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Ept1, Ept2, Ept6, and Ept9 are quantitative trait loci mapped in
crosses between the ACI and Copenhagen (COP) rat strains as
genetic determinants of responsiveness of the pituitary gland to
estrogens. We have developed four congenic rat strains, each of
which carries, on the genetic background of the ACI rat strain,
alleles from the COP rat strain that span one of these quantita-
tive trait loci. Relative to the female ACI rats, female ACI.COP-
Ept1 rats exhibited reduced responsiveness to 17�-estradiol (E2)
in the pituitary gland, as evidenced by quantification of pitu-
itary mass and circulating prolactin, and in the mammary gland,
as evidenced by reduced susceptibility to E2-induced mammary
cancer. The ACI.COP-Ept2 rat strain exhibited reduced respon-
siveness to E2 in the pituitary gland but did not differ from the
ACI strain in regard to susceptibility to E2-induced mammary

cancer. Interestingly, female Ept2 congenic rats exhibited
increased responsiveness to E2 in the thymus, as evidenced
by enhanced thymic atrophy. The ACI.COP-Ept6 rat strain
exhibited increased responsiveness to E2 in the pituitary gland,
which was associated with a qualitative phenotype suggestive
of enhanced pituitary vascularization. The ACI.COP-Ept9 rat
strain exhibited reduced responsiveness to E2 in the anterior
pituitary gland, relative to the ACI rat strain. Neither Ept6 nor
Ept9 impacted responsiveness to E2 in the mammary gland
or thymus. These data indicate that each of these Ept ge-
netic determinants of estrogen action is unique in regard to
the tissues in which it exerts its effects and/or the direction
of its effect on estrogen responsiveness. (Endocrinology 149:
3850–3859, 2008)

THE ROLES OF estrogens in regulating the development
and function of numerous tissues and cell types are

well defined. However, the mechanisms through which es-
trogens regulate these processes are only poorly understood.
In the anterior pituitary gland, estrogens regulate prolifer-
ation, survival, and/or function of several cell types, includ-
ing the prolactin (PRL)-producing lactotroph (1–4). It is be-
coming increasingly clear that estrogen action in the pituitary
gland and other tissues is subject to strong genetic control.
Different rat strains exhibit marked quantitative and quali-
tative differences in the responsiveness of the pituitary gland
to estrogens. When induction of pituitary growth is evalu-
ated as the phenotype, the Fischer 344 (F344) and ACI rat
strains are highly responsive to estrogens, the Copenhagen
(COP) rat strain is moderately responsive, and the Brown
Norway (BN) and Sprague Dawley rat strains are weakly
responsive (5–9). These strain differences are being exploited
in genetic and genomic studies directed at identifying the
genes and regulatory pathways that determine the under-
lying phenotypes, and it is anticipated that this information
will reveal novel insight into the mechanisms through which

estrogens regulate proliferation and survival of specific cell
populations. Multiple quantitative trait loci (QTL) that exert
significant effects on the ability of administered estrogens
to increase pituitary mass, a surrogate indicator of abso-
lute lactotroph number, have been mapped in crosses be-
tween the F344 and BN strains, the ACI and COP strains,
and the ACI and BN strains (10 –13). Several of these QTL
have been further evaluated in the context of congenic rat
strains to begin to define the mechanisms through which
they exert their effects on estrogen responsiveness in the
pituitary gland (14 –16).

Estrogen action in the mammary gland, uterus, thymus,
and testis is also subject to genetic control. In the mammary
gland of the ACI rat, estrogens induce a robust epithelial
hyperplasia and a high incidence of mammary carcinoma
(17, 18). In contrast, the COP and BN rat strains are less
responsive to estrogens with respect to induction of mam-
mary hyperplasia and are resistant to induction of mammary
cancer (19–24). A total of nine QTL have been mapped in
intercrosses between the ACI and COP or BN rat strains that
determine susceptibility to estrogen-induced mammary can-
cer (22–24). In the uterus of the BN rat, estrogens induce
marked inflammation and pyometritis, responses that are
rarely observed in ACI or F344 rats (25, 26). Recent studies
have localized QTL that determine susceptibility to these
uterine phenotypes (25, 26). In the thymus, estrogens inhibit
thymocyte proliferation and induce thymic atrophy (27, 28).
This phenotype is more severe in BN rats than ACI rats, and
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three QTL have been mapped that impact the induction of
thymic atrophy by estrogens (29). Finally, in the testis, es-
trogens inhibit spermatogenesis and induce marked testic-
ular atrophy. The Lewis strain is more sensitive than the F344
strain with respect to estrogen-induced testicular atrophy,
and two QTL impacting this phenotype have been mapped
using a panel of recombinant inbred strains (30). The picture
emerging from these genetic studies is that each of these
estrogen-regulated phenotypes behaves as a complex genetic
trait. Because the QTL impacting these different phenotypes
only occasionally colocalize, it appears that the majority of
these QTL function in a tissue- or cell-type specific context
when exerting their effects on estrogen responsiveness.

