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Exposure of newborn male mice to estrogens is asso-
ciated with age-related changes in prostate size and
induction of epithelial hyperplasia and dysplasia.
Whether these changes directly result from systemic
estrogen administration or indirect effects of estro-
gens on systemic testosterone levels is unclear. We
have addressed this question using aromatase-knock-
out (ArKO) mice that are estrogen-deficient during
their lifespan but have elevated androgen levels and
develop prostate enlargement and hyperplasia
(McPherson SJ, Wang H, Jones ME, Pedersen J, Iismaa
TP, Wreford N, Simpson ER, Risbridger GP: Endocri-
nology 2001, 142:2458–2467). Circulating testoster-
one and dihydrotestosterone levels were significantly
decreased by neonatal diethylstilbestrol treatment,
remained suppressed in adult wild-type mice, but rap-
idly returned to control levels in ArKO animals. How-
ever, adult prostate weight and luminal size were
reduced in both wild-type and ArKO animals. Because
both wild-type and ArKO mice developed epithelial
hyperplasia and inflammation following neonatal di-
ethylstilbestrol treatment, this validates that estro-
gens directly cause prostatic inflammation and epi-
thelial hyperplasia. Furthermore, because ArKO mice
are estrogen-deficient, this study demonstrates the
sensitivity of the neonatal period to estrogen exposure
and the long range and permanent nature of the pros-
tatic responses that occur. Finally, this study establishes
the ArKO mouse model of estrogen deficiency as a
unique approach to study the effects of estrogens, es-
trogenic factors, and endocrine disruptors on prostate

development. (Am J Pathol 2006, 168:1869–1878; DOI:
10.2353/ajpath.2006.050623)

The prostate gland is an androgen-dependent organ.
Androgen ablation by castration results in involution of
the prostate and activation of apoptosis, and these ef-
fects can be reversed following the restoration of andro-
gens.1,2 Circulating testosterone entering the prostate
can be metabolized to 5�-dihydrotestosterone (DHT) by
local 5�-reductase activity.3,4 The effects of testosterone
and DHT are mediated by activation of the intracellular
androgen receptor.

Although primarily influenced by androgens, the pros-
tate is also an estrogen-target organ. The biosynthesis of
estrogens occurs via metabolism of an androgenic sub-
strate, catalyzed by an enzyme complex known as aro-
matase.5 Detection of aromatase expression in the pros-
tate is evidence for local estrogen synthesis,6–13 and the
identification of estrogen receptor (ER) subtypes ER�
and ER�14,15 confirms that estrogen signaling pathways
exist in the prostate.

Direct effects of estrogens are difficult to determine
because the effects of exogenous estrogen administra-
tion are centrally mediated and disrupt the normal endo-
crine environment, eliciting negative feedback inhibition
of endogenous gonadotropin production and depression
of testicular androgen biosynthesis.16,17 However, we re-
cently studied direct estrogen actions in the prostate
using the hypogonadal mouse (hpg) model, deficient in
gonadotropin and sex steroid synthesis.18 The effects of
unopposed estradiol exposure were proliferative and in-
cluded significant enlargement of prostate lobes. Aber-
rant growth was observed, including proliferation of stro-
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mal fibroblasts and epithelial basal cells accompanied by
a disruption and reduction to smooth muscle and secre-
tory epithelial cells. A prostatic inflammatory response
was also identified in this model as has been previously
shown using other models.18 Conversely, the effects of
unopposed androgens on the prostate were also prolif-
erative, as evident in the aromatase-knockout (ArKO)
mouse model, which is estrogen-deficient.19 As a conse-
quence of failure to metabolize androgens to estrogens,
the ArKO mouse exhibited elevated peripheral and intra-
prostatic androgen levels as well as increased androgen
receptor immunoexpression.20 Prostate lobes were en-
larged and showed uniform volumetric expansion of stro-
mal, epithelial, and luminal compartments.1 These data
therefore provide evidence that both androgens and es-
trogens are proliferative in the prostate but in different
ways. Coordinated growth and proliferation occur in re-
sponse to androgens, whereas estrogens lead to unco-
ordinated and aberrant patterns of proliferation.

