
Estrogen-Induced Hyperplasia and Neoplasia
in the Rat Anterior Pituitary Gland

An Immunohistochemical Study

RICARDO V. LLOYD, MD, PhD

Diethylstilbestrol (DES) treatment of weanling F344
female rats resulted in enlarged pituitary glands and
diffuse pituitary prolactin (PRL) cell hyperplasia in all
animals after 9 and 12 weeks of treatment. Serum PRL
was significantly greater than in control rats (P
< 0.001). Immunohistochemical studies showed that
most of the pituitary gland cells consisted ofPRL cells.
Ultrastructural studies showed increased numbers of
PRL cells with hyperplasia of the rough endoplasmic
reticulum and decreased numbers of secretory gran-
ules. There was a decrease in the relative number of
growth hormone (GH) and other cell types in the
anterior pituitary. Pituitary tumors and normal pitui-
tary glands were dissociated with trypsin and main-

PROLONGED ADMINISTRATION of estrogen
has been shown to cause prolactin (PRL) cell hyper-
plasia and tumors in male and female rats.'-"0 Spon-
taneous development of pituitary tumors and pitui-
tary hyperplasia is also common in some strains of
aging rats.-115 A major problem with the use of
spontaneous pituitary tumor development in aging
rats as an animal model for the study of pituitary
neoplasms is that the percentage of tumors and the
time course of tumor development are difficult to
control. Thus the use of a model that results in hyper-
plasia and tumors in animals within a relatively short
period provides an experimental model that is more
reproducible. This has been achieved in certain
strains of rats by administration of estrogens.4-9
Most of the lesions that develop after estrogen treat-
ment have been called tumors, and a distinction be-
tween PRL cell hyperplasia and tumors has not been
carefully examined except for a few reports in aging
rats with spontaneous pituitary lesions.13.15
Although the mitogenic effects of estrogens on pi-

tuitary cells in vivo are well known, the effects of es-
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tained in culture for 3 weeks. The numbers ofPRL and
GH cells decreased with time in both groups, and there
was an increase in the number of fibroblasts. Staining
of the culture cells with neuron-specific enolase showed
that the anterior pituitary cells were positive for this
enzyme, while the fibroblastic cells were negative.
When dissociated pituitary cells were cultured in the
presence of 10' M DES for 7 days, there was a 42%
increase in the number of immunoreactive PRL cells.
These results indicate that DES-treated rats provide an
excellent model for study of the in vivo and in vitro
regulation of pituitary hyperplasia and neoplasia. (Am
J Pathol 1983, 113:198-206)

trogen on pituitary cells in cultures are not well char-
acterized. Previous investigators reported that estro-
gen did not cause growth stimulation in vitro 16i17 but
a recent report indicated that estrogen treatment in
vitro produced PRL cell proliferation with an in-
creased number of PRL cells."8 Studies of pituitary
cells in cultures are usually done with short-term cul-
tures,i9,20o2i and there are few reports of pituitary cell
cultures maintained for more than 2 weeks.2223 The
development of an in vitro model for long-term cul-
ture of pituitary cells can be used for examination of
the chronic effects of various secretagogues and other
substances on pituitary cell proliferation and secre-
tion.
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The purpose of this study was to examine the de-
velopment of diethylstilbestrol (DES)-induced hyper-
plasia and neoplasia in the pituitary of young rats
and to analyze immunohistochemically PRL and
growth hormone (GH) cells maintained in culture for
3 weeks.

Materials and Methods

Materials

Thirty-day-old female Fischer 344 rats were pur-
chased from Charles River Laboratories (Boston,
Mass). The animals were maintained on a schedule of
12 hours of light and 12 hours of darkness and fed ad
libitum. The method of Wiklund et al8 was used to
develop pituitary lesions with some modifications.
DES was obtained from Sigma Chemical Co. (St.
Louis, Mo). We used Dow-Corning Silastic tubing
and silicone type A medical adhesive. Trypsin was
from Difco Laboratories (Detroit, Mich) and Eagle's
medium was from GIBCO (Grand Island, NY).
DES implants were prepared by cutting a 3-cm

length of Silastic tubing (inside diameter 0.078
inches, outside diameter 0.125 inches), plugging one
end with Silastic medical adhesive, and allowing it to
dry overnight at room temperature. Then 10 mg of
DES dissolved in 10007 ethanol was added and al-
lowed to evaporate overnight at room temperature.
The open end was plugged with Silastic adhesive, and
the implant was pretreated in 1 07 bovine serum albu-
min (BSA) overnight then used for implanting the
following day. The implants were placed subcutane-
ously into 30-day-old female rats under light ether
anesthesia through a small incision in the back. Con-
trol animals received empty pieces of Silastic tubing.
The animals were sacrificed with ether anesthesia af-
ter 3, 9, and 12 weeks. Serum was collected and
frozen for PRL assays and pituitary, uterus, adrenal,
and total body weights were recorded and analyzed.