In this study, we generated and characterized a set of
congenic rat strains to evaluate the impact of four QTL, each
of which was identified as a determinant of sensitivity to
estrogen-induced pituitary growth, on estrogen action in the
pituitary gland, mammary gland, and thymus. The resulting
data indicate that these QTL exert their actions on the pitu-
itary gland in a manner that is independent of gender and the
chemical form of the estrogen used to induce pituitary
growth. Moreover, the actions of these QTL are, for the most
part, tissue specific. Finally, the impact of the individual QTL
on estrogen-induced pituitary growth was observed to vary
markedly as a function of the duration of estrogen treatment.

Materials and Methods
Procurement and care of animals

The Institutional Animal Care and Use Committee of the University
of Nebraska Medical Center approved all procedures involving live
animals. ACI/SegHsd rats were obtained from Harlan Sprague Dawley
(Indianapolis, IN). COP rats were obtained from Charles River Laboratories
(Wilmington, MA). Animals were housed in a barrier facility under con-
trolled temperature, humidity, and 12-h light, 12-h dark conditions. This
facility was accredited by the American Association for Accreditation of
Laboratory Animal Care and operated in accordance with the standards
outlined in the Guide for the Care and Use of Laboratory Animals (De-
partment of Health and Human Services Publication 85-23). The animals
were caged and fed as described previously (9, 12).

Generation of congenic rat strains

To investigate the impact of individual Ept loci on estrogen-induced
pituitary growth, mammary carcinogenesis, and other estrogen-regu-
lated phenotypes, we generated four congenic rat strains, each of which
encompasses the 95% confidence interval (CI) of the Ept1, Ept2, Ept6, or
Ept9 QTL, by introgressing the corresponding region of rat chromosome
RNO3, RNO6, or RNO10 from the donor COP strain onto the recipient
ACI background (Fig. 1). This was done using the marker-assisted se-
lective breeding strategy of iterative backcrossing with selection for
donor alleles across the QTL of interest and selection for recipient alleles
across all other chromosomes or chromosomal segments (25, 31, 32).
Briefly, female COP rats and male ACI rats were crossed to generate F1
progeny carrying the ACI Y chromosome. Male F1 progeny were then
backcrossed to ACI females. The resulting male N2 progeny were geno-
typed, and those that were heterozygous at each of seven to 12 markers

FIG. 1. Ept congenic intervals. The vertical line in
each panel represents the physical distance along the
indicated rat chromosome. The location of each poly-
morphic microsatellite marker at which genotype
was defined is indicated to the right of the line, and
the genome coordinate of each marker (Mb) is indi-
cated to the left of the line. The solid black rectangles
represent the 95% CI for each Ept locus, as defined
previously by composite interval mapping (12). The
stippled gray rectangles represent the regions of each
chromosome known to be homozygous for COP al-
leles. The white extensions to these rectangles repre-
sent regions of undefined genotype. All remaining
segments of each chromosome are homozygous for
ACI alleles. A, RNO3 and locations of Ept2 and Ept6.
B, RNO6 and location of Ept1. C, RNO10 and location
of Ept9.
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spanning the desired Ept locus were then genotyped at markers on each
of the other autosomes (Table 1). Chromosomal regions harboring Ept
loci that were not being selected for were rigorously monitored by
genotyping at markers spaced less than 20 million base pair (Mb) apart
across the 95% CI of each nonselected QTL. Backcrossing with selection
was repeated for six generations, at which time each marker undergoing
selection across the desired Ept locus remained heterozygous, whereas
those markers outside the QTL of interest were homozygous for ACI
alleles. Selected N6 progeny were mated to generate founders that were
homozygous for COP alleles at markers spanning the Ept locus of in-
terest, and these founders were mated to propagate the congenic strain.
Nomenclature of the resultant congenic strains is in accordance with the
guidelines of the International Rat Genome Nomenclature Committee
(http://rgd.mcw.edu/nomen/rules-for-nomen.shtml), which stipulate
that the recipient strain be indicated first, followed by the donor strain
and the markers that flank the region known to be homozygous for
alleles from the donor strain. Thus, the four congenic strains are des-
ignated as follows: ACI.COP-(D6Rat80-D6Rat146)/Shul, referred to
herein as ACI.COP-Ept1 or Ept1; ACI.COP-(D3Rat130-D3Rat114)/Shul,
referred to as ACI.COP-Ept2 or Ept2; ACI.COP-(D3Mgh16-D3Rat119)/
Shul, referred to as ACI.COP-Ept6 or Ept6; and ACI.COP-(D10Mgh8-
D10Rat4)/Shul, referred to as ACI.COP-Ept9 or Ept9.

Genotyping

Genomic DNA was isolated from tail clips using DNeasy columns
according to the manufacturer’s protocol (QIAGEN, Valencia, CA). Ge-
netic markers that are polymorphic between the ACI and COP rat strains
were selected using the Rat Genome Database (http://rgd.mcw.edu). A
total of 86–93 markers spanning the genome was used, depending upon
the congenic rat strain, with marker densities of approximately 20 Mb
across Ept intervals. Genotyping was performed by PCR amplification
and polyacrylamide or agarose gel electrophoresis, as previously de-
scribed (12, 22).