The brief exposure of newborn male rats to pharma-
cological doses of estrogens produces multiple changes
to prostate growth, morphology, and function, including
alterations to hormonal sensitivity in later life.21–25 This
process is referred to as neonatal imprinting or develop-
mental estrogenization. Exposure to estrogens during
early life reduces androgen sensitivity in later life24,26 as
a result of down-regulation and accelerated degradation
of prostatic androgen receptor.21,22,27,28 The subsequent
effects on the prostate include manifestation of atypical
pathological changes with age, including inflammation,
epithelial hyperplasia, and the emergence of dysplastic
lesions.22,29–33 These changes are of major importance,
because specific inflammatory pathologies may be pos-
itively associated with benign and malignant changes in
the prostate.34–36 Dysplastic epithelial lesions, otherwise
referred to as prostatic intraepithelial neoplasia (PIN),
precede the emergence of prostatic carcinoma.37–41 The
role of estrogens in mediating these changes is not well
understood, because androgen production and action
are suppressed, and it is difficult to distinguish between
androgenic and estrogenic effects. However, it was
shown using ER-deficient mouse models that the ER�
subtype mediates acute and chronic pathological re-
sponses to developmental estrogenization, whereas ER�
is not required for these changes to occur.30 Further-
more, neonatal exposure to the androgen receptor an-
tagonist flutamide was shown not to mimic any of the
changes elicited by early estrogen exposure,22 support-
ing a direct effect of estrogen action on the prostate
during estrogenization. To examine the long range ef-
fects of developmental estrogenization and assess the
direct and indirect responses of the prostate gland, the
estrogen-deficient (ArKO mouse) model was used.

Materials and Methods

Animals

The ArKO mouse colony was originally bred on a
C57BL/6J background, generated by targeted disrup-

tion of the cyp19 gene as previously described.19 All
mice were maintained under controlled conditions
(lights on 7:00 AM to 7:00 PM; temperature 20 to 4°C),
with free access to mouse feed and water. Soy-free
mouse chow (Glen Forrest Stockfeeders, Glen Forrest,
Australia) was provided for all animals in this study,
because regular mouse chow has been shown to con-
tain isoflavones.42 All studies were conducted with ap-
proval from the animal ethics committee of Monash
University in accordance with guidelines of the Na-
tional Health and Medical Research Council.

The mice used in this study were generated by breed-
ing male and female mice heterozygous for the cyp19
gene, for the production of homozygous aromatase �/�
or �/� offspring. Pregnant mice were monitored daily for
the delivery of pups, and the day of birth was designated
day 0. Pups were sexed, and the genotyping of tail DNA
from male offspring was determined by PCR analysis.
Pups were allocated randomly to one of two treatment
groups, administered either 2 �g of diethylstilbestrol
(DES; Sigma Chemical Co., St. Louis, MO) in peanut oil
(Sigma Chemical Co.) or peanut oil alone on postnatal
days 1–5 via injection at the nape of the neck. For each
group five to eight animals were used.

Monthly body weights were determined, and serum
samples were collected by tail bleeding into capillary
blood collection tubes (Microvette CB300KE; Sarstedt,
Nümbrecht, Germany) from 50 days (�7 weeks) of
age. At 90 and 180 days of age, animals were weighed
followed by sacrifice via cervical dislocation, and ter-
minal serum samples were collected and stored at
�20°C. To prevent variations in hormone concentra-
tions as a consequence of diurnal hormonal secretion,
sera were collected during a controlled period (1000 to
1400 hours). Testes, seminal vesicles (SV) and anterior
(AP), ventral (VP), dorsal (DP), and lateral (LP) prostate
lobes were excised and dissected free of extraneous
fat. Organs were weighed and immersion-fixed in
Bouin’s fixative before processing. Following dehydra-
tion, organs were embedded in paraffin wax and seri-
ally sectioned (5 �m).

Histopathology

Following serial sectioning of tissues, sections were sam-
pled at 100-�m intervals (every 20th section) for AP and
at 50-�m intervals (every 10th section) for remaining
prostate lobes (VP, DP, and LP). Sections were stained
with Mayer’s hematoxylin and eosin before unbiased
blind histological examination by a pathologist.