CeUl Dissociation and Culture

The method of cell dissociation with trypsin was
done as previously reported.19 Briefly, the anterior
lobes of pituitary glands were placed in sterile Eagle's
medium (EMEM) with 1% penicillin, streptomycin,
and 25 ,ug/ml fungizone and minced into small pieces
with a sterile scalpel blade. The tissue was placed in
a beaker with 0.250/o (wt/vol) trypsin in EMEM for
45 minutes at 37 C. The tissues were dissociated by
gentle suction with a Pasteur pipette, then centri-
fuged at 200g for 10 minutes at room temperature.
The dissociated cells were counted in a hemocyto-
meter, and viability was checked with 0.5% trypan
blue solution.

Cells were cultured in EMEM with antibiotics,
15%o horse serum, and 2.5% fetal calf serum. Three
milliliters of cell culture medium was used in Costar
flasks over 5%o CO2 at 37 C. The mediums were
changed every 3 days. In some experiments aliquots
of cells were cultured on glass coverslips in tissue cul-
ture dishes 35 mm in diameter. These cells were used
for immunohistochemical stains, which were done di-
rectly on the coverslips. Six anterior pituitaries from
60-day-old F344 rats were dissociated with trypsin
and cultured in EMEM for 7 days. Each culture dish
received 5 x 10s cells. Serums were charcoal-treated
to reduce the concentration of endogenous steroids.24
DES was dissolved in ethanol and diluted in the me-
dium for a final ethanol concentration of 0.1 %. Cells
were stained for PRL and GH after 3, 5, and 7 days
in culture. A minimum of 200 cells per culture dish
was counted as described below. The numbers of im-
munoreactive cells in the DES-treated cultures were
expressed as the percentage of control cultures. Con-
trol cultures were treated with 0.1I% ethanol only.

Immunohistochemical Staining

The cells were fixed in formalin for 1 hour or over-
night at 23 C, then stained by the avidin-biotin perox-
idase method, as previously described.25 The antise-
rums used were provided by the National Institute of
Arthritis, Metabolic, and Digestive Diseases
(NIAMDD). Rat anti-PRL produced in rabbits, rat
anti-GH produced in monkeys, and human anti-
ACTH produced in rabbits were used at 1:1000 dilu-
tion. Rabbit anti-rat neuron-specific enolase (NSE)
used at 1:1000 dilution was a gift from Dr. Paul Ma-
rangos (National Institute of Mental Health). After
inhibiting endogenous peroxidase with I 07o methanol-
H202, cells and tissues were washed in phosphate-
buffered saline (PBS), then treated with normal goat
serum to suppress nonspecific binding for 30 min-
utes. The primary antiserums were applied for 1 hour
or overnight incubation at 23 C. An additional incu-
bation step with rabbit anti-human immunoglobulin
(1:100) was used with the GH antibody for 30 min-
utes. Then the tissues were washed with PBS treated
with 1:200 dilution of rabbit biotin-IgG made in goat
for 30 minutes, followed by PBS washes, then incu-
bation with avidin-biotin peroxidase complex (Vec-
tor, Burlingame, Calif) for 30 minutes. Diaminoben-
zidine (DAB) was used as the chromogen (10 mg
DAB in 50 ml PBS, pH 7.2, and 0.001% H202) for 5
minutes.

Controls consisted of substituting normal rabbit
serum for the primary antibody and absorbing each
antibody with specific antigens for 24 hours before
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Table 1 -Determination of Pituitary and Uterine Weights and Serum Prolactin in
Diethylstilbestrol-Treated and Control Rats

Weeks of Pituitary (mg)* Uterus (mg)* Serum prolactin (ng/ml)t
treatment DES Control DES Control DES Control

3 12.5 ± 0.5 5.3 ± 0.27 209 ± 10 118 ± 11 288 66 75 9
9 53.5 ± 2.6t 9.5 ± 0.37 350 ± 16 181 ± 13 1250 ± 21311 82 ± 8
12 163 + 3.8§ 12.7 ± 0.23 460 ± 18 260 ± 13 8884 ± 16611 107 ± 9

* Mean ± SEM for 4 animals.
t Mean ± SEM for 3 animals.
t P < 0.05, compared with control.
§ P < 0.01, compared with control.
II P < 0.001, compared with control.

performing the assay. Additional controls consisted
of omitting biotin-IgG or avidin-biotin peroxidase
complex. All of these controls resulted in no staining
of the tissues.