Evaluation of estrogen-regulated phenotypes

Female rats were treated with 17�-estradiol (E2), released from sc
SILASTIC brand silicon tubing implants (Dow Corning, Midland, MI),
beginning at 9 wk of age as described by us previously (17, 19–23, 25).
These implants continuously release E2 into the circulation, resulting in
physiological levels of E2 normally observed in rats during pregnancy
(17, 19). Untreated control rats received empty SILASTIC brand silicon
tubing implants. Each rat was examined by palpation once or twice per
week to detect the presence of mammary tumors. The rats were eutha-
nized by decapitation after 12 or 28 wk of treatment. At necropsy, the
anterior pituitary gland was evaluated visually to determine whether
the gland exhibited loss of normal symmetry and coloration, and pho-
tographed under a dissecting microscope. The gland was then removed,
weighed, frozen in liquid nitrogen, and stored at �80 C or fixed in 10%
neutral buffered formalin and processed for histological examination.
All grossly discernable mammary tumors were harvested, a portion was
fixed in Lillie’s solution, processed and embedded in paraffin for his-
tological evaluation, and the remainder was frozen in liquid nitrogen
and stored at �80 C. The thymus was dissected, weighed, frozen in
liquid nitrogen, and stored at �80 C. The spleen was collected as a source
of DNA, frozen in liquid nitrogen, and stored at �80 C. Trunk blood was
collected, allowed to clot at 4 C, centrifuged, and the serum was stored
at �80 C. The concentration of PRL in the serum was determined by RIA
using the Rat Prolactin [125I] Biotrak Assay System (Amersham Bio-
sciences, Piscataway, NJ).

Statistical analysis

Differences in pituitary mass, serum PRL concentration, thymus
mass, and mammary tumor number between experimental groups were
assessed using Kruskal-Wallis ANOVA and Mann-Whitney post hoc
tests with Bonferroni adjustment for multiple comparisons. Mammary
cancer latency, defined as the number of days of E2 treatment preceding
the appearance of palpable mammary cancer, was evaluated using
Kaplan-Meier plots and the log-rank test. Statistical analyses were con-
ducted using SPSS software version 12 (SPSS, Inc., Chicago, IL). Statis-
tical significance was defined at the P � 0.05 level. T
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Results
Impact of Ept loci on induction of pituitary growth

Six Ept loci, each of which exerted a significant effect on
induction of pituitary growth by the synthetic estrogen di-
ethylstilbestrol (DES), were previously mapped in male F2
rats generated in reciprocal intercrosses between the ACI and
COP rat strains (12). Congenic rat strains have been gener-
ated to define the impact of each of the four Ept loci that
exerted the greatest effect on trait variance in the (ACIx-
COP)F2 and (COPxACI)F2 populations on induction of pi-
tuitary growth, as well as other estrogen-regulated pheno-
types. To determine whether the actions of these Ept loci were
specific to the gender of the experimental animals or the
chemical form of the estrogen used to induce the different
responses to hormone, we evaluated the ability of the nat-
urally occurring estrogen E2 to induce pituitary growth in
female rats of each of the parental and congenic rat strains.
Female rats of the ACI and COP strains differed dramatically
with respect to induction of pituitary growth by E2, an ob-
servation in agreement with data from our previous studies
on estrogen-induced pituitary growth (9, 12, 20, 33). After
12-wk E2 treatment, pituitary mass was increased 5.8-fold in
female ACI rats, but only 3.3-fold in female COP rats (Fig. 2).
This corresponds to a net increase of 44.0 mg pituitary mass
in ACI rats compared with 21.2 mg in COP rats. Pituitary
mass in E2-treated ACI rats was significantly greater than in
E2-treated COP rats. Based on data from our previous map-
ping studies, we predicted that COP alleles at Ept1, Ept2, or
Ept9, when introgressed onto the ACI genetic background,
would inhibit induction of pituitary growth by E2, whereas
COP alleles at Ept6 would enhance E2-induced pituitary
growth. Although the inhibitory actions of COP alleles at
Ept1, Ept2, and Ept9 on E2-induced pituitary growth were
clearly apparent in female congenic rats, no impact of Ept6
was observed at this 12-wk time point (Fig. 2). Pituitary mass

in E2-treated Ept1, Ept2, and Ept9 rats was significantly lower
than that observed in E2-treated ACI rats, and did not differ
from that observed in E2-treated COP rats. In the Ept1 con-
genic strain, 12-wk E2 treatment resulted in a 4.1-fold in-
duction of pituitary mass, which corresponds to a net in-
crease in pituitary mass of 24.7 mg, relative to untreated
controls. E2 induced a 3.9-fold increase in pituitary mass in
the Ept2 congenic strain, a net increase in pituitary mass of
26.1 mg, relative to untreated controls. In the Ept9 congenic
strain, E2 increased pituitary mass 5.0-fold, a net increase of
31.2 mg, relative to untreated controls. The 6.0-fold induction
of pituitary mass in the Ept6 congenic strain was indistin-
guishable from that observed in the parental ACI strain.
Pituitary mass in untreated rats did not differ significantly
between the different rat strains. The inhibitory actions of
Ept1, Ept2, and Ept9 on induction of pituitary mass remained
apparent when pituitary weight was normalized to body
weight (data not shown).

