

There are many systems in which DES has been identified as
an initiator of carcinogenesis, but there is no consensus as to
whether this synthetic estrogen has acted through genotoxic or
epigenetic means (30).

Supporting its epigenetic role, DES failed to induce muta
tions in the classic Salmonella assay (31, 32), and it induced
neoplastic transformation in Syrian hamster embryo cells with
out measurable gene mutations at two loci (33). Further work
with the Syrian hamster embryo cell culture system has shown
that doses of DES which induce cell transformation resulted in
aneuploidy (34) and abnormal or arrested mitotic spindles (35).
No major chromosome breaks were found (35). By contrast,
DES appears to be genotoxic in some eukaryotic mutagen
screening systems (36-41) and has the capacity to form reactive
intermediates analogous to those obtained via oxidative metab
olism of chemical carcinogens such as benzopyrene (42). Oxi
dative metabolites of DES have been found in fetuses of DES-
treated hamsters (43) and rats (44). The fetal reproductive tract
of the mouse can also metabolize DES (45). Liehr et al. (46)
have now reported for the first time the presence of covalently
modified DNA nucleotides in the kidneys of male Syrian ham
sters following chronic DES treatment. They noted that the
DES-induced adducts were found only in the target organ of
carcinogenesis, the kidney, not in the liver or in the kidney
tumors themselves. Thus, there is ample reason to believe that
DES could be operating on the fetal mammary tissue to initiate
transformation either through genotoxic or epigenetic mecha
nisms.

There is also evidence that DES may be acting as a promoter
of mammary tumor growth. Shellabarger and coworkers (13,
47, 48) have described the induction of mammary tumors in
female ACI rats after DES pellet implantation with and without
prior irradiation (X-ray or neutron) or DMBA. Their analysis
has led them to conclude that the role of chronic, postnatal
DES is limited to a promoting effect via elevated prolactin
levels on spontaneously occurring or previously initiated cells
(11). One could apply this concept to our system if we were to
assume that the ACI rat has a genetic defect which results in
the presence of initiated fetal mammary cells. Then, either the
prenatal exposure or the postnatal treatment would function
during the promotional phase of tumor development.

Beyond the possible role(s) of DES as initiator or promoter
of mammary cells, its estrogenic properties could be directed
toward the fetal hypothalamus and pituitary. A significant body
of literature exists defining the sensitivity of these brain regions
to prenatal hormones (49-52). Permanent alterations in the
pattern of gonadotropi secretion and resultant changes of
ovarian hormone levels could be the mechanism by which DES
exposure in utero has stimulated mammary tumor development.
We have limited information at the present regarding the extent
to which the hormonal milieu has been disturbed by transpla-
cental DES exposure. Our rats were not in constant estrus over
a 5-day period prior to pellet implantation; histological analysis
of vaginas revealed that all stages of the estrus cycle were
represented in each of the DES-exposed groups.5 On the other

hand, the enlarged pituitary glands in rats from groups 3 and 5
provide evidence that prenatal DES exposure alone has affected
this area of the brain.

*T. C. Rothschild, R. E. Calhoon, and E. S. BoyIan. Effects ot iothylslilhcslr.il
exposure in utero on the genital tracts of female ACI rats. Exp. Molec. Pathol.,
submitted for publication.

These various mechanisms are not mutually exclusive and we
are currently proposing the following explanation. After admin
istration to the pregnant rats, DES transformed fetal mammary
cells and disturbed the development of the fetal pituitary. This
resulted postnatally in the development of a low number of
mammary tumors in groups 3 and 5, with moderately altered
levels of pituitary and/or ovarian hormones promoting the
growth of the previously initiated cells. The much greater tumor
response after prenatal and postnatal DES treatment would
then be attributed to the extreme alterations in hormonal milieu
operating on the mammary cells damaged in utero.

Implications for Human Disease

The association between maternal ingestion of DES and
vaginal cancer in their daughters is well established. New con
cern over possible excess risk for breast cancer among the DES
mothers has arisen, although the data are not entirely consistent
(53-56). The recent studies have been summarized and evalu
ated in the Report of the 1985 DES Task Force of The National
Cancer Institute. The report concluded that "the new data add

somewhat more credibility to the concern about breast cancer
risk among DES mothers, but pointed out that a causal rela
tionship has not yet been established" (57).

Lynch and Reich (58) recently hypothesized that transplacen-
tal exposure to DES will "be responsible for a broader spectrum
of cancer ... in exposed humans of both sexes." The data

reported here, especially those showing the development of
mammary tumors after prenatal DES exposure alone, offer
further support for the position of Lynch and Reich. They also
serve to reinforce the recommendation of the 1985 DES Task
Force that the DES-exposed daughters be given regular breast
examinations conforming to current National Cancer Institute
guidelines.
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