Prolactin Assays

Radioimmunoassays (RIAs) were done by the
method and protocol supplied by the NIAMDD rat
pituitary distribution program.

Cell Count

The number of positively stained cells after immu-
nohistochemistry was counted by systematically sam-
pling multiple areas from the slide using a 4-sq mm
grid in the microscope ocular. Cells were counted at
x 100 and x 400. A minimum of 200 cells was

counted and scored as negative or positive if a

brown-black reaction product was present in the cy-
toplasm.

Electron Microscopy

Small pieces of tissues, 1-3 cu mm, were fixed in
30% gluteraldehyde in phosphate buffer then postfixed
in 2%7o osmium tetroxide. After staining with 2%
urayl acetate, sections were embedded in Polybed/
Araldite. Ultrathin sections were cut on a Reichert ul-
tramicrotome, then stained with lead citrate and ex-

amined with a Zeiss 109 microscope.

Statistical Analysis

Statistical analysis was done with the Student t
test. A P value 40.05 was statistically significant.

Results

There was a significant increase in pituitary weights
after 9 weeks of treatment with DES implants (Table

1). Twelve weeks after implantation the pituitaries of
DES-treated animals were 10-16 times heavier than
those of control animals. After 9 weeks of DES treat-
ment, about 20% of the pituitaries were hemor-
rhagic, and this increased to 800/ after 12 weeks of
DES treatment. DES treatment also resulted in a sig-
nificant increase in uterine weights and a decrease in
the total body weight of the animals. The mean body
weight of DES-treated animals was 119 ± 2 g and
that of controls was 163 ± 3 g (mean ± SEM) after
12 weeks.
The number of PRL cells was increased after 12

weeks of DES treatment. There was an increase in to-
tal number of pituitary cells in control animals also,
because of the increase in pituitary weight with age
(Table 2). However, the increase was seven times
greater in DES-treated rats (Table 2). Immunostain-
ing revealed an increase in the number of PRL cells
(Figures 1-3).

Histologic examination of the pituitary glands
showed hypertrophied cells with large nuclei and
prominent nucleoli. Numerous mitotic figures were

present. Immunostaining for GH, PRL, and adreno-
corticotropic hormone (ACTH) revealed sheets of
PRL cells, but GH- and ACTH-positive cells were

admixed with the hypertrophied and hyperplastic
PRL cells (Figure 4).

Ultrastructural examination showed many prolif-
erating PRL cells identified by their characteristic
pleomorphic granule morphology and large sizes
(200-800 nm). The PRL cells contained abundant

Table 2-The Distribution of Number of Pituitary Cells
in Diethylstilbestrol-Treated and Control Rats After
Trypsin Treatment and Cell Dissociation

No. cells/pituitary

Weeks of
treatment n DES Control

3 6 0.98 x 10' 0.65 x 1 06
9 6 2.0 x 1OO 1.1 x 106
12 6 16.0 x 106 2.4 x 106
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ESTROGEN-INDUCED RAT PITUITARY TUMORS 201

Figure 1 - Immunostaining of disso-
ciated cells with PRL antiserum
after 12 weeks of DES treatment.
Many darkly staining PRL cells are
present. (Immunoperoxidase, x 330)

rough endoplasmic reticulum and a moderate num-
ber of secretory granules (Figure 5). Active granule
secretion by exocytosis was present in some cells.
Other cell types were also identified by their charac-
teristic morphologic features and granule sizes.19
Prominent rough endoplasmic reticulum was noted
in the gonadotropic cells that were identified by elec-
tron microscopy.