The impact of each of the Ept loci on induction of pituitary
growth was also examined in a 28-wk experiment. Once
again, the ACI and COP strains differed dramatically with
respect to sensitivity to E2-induced pituitary growth. After
28-wk E2 treatment, pituitary mass in ACI rats was increased
15.7-fold, a net increase of 145 mg, relative to untreated
controls (Fig. 3). In contrast, pituitary mass was increased
only 3.5-fold in E2-treated COP rats, a net increase of 28.3 mg,
relative to that observed in untreated COP rats. Although the
inhibitory effect of Ept2 on E2-induced pituitary growth re-
mained apparent after 28-wk treatment, the inhibitory effects
of Ept1 and Ept9 were no longer observed at this time point.
In the Ept2 congenic strain, 28-wk E2 treatment increased
pituitary mass by 7.6-fold, a net increase of 65.9 mg, relative
to controls. Pituitary mass in E2-treated Ept1 and Ept9 rats
did not differ significantly from that in E2-treated ACI rats.
These data strongly suggest that Ept2 restrains E2-stimulated
pituitary growth by acting through a different mechanism

FIG. 2. Impact of Ept loci on pituitary mass after 12-wk E2 treatment.
Female rats of each strain were treated with E2, released from sc SI-
LASTIC brand implants, beginning at 9 wk of age. Control rats received
empty implants. The rats were euthanized 12 wk later, and the pituitary
glands were removed and weighed. Each bar represents the mean pi-
tuitary mass � SD of the mean. The untreated control groups included
eight to 12 rats. The E2-treated groups included 10–25 rats. Numeral 1
indicates a statistically significant (P � 0.05) difference relative to the
corresponding untreated control group. Numeral 2 indicates a statisti-
cally significant difference relative to ACI rats receiving the same treat-
ment. Numeral 3 indicates a statistically significant difference relative
to COP rats receiving the same treatment.

FIG. 3. Impact of Ept loci on pituitary mass after 28-wk E2 treatment.
Female rats of each strain were treated with E2, released from sc SI-
LASTIC brand implants, beginning at 9 wk of age. Control rats received
empty implants. The rats were euthanized 28 wk later, and the pituitary
glands were removed and weighed. Each bar represents the mean pi-
tuitary mass � SD of the mean. The untreated control groups included
three to five rats. The E2-treated groups included seven to 21 rats.
Numeral 1 indicates a statistically significant (P � 0.05) difference rel-
ative to the corresponding untreated control group. Numeral 2 indicates
a statistically significant difference relative to ACI rats receiving the
same treatment. Numeral 3 indicates a statistically significant differ-
ence relative to COP rats receiving the same treatment.
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than either Ept1 or Ept9. Interestingly, after 28-wk E2 treat-
ment, pituitary mass in Ept6 congenic rats was significantly
increased relative to ACI rats, an observation that is consis-
tent with the prediction based on our original mapping data.
In this congenic strain, E2 increased pituitary mass 25.2-fold,
a net increase of 206.4 mg, over controls, strongly suggesting
that one or more genes residing within the Ept6 congenic
interval enhance pituitary growth over the extended period
of E2 treatment.

Data presented previously indicate that continuous treat-
ment with E2 induces significant growth of the pituitary
gland in each of the rat strains evaluated. However, clear
quantitative differences in the extent to which pituitary mass
increased in response to E2 were observed between strains.
The different rat strains evaluated in this study also differed
with respect to pituitary gland morphology and coloration.
When evaluated visually, the pituitary glands of female ACI
rats treated with E2 for 28 wk frequently exhibited a dark red
appearance, indicative of vascular changes and/or hemor-
rhage, as well as a loss of gland symmetry (Fig. 4). In contrast,
neither pituitary discoloration nor loss of symmetry was
observed in the E2-treated COP rats. Pituitary gland discol-
oration was observed at varying incidence in E2-treated Ept1,
Ept6, and Ept9 rats, but not Ept2 congenic rats, suggesting
that COP alleles at Ept2 restrain the biological processes that
contribute to the hemorrhagic changes seen in the ACI, Ept1,
Ept6, and Ept9 strains. Interestingly, pituitary gland discol-
oration was evident in a subset of Ept6 congenic rats within
12-wk initiation of E2 treatment. Because discoloration was
not observed at this time point in the ACI strain, it would
appear that COP alleles at this locus enhance this qualitative
phenotype.

Histologically, the pituitary glands of untreated female
rats were unremarkable, and no discernable differences were
noted between strains (data not shown). The pituitary glands
of E2-treated rats exhibited multiple histological indicators of
hyperplasia, including enlarged nuclei and nucleoli, prom-
inent juxtanuclear Golgi, scattered mitotic figures, and rare
apoptotic cells. Glands from all strains also exhibited dilated
thin-walled blood vessels, as well as varying degrees of acute
multifocal hemorrhage and hemosiderin deposits.