Hormone Assays

Testosterone levels in plasma were assessed via organic
extraction with a 3:2 mixture of hexane and ethyl acetate.
Procedural recoveries were calculated with a parallel
sample with tritiated testosterone added. The organic
fraction was then dried overnight and reconstituted with a
1% gelatin phosphate-buffered saline buffer. The recon-
stituted aliquots were processed in a radioimmune pre-
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cipitation assay with a specific antibody raised to testos-
terone (T3-125; Endocrine Sciences Laboratories,
Calabasas, CA) and a liquid chromatography-purified
tritiated testosterone. After 16-hour incubation at 4°C,
free and bound hormones were separated with dextran
T70-coated charcoal. The testosterone standard was cal-
ibrated against a World Health Organization testosterone
preparation (coefficient of variation 3.1–7.5%). DHT was
extracted, dried, and reconstituted as per the testoster-
one assay. The aliquots were then oxidized by exposure
to 0.5% potassium permanganate for 30 minutes. Oxida-
tion was terminated via a second organic extraction. The
dried organic extract was reconstituted and assayed us-
ing antibody C0457 (Bioquest, North Ryde, Australia) and
a liquid chromatography-purified tritiated DHT tracer.
Procedural recoveries were calculated as per testoster-
one but with a DHT tracer (coefficient of variation
3.8–4.6%).

Stereological Analysis

All assessments were performed using a BX-51 micro-
scope (Olympus Corp., Tokyo, Japan). The images were
captured by a JVC TK-C1380 color video camera (Victor
Co., Tokyo, Japan) coupled to an IBM computer and
projected directly onto a video screen using an Integral
Flashpoint 3Dx frame grabber video adaptor (Integral
Technologies Inc., Indianapolis, IN). CAST software (ver-
sion 2.1.4; Olympus Corp.) was used to generate a set of
counting frames and a point grid (grid properties were
assessed individually for each organ and treatment
group; sampling was conducted at predetermined inter-
vals along x- and y-axes). Fields were selected by a
systematic uniform random sampling scheme, and vol-
umes of tissue compartments were determined based on
protocols modified from those previously used in the
testis43 and prostate.20,44

Hematoxylin and eosin-stained serial sections 50 �m
apart were examined under �40 magnification. VP tis-
sues were classified into three compartments: stroma,
epithelium, and lumen. The relative volume of stroma,
epithelium, and lumen per organ was determined by the
sum of the number of points that landed on each com-
partment divided by the sum of the number of points
contacting the entire organ. At least 100 counts per tissue
compartment were obtained. The absolute volume of
each tissue compartment was determined by multiplying
the organ weight and the relative volume.

Immunohistochemistry

Proliferating cells were identified by immunostaining for
proliferating cell nuclear antigen (PCNA; DAKO, Carpen-
taria, CA). Immunohistochemistry was performed by us-
ing a DAKO autostainer. Briefly, individual organs were
sectioned longitudinally (5 �m) to reveal the proximo-
distal orientation and deparaffinized, rehydrated, and
treated with peroxidase block (DAKO) for 10 minutes.
Antigen retrieval (0.01 mol/L citrate buffer, pH 6.0, as per
the manufacturer’s specifications) was used before inac-

tivation of endogenous peroxidase, and nonspecific
binding was blocked using CAS block (Zymed, San Fran-
cisco, CA), followed by incubation with primary antibody
for 30 minutes at room temperature. Primary antibody
binding was detected using biotinylated rabbit anti-
mouse IgG2A antibody (Zymed) followed by incubation
with an avidin-biotin peroxidase kit (ABC Elite; Vector
Laboratories, Burlingame, CA) for 15 minutes (PCNA).
Antibody localization was visualized using diaminobenzi-
dine tetrachloride as a chromogen. Finally, sections were
counterstained with Mayer’s hematoxylin, gradually de-
hydrated with alcohol, cleared with Histolene, and cov-
ered with a coverslip and with DPX mounting solution.

PCNA Quantitation

A semiquantitative approach was used to determine the
percentage of cells (stromal and epithelial) showing pos-
itive immunostaining for PCNA. Briefly, blocks of prostate
tissues (four to five animals per group) were selected
randomly and sectioned longitudinally to reveal the
proximo-distal orientation; sections from each animal in-
cluded paired lobes. Tissues from all groups were
processed in the same immunohistochemical assay to
eliminate interassay variation. Following PCNA immuno-
staining, 5-�m sections were subjected to systematic
sampling commencing at a random point using an unbi-
ased counting frame generated using CAST software
(version 2.1.4; Olympus Corp.). Using �40 magnification,
stromal and epithelial cells were classified as PCNA-
positive or -negative. Cell numbers were combined (min-
imum of 600 cells counted per organ), and percentages
of PCNA-positive epithelial and stromal cells were
determined.

Statistical Analysis

Data were compared among genotypes (wild-type (WT)
and ArKO), treatment groups (oil and DES), and ages (90
and 180 days). Data were analyzed to determine normal-
ity, and significant differences were determined by t-test,
with a significance threshold used at a level of 5% (P �
0.