Serum PRL was significantly increased in DES-
treated animals 3, 9, and 12 weeks after implantation
(Table 1).
Approximately 70-80% of the seeded cells adhered

to the culture flask. Cell viability was 90-95'0o before
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Figure 2-Chronic DES treatment of F344 rats. There is an increase
in PRL cells and a decrease in GH cells in DES-treated animals, com-
pared with control (CON) rats.

seeding. The cells assumed a spindled configuration
after 3 days in culture (Figures 6 and 7) and could be
removed after treatment with 0.1 /o trypsin for 5 min-
utes. The percentage of GH and PRL cells in culture
were analyzed by immunostaining. Both cell types
decreased with time in culture (Figure 8). However,
after 3 weeks of DES treatment followed by cell dis-
sociation and culture, the number of PRL cells from
DES-treated rats increased at Day 8 in culture then
subsequently declined (Figure 8). This increase was
not seen with the 9- or 12-week DES-treated rat pitui-
tary cells. After 21 days in culture immunoreactive
PRL and GH cells were still present. There was a
gradual increase in the number of fibroblasts, but
these cells had larger nuclei and were negative after
PRL and GH staining. After staining the cell cultures
for NSE, the epithelial cells were positive and the
fibroblastic cells were negative (Figure 7). Staining of
the culture cells with NSE was used for estimation of
the total number of epithelial cells. After 7 days of
exposure to DES in culture, the total number of cells
with PRL immunoreactivity was 42% greater than in
control cultures. The cells with GH immunoreactivity
were not increased in DES-treated cultures, com-
pared with controls (Figure 9).

Discussion

DES treatment of weanling female rats resulted in
a 100% incidence of pituitary gland enlargement with
a predominance of PRL cells. The increase in pitui-

Vol. 113 * No. 2

I.
9,6

-Wwa
0,911km

a



AJP * November 1983

Figure 3-Immunostaining with PRL
antibody in pituitary after DES treat-
ment for 12 weeks. PRL-positive
cells accounted for approximately
75% of the total pituitary cells. (Im-
munoperoxidase, x 330)

tary gland weight and PRL cell numbers was depen-
dent on the time course of DES treatment. DES may

be acting directly on the pituitary gland. Several in-
vestigators have shown that the pituitary gland and
pituitary tumors contain estrogen receptors.26'27 The
uterus, which is another estrogen-sensitive tissue,
also showed a positive response to DES stimulation,
with a gradual increase in weight over the 12-week
period in these experiments. The body weights of ani-
mals treated with DES decreased significantly over

those of control animals. This finding agrees with a

previous report on estrogen-induced pituitary tu-
mors.7 Gross examination of the mammary glands
showed only a slight increase in size in the DES-
treated animals. However, the mammary glands were

not rated for development. Although DES can in-
duce mammary tumors as well as pituitary and other
tumors, the treatment periods in these experiments
were probably too short for mammary tumor devel-
opment. The use of weanling female rats provides a

better model for use in obtaining larger tumors in a

shorter time period. The reason for this difference
may be related to an increased sensitivity of younger

animals to DES or to strain differences. Previous re-

ports have shown that Holtzman rats are relatively
insensitive to DES-induced tumor development,8
while F344, Wistar-Furth, and ACI strains are more

susceptible to tumor development after estrogen

treatment.5-8 These differences have been shown to be
inherited: crosses between DES-sensitive F344 and
DES-resistant Holtzman rats have resulted in Fl hy-
brids with an intermediate level of susceptibility to
DES-induced tumor development.28 Recent evidence
indicates that this genetic difference is due to a lack of
a proliferation control mechanism in the F344 strains
that functions in the Holtzman strain to turn off es-
trogen-stimulated pituitary cell proliferation.9
The histologic differences between the pituitaries

of control animals and DES-treated rats were
marked. Mitotic activity was a common finding, and
this was rarely seen in the normal pituitaries. Areas
of hemorrhage and focal necrosis due to the large
sizes of the pituitaries were also present in DES-
treated animals. Increased mitotic activity in pitui-
tary cells after DES treatment in this report agrees
with previous findings.4'29 The hypertrophy and hy-
perplasia of PRL cells was diffuse in the gland, and
discrete areas of multiple nodules or adenomas with a
single cell type and compression of adjacent normal
pituitary tissue were not present. This process of pi-
tuitary enlargement has been shown to be reversible
after withdrawal of DES8 and may be somewhat
analogous to pituitary enlargement occurring during
pregnancy. When these stimulated glands are trans-
planted under the renal capsule, cell proliferation
continues in the presence of estrogen.38 When the
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A