Impact of Ept loci on circulating PRL

We previously demonstrated a significant positive corre-
lation between pituitary mass and circulating PRL in DES-
treated male ACI, COP, (ACIxCOP)F1, (ACIxCOP)F2, and
[(ACIxCOP)F1xACI] backcross rats (9). A positive correlation
between pituitary mass and circulating PRL was also ob-
served in a panel of DES-treated recombinant inbred rat
strains generated in reciprocal intercrosses between the
Lewis and F344 strains (30). Pituitary mass has also been
demonstrated to correlate strongly with pituitary DNA con-
tent (5, 11). Together, these data suggest that pituitary mass
in estrogen-treated rats is a surrogate indicator of the abso-
lute number of PRL-producing lactotrophs present within
the pituitary gland. We quantified circulating PRL levels to
determine whether the four Ept loci exerted parallel effects
on pituitary mass and circulating PRL. Circulating PRL levels
were significantly lower in Ept1 and Ept2 congenic rats

treated with E2 for 12 wk, relative to ACI rats, suggesting that
the reduction in pituitary mass observed upon E2 treatment
in the Ept1 and Ept2 congenic strains was associated with a
parallel reduction in absolute lactotroph number (Fig. 5). In
contrast, circulating PRL levels in E2-treated Ept6 and Ept9
rats did not differ significantly from that observed in treated
ACI rats. When pituitary mass for each of the two inbred and
four congenic rat strains was compared with circulating PRL,
a clear positive correlation was observed (r � 0.89).

Impact of Ept loci on induction of thymic atrophy

Estrogens inhibit cell proliferation within the cortex of the
thymus and thereby induce thymic atrophy (28). The sensi-
tivity of the thymus to administered estrogens is genetically
determined (28, 29). For example, male BN rats are signifi-

FIG. 4. Impact of Ept loci on pituitary gross morphology. Each pitu-
itary gland was evaluated visually at necropsy. Photographs of pi-
tuitary glands from representative untreated and E2-treated rats
illustrate the impact of E2 on gland enlargement, morphology, and
coloration. The bar graph to the right of each photograph indicates the
percentage of animals in each group exhibiting the dark-red discol-
oration indicative of increased vascularization and/or hemorrhage.
The absence of a red bar is indicative of a 0% incidence of discolored
pituitary glands in that experimental group. Grossly evident discol-
oration was observed in a fraction of Ept6 rats treated with E2 for 12
wk, as well as in a fraction of the ACI, Ept1, Ept6, and Ept9 rats
treated with E2 for 28 wk. Discoloration of the pituitary gland was not
observed in E2-treated COP or Ept2 rats at either time point.
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cantly more sensitive to DES-induced thymic atrophy than
are male ACI rats, and three QTL that determine sensitivity
to DES-induced thymic atrophy in a population of male
(BNxACI)F2 rats have been mapped to RNO2 and RNO10
(29). Because this phenotype had not been evaluated in the
COP rat strain, we compared the impact of administered E2
on thymic atrophy in the ACI, COP, and Ept congenic rat
strains. Although E2 induced thymic atrophy in both the ACI
and COP rat strains, the effect was much more pronounced
in female COP rats than in ACI rats (Fig. 6). In ACI rats, 12-wk
E2 treatment resulted in a 38% reduction in thymus mass,
which corresponded to a net decrease in average mass of 83.3
mg (Fig. 6B). In contrast, E2 induced a 65% reduction in
thymus mass in COP rats, which corresponded to a net
decrease in average mass of 169.6 mg. The Ept1, Ept6, and
Ept9 congenic strains resembled the ACI strain with respect
to both the amount and percentage of thymus mass lost in
response to E2 treatment. Thymus mass in each of these
congenic strains decreased by 36–39% in response to E2,
which corresponded to net decreases in mass of 63.2–77.1 mg.
Interestingly, the Ept2 congenic strain more closely resem-
bled the COP strain with respect to basal thymus mass and
was more sensitive to E2-induced thymic atrophy than either
of the ACI, Ept1, Ept6, or Ept9 congenic strains. E2 induced
a 49% reduction in thymus mass in Ept2 congenic rats, which
corresponded to a net decrease in mass of 123.8 mg (Fig. 6B).
The differences in sensitivity to E2-induced thymic atrophy
exhibited by these rat strains remained apparent when the
weight of the thymus was normalized to body mass (data not
shown). These data strongly suggest that the Ept2 congenic
interval harbors one or more genes that influence basal thy-
mus mass and sensitivity to E2-induced thymic atrophy. This
quantitative trait locus has been designated Esta4 (estrogen-
induced thymic atrophy 4), after the nomenclature conven-
tion used previously to designate QTL impacting this phe-
notype (29).

Impact of Ept loci on induction of mammary cancer

As discussed previously, estrogens induce pituitary lac-
totroph hyperplasia and increase circulating PRL. Because
PRL stimulates cell proliferation within the mammary epi-
thelium, it has been suggested that estrogens may indirectly
contribute to mammary cancer development in rats through
their stimulatory actions on the pituitary gland. To define
further the genetic relationship between E2-induced pitu-
itary growth and mammary cancer, we evaluated suscepti-
bility of the Ept1, Ept2, Ept6, and Ept9 congenic rat strains to
E2-induced mammary cancer. Like the ACI strain, each of
these congenic rat strains exhibited a high incidence of mam-
mary cancer when treated with E2 (Fig. 7). Whereas 95% of
E2-treated ACI rats exhibited mammary cancer within 196 d
(28 wk) of initiation of E2 treatment, the incidence of mam-
mary cancer in the four congenic strains ranged from 75–
88%. Median latency to the appearance of the first palpable
mammary cancer in the Ept2, Ept6, and Ept9 congenic strains
ranged from 139–148 d, similar to that of the highly suscep-
tible ACI strain, which exhibited a median latency of 145 d.
Interestingly, latency in the Ept1 strain was significantly (P �
0.048) prolonged relative to the other strains. In this congenic
strain, median latency was 165 d. Median latency in the

FIG. 5. Impact of Ept loci on circulating PRL after 12-wk E2 treatment.
Female rats of each strain were treated as described in Fig. 2. Trunk
blood was collected after decapitation, serum was isolated, and PRL was
assayed by radioimmunochemistry. Each bar represents the mean PRL
level � SD of the mean. The untreated control groups included eight to
12 rats. The E2-treated groups included 10–25 rats. Numeral 1 indicates
a statistically significant (P � 0.05) difference relative to the correspond-
ing untreated control group. Numeral 2 indicates a statistically signif-
icant difference relative to ACI rats receiving the same treatment. Nu-
meral 3 indicates a statistically significant difference relative to COP
rats receiving the same treatment.

FIG. 6. Impact of Ept loci on thymic atrophy after 12-wk E2 treat-
ment. Female rats of each strain were treated with E2, released from
sc SILASTIC brand implants, beginning at 9 wk of age. Control rats
received empty implants. The rats were euthanized 12 wk later, and
the thymus was removed and weighed. A, Each bar represents the
mean thymus mass � SD of the mean. The untreated control groups
included four to 12 rats. The E2-treated groups included four to 25
rats. Numeral 1 indicates a statistically significant (P � 0.05) differ-
ence relative to the corresponding untreated control group. Numeral
2 indicates a statistically significant difference relative to ACI rats
receiving the same treatment. Numeral 3 indicates a statistically
significant difference relative to COP rats receiving the same treat-
ment. B, Each bar indicates the decrease in average thymus mass in
E2-treated rats relative to untreated control rats of the same strain.
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resistant COP strain could not be estimated because fewer
than 50% of the E2-treated COP rats developed mammary
cancer. When tumor number at necropsy was evaluated after
196-d E2 treatment, the ACI, Ept2, Ept6, and Ept9 strains
exhibited similar mean numbers of mammary cancers (Table
2). Average tumor number in E2-treated Ept1 congenic rats
was significantly reduced relative to the ACI strain. E2-
treated COP rats exhibited an average of 0.14 mammary
cancers per rat. Each of the tumors induced by E2 in the
different rat strains was evaluated microscopically and classi-
fied as mammary adenocarcinoma. Age-matched untreated
control rats from each strain did not develop mammary cancer
over the 196-d time course. Together, these data indicate that the
Ept1 congenic interval harbors a genetic variant (or variants)
that influences the development of mammary cancer. This
quantitative trait locus has been designated Emca10 (estrogen-
induced mammary cancer 10).

Discussion

Data presented herein indicate that COP alleles for Ept1,
Ept2, Ept6, and Ept9, when carried on the ACI genetic back-
ground, influence the responsiveness of the anterior pitu-
itary gland to E2. When pituitary mass was evaluated as the
phenotype, the Ept1, Ept2, Ept6, and Ept9 congenic rat strains
each differed from the ACI strain at the 12 and/or 28-wk time

point examined in this study. Overall, the direction of the
effect of each congenic interval on pituitary mass was in
agreement with predictions based on our published QTL
mapping experiments in which pituitary mass in DES-
treated male F2 rats from reciprocal crosses between the ACI
and COP rat strains served as the phenotype (12). Thus, the
current study confirms our previously published findings.
Together, the data from the published QTL mapping studies
and the studies described herein on the different Ept con-
genic rat strains indicate that the impacts of Ept1, Ept2, Ept9,
and Ept6 on responsiveness of the anterior pituitary gland to
estrogens are largely, if not wholly, independent of gender
as well as the chemical form of the estrogen used to induce
pituitary growth.

In this study the impacts of Ept1, Ept6, and Ept9 on pitu-
itary growth varied as a function of the duration of E2 treat-
ment. Although inhibitory effects of COP alleles at Ept1 and
Ept9 were clearly observed after 12-wk E2 treatment, these
effects were lost by 28 wk. By contrast, the ability of COP
alleles at Ept6 to enhance E2-induced pituitary growth did
not become apparent until the 28-wk time point. Interest-
ingly, the ability of COP alleles at Ept2 to restrain E2-induced
pituitary growth was observed at both the 12 and 28-wk time
points. These data strongly suggest that the genes residing
within the different Ept loci act on distinct processes to in-
fluence the growth response of the anterior pituitary gland
to administered E2.

Ept2 and Ept6 both map to RNO3 (12). The congenic in-
tervals for these two QTL overlap by approximately 20 Mb,
with the Ept6 congenic interval extending into the Ept2 CI
and including a region of RNO3 that resides under a statis-
tically significant local LOD peak (Fig. 1). The Ept6 congenic
strain did not exhibit the anticipated increase in pituitary
mass in response to 12-wk E2 treatment. One possible reason
for this observation is that COP alleles at the linked Ept2-
associated determinant of pituitary responsiveness to estro-
gen may have counteracted the ability of COP alleles at Ept6
to enhance induction of pituitary growth. If true, then the
actions of the Ept6 must outweigh the actions of the Ept2-
associated determinant by 28-wk E2 treatment, when Ept6
congenic rats exhibited increased pituitary mass relative to
ACI rats.