Figure 4A-Immunostaining with
ACTH antibody in the anterior pitui-
tary after DES treatment for 12
weeks. A few darkly stained ACTH
cells are present among the pre-
dominant population of PRL cells,
which are unstained. (Immunoper-
oxidase, x 330) B-immuno-
staining of the same pituitary tis-
sues for GH shows a small percen-
tage of GH-positive cells, while most
of the cell population which are PRL
cells are unstained. (Immunoperoxi-
dase, x 330)
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Figure 5-Electron micrograph of DES-treated rat pituitary cells. Many PRL (P) cells with abundant rough endoplasmic reticulum and pleomor-
phic dense core granules are present. (x5000)

pituitary glands cease being merely hyperplastic and
become true neoplasms is not well known. However,
the use of this model can aid in answering this ques-
tion.
The ultrastructural changes of marked cellular hy-

pertrophy with increased protein-synthetic machin-
ery, including abundant rough endoplasmic reticu-
lum and the presence of reverse exocytosis, are simi-
lar to those of PRL tumors seen in rodent and human
PRL adenomas. 13.25

Immunohistochemical stains were the most helpful
methods of establishing the type of hormones that
various cell types produced. The specificity and sensi-
tivity of this procedure allowed for a quantitative as-
sessment of the various cell types in the dissociated
cells. The avidin-biotin peroxidase procedure has
been shown to be more sensitive than the Sternberger
procedure and is probably the method of choice in
detecting small amounts of intracellular hormones in
the fixed tissues.3032
The studies of DES-treated cells maintained in cul-

ture for up to 3 weeks are the first reported experi-
ments of this kind. The results indicate that pituitary

cells from control as well as DES-treated animals can
be maintained for several weeks in a defined media
and that some cells retain cytoplasmic PRL and GH.
The increase in PRL-positive cells noted after 8 days
in culture in the DES-treated animals suggests that
the in vivo effects of DES in stimulating cell prolifer-
ation may have continued for a while in vitro. Some
recent evidence suggests that estrogens may cause
PRL cell proliferation in vitro as well."8 The high
plating efficiency and viability of the cultured cells in-
dicates that an in vitro system of examining DES
treatment is feasible with the methods used in these
experiments. The culture system used in these experi-
ments maintained viable pituitary cells with immuno-
reactive PRL and GH for 21 days in spite of the pro-
liferation of fibroblasts. This is the first report to
show that NSE can be used to distinguish between
anterior pituitary cells that stain positively and fibro-
blastic cells which are negative for this marker. NSE
has been found in normal human pituitary cells, pi-
tuitary tumors, and many cells of the diffuse neuro-
endocrine system.3334
When the pituitary cells were treated with DES for
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6

7

Figure 6-Immunostaining with PRL antibody of dissociated pituitary
cells from rats treated with DES for 9 weeks. After 8 days of culture
many darkly stained PRL cells are present. Unstained fibroblasts with
larger nuclei are also present. (Immunoperoxidase, x330) Fig-
ure7-Immunostaining with neuron-specific enolase antibody of
trypsin-dissociated pituitary cells from rats treated with DES for 9
weeks. Neuron-specific enolase stains all of the anterior pituitary
cells positively, but the fibroblastic cells are negative after 8 days
of culture. (Immunoperoxidase, x 330)

7 days, there was an increase in the number of immu-
noreactive PRL cells. This finding suggests that DES
has a direct effect on anterior pituitary cells in vitro.
Other workers have reported an increase in pituitary
PRL cells in vitro after incubation in the presence of
estradiol.10 Lieberman et al also showed an increase
in prolactin mRNA levels in cells that were cultured
in the presence of estradiol.10
PRL pituitary adenomas are the most common

type of pituitary tumors in humans.35 Although es-
trogens have a key role in the development of these
lesions in the rat pituitary, the role of hormones in
the development of PRL adenomas in humans is not
clear.36 Since most PRL-producing adenomas occur
in premenopausal women, the rat model of DES-in-
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Figure 8-Distribution of PRL and GH immunoreactive cells in cul-
ture. Some animals were treated with DES for 3 weeks. Cells were
maintained for 21 days in EMEM over 5% C02, 95% air. Immunostain-
ing was done on coverslips.

duced tumors in young rats may be an excellent
model for the study of the mechanism of pituitary tu-
mor development. Although various models of spon-
taneous tumor development are available in aged
rats, the time of tumor development and the inci-
dence of tumors are quite variable.13-15
With the use of the DES-induced hyperplastic and

neoplastic pituitaries in young rats, various morpho-
logic, biochemical, and hormonal studies can be
done that may provide clues to the etiology and biol-
ogy of human prolactinomas.
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Figure 9-Effect of DES on PRL and GH cells in culture. Cells were
incubated with 10-9 M DES for 7 days. The numbers of PRL and GH
cells were identified by immunohistochemistry and compared with
control cultures, which were incubated without DES. Each point repre-
sents the mean of two culture dishes.
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