Relative to female ACI rats, female Ept1 congenic rats
exhibited reduced pituitary mass when treated with E2 for
12 wk, but not when treated for 28 wk. The female Ept1
congenic rats also exhibited reduced susceptibility to E2-

TABLE 2. Mammary tumor number after 196 d of treatment

Strain Treatment Mean SD No.

ACI Untreated 0.0 4
E2 7.0 5.3 21

COP Untreated 0.0 5
E2 0.1 0.4 7

Ept1 Untreated 0.0 3
E2 2.4 1.7 17

Ept2 Untreated 0.0 3
E2 4.5 3.0 17

Ept6 Untreated 0.0 3
E2 4.3 3.2 8

Ept9 Untreated 0.0 3
E2 4.8 3.6 12

FIG. 7. Impact of Ept loci on E2-induced mammary cancer. Female
rats of each strain were treated with E2, released from sc SILASTIC
brand implants, beginning at 9 wk of age. Control rats received empty
implants. The rats were euthanized 28 wk later or as necessitated due
to treatment-related morbidity. Each data point represents the time
at which an animal in the population at risk exhibited the first pal-
pable mammary cancer. Mammary cancer did not develop in un-
treated, ovary intact, female rats during the course of this experiment.
A, Data from the Ept1 and Ept2 congenic strains are illustrated
relative to data from the ACI and COP strains. B, Data from the Ept6
and Ept9 congenic strains are illustrated relative to data from the ACI
and COP strains.
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induced mammary cancer when compared with ACI rats.
Although these data indicate that the Ept1 congenic interval
harbors one or more genes that influence responsiveness to
estrogens in both the anterior pituitary gland and the mam-
mary gland, it is not currently known whether the same gene
or genes within Ept1 impact both the pituitary growth and
mammary cancer phenotypes. Because the actions of Ept1 on
induction of pituitary mass were lost by 28-wk treatment, it
is unlikely that the diminished pituitary mass and circulating
PRL observed at the 12-wk time point directly contributed to
the reduced susceptibility of the Ept1 congenic strain to mam-
mary cancer. Supporting this assertion is the observation that
female Ept2 congenic rats exhibited a dramatic and sustained
diminution in pituitary mass and circulating PRL but did not
exhibit reduced susceptibility to E2-induced mammary can-
cer. The mammary cancer quantitative trait locus residing
within the Ept1 congenic interval has been designated
Emca10, to distinguish it from the Ept1 determinant of pitu-
itary responsiveness. A total of 14 Ept loci and 10 Emca loci
have now been mapped in various crosses between the ACI
and COP or BN rat strains (12, 13, 22–24). With the exceptions
of Ept1 and Emca10, which may colocalize on RNO6, and Ept5
and Emca4, which map to the same region of RNO7, the
remaining Ept and Emca loci segregate independently within
the individual crosses in which they were identified. These
data suggest that the genetic factors that impact estrogen
responsiveness in the anterior pituitary are largely distinct
from those that impact responsiveness to estrogens in the
mammary gland.

When treated with E2, female Ept2 congenic rats exhibited
reduced pituitary growth, relative to ACI rats, at both the 12
and 28-wk time points. The female Ept2 rats also exhibited
enhanced E2-induced thymic atrophy when compared with
female ACI rats. It is not currently known whether the same
Ept2 associated gene(s) impacts both the pituitary growth
and thymic atrophy phenotypes. E2-induced thymic atrophy
was more severe in COP rats than ACI rats. Similarly, in a
previous study, thymic atrophy was more severe in DES-
treated male BN rats, which exhibit very little pituitary
growth in response to estrogens, than in DES-treated male
ACI rats (29). Because PRL is known to enhance thymocyte
proliferation, survival, and maturation (34–37), these data
might suggest that the high levels of circulating PRL in es-
trogen-treated ACI rats attenuate induction of thymic atro-
phy by estrogens in this rat strain. However, the data from
the Ept1 and Ept2 congenic rat strains do not support this
assertion. Whereas induction of pituitary growth and circu-
lating PRL was significantly diminished in E2-treated Ept1
and Ept2 rats, the extent to which E2 induced thymic atrophy
was exacerbated only in Ept2 rats. Therefore, it is concluded
that the impact of Ept2 on E2-induced thymic atrophy is most
probably independent of its effect of circulating PRL.

Since our initial description of the ACI rat model of E2-
induced mammary cancer in 1997, the physiological rele-
vance of this model to breast cancer in humans has become
increasingly clear, and this model has gained wide use in the
breast cancer research community. Because estrogens induce
pituitary growth in ACI rats, morbidity relating to enlarge-
ment of the pituitary gland may diminish the usefulness of
this mammary cancer model in long-term studies, such as

those performed to evaluate agents for preventing breast
cancer. In an attempt to reduce morbidity relating to pitu-
itary enlargement, investigators have modified the method
for delivering E2 so as to reduce circulating E2. Although this
has been partially effective, the reduced level of E2 also
prolongs the period of time required for mammary cancer to
appear (38). Part of our rationale for performing the studies
described herein was to determine whether the estrogen-
induced pituitary growth and mammary cancer phenotypes
could be genetically separated. Of the four congenic rat
strains evaluated in this study, the Ept2 strain exhibited a
sustained reduction in pituitary growth over a 196-d time
course while fully retaining the unique susceptibility of pa-
rental ACI rat strain to mammary cancer. Therefore, the Ept2
congenic rat strain offers an advantage over the ACI strain
for use in long-term mammary cancer studies.

Based on our previous mapping studies, we predicted that
the Ept6 congenic rat strain would exhibit an increased pi-
tuitary growth response to E2, relative to the ACI rat strain.
Although no such effect of Ept6 was observed at the 12-wk
time point, pituitary mass was significantly increased, rela-
tive to that observed in ACI rats, in female Ept6 rats treated
with E2 for 28 wk. Interestingly, the E2-treated female Ept6
congenic rats frequently exhibited a grossly apparent alter-
ation in pituitary coloration, consistent with increased vas-
cularization, at the 12 and 28-wk time points. Because this
phenotype was observed more frequently in E2-treated Ept6
rats than in ACI rats, it appears that COP alleles at Ept6
enhance this phenotype. Although the effects of estrogen on
pituitary angiogenesis have not been investigated in the ACI
rat strain, a role for neovascularization in estrogen-induced
pituitary growth in the F344 rat has long been established
(39–44). Therefore, it would appear that Ept6 may impact
E2-induced pituitary growth by acting upon pathways that
regulate vascularization within the anterior pituitary gland.

Wendell and colleagues (8, 45) have performed studies to
identify genetic determinants of estrogen-induced pituitary
growth in the F344 rat strain. QTL impacting pituitary mass
in DES-treated F2 and backcross progeny generated in
crosses between the F344 and BN rat stains have been
mapped by these investigators to RNO2, RNO3, RNO5, and
RNO9 (10, 11, 46). One of these QTL, Edpm3, colocalizes with
Ept2 on RNO3. A congenic strain carrying BN alleles across
Edpm3 was demonstrated to exhibit reduced DES-induced
pituitary growth and cell proliferation relative to the F344
strain (14). Interestingly, Edpm3 rats unexpectedly exhibited
a greater angiogenic response to DES than did F344 rats (15).
The Edpm3 congenic interval (14) overlaps with both the Ept2
and Ept6 congenic intervals (Fig. 1). If one assumes that the
angiogenic phenotypes exhibited by the Edpm3 and Ept6
congenic strains are manifestations of the same gene, then
this gene must reside within the region of overlap between
the Edpm3 and Ept6 congenic intervals. The absence of this
phenotype in the Ept2 congenic strain would further suggest
that the gene responsible for this phenotype resides proximal
to the Ept2 congenic interval. Based on these data, we hy-
pothesize that the gene on RNO3 that contributes to estro-
gen-induced angiogenesis in the pituitary gland resides be-
tween D3Mgh7 (36.556 Mb) and D3Rat130 (44.551 Mb).

In addition to acting directly on the pituitary gland to
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stimulate lactotroph proliferation, estrogens act through
multiple indirect mechanisms to induce pituitary growth
and pituitary tumor development (reviewed in Ref. 3). For
example, estrogens act on the tuberoinfundibular dopami-
nergic neurons of the hypothalamus to inhibit the release of
dopamine into the hypophysial portal circulation for trans-
port to the anterior pituitary gland, where it acts via D2
dopamine receptors on the lactotroph to inhibit lactotroph
proliferation and PRL gene expression (47–49). In addition,
estrogens have induced neovascularization within the pitu-
itary gland, resulting in the development of a direct arterial
blood supply, which supplants the hypophysial portal blood
supply and thereby circumvents regulation of the pituitary
lactotroph by dopamine (39, 40). Finally, gross enlargement
of the anterior pituitary in response to estrogen treatment has
physically damaged the mediobasal hypothalamus and dis-
rupted the function of the tuberoinfundibular dopaminergic
neurons residing there (3). Additional studies are required to
determine whether the genetic determinants of pituitary re-
sponsiveness residing within the Ept loci identified in this
study impact these or other processes.

In summary, this study conclusively demonstrates the ex-
istence of one or more genetic determinants of estrogen ac-
tion on the pituitary gland within the Ept1 locus on RNO3,
the Ept2 and Ept6 loci on RNO6, and the Ept9 locus on
RNO10. The actions of Ept6 and Ept9 were observed only on
the pituitary gland. However, actions of Ept1 were observed
on the pituitary and mammary glands, and actions of Ept2
were observed on the pituitary gland and the thymus. The
dynamic range of responsiveness to estrogens in the pituitary
gland, mammary gland, and thymus observed when com-
paring the ACI, COP, and other inbred rat strains is remark-
able. It is likely that orthologous genetic variants segregating
in the human population exert similar actions on estrogen
responsiveness in these and other target tissues. Identifica-
tion of the genetic determinants of estrogen responsiveness
will greatly enhance our understanding of estrogen action at
the molecular level, and improve our ability to use in a safe
and effective manner drugs that target estrogen receptor
signaling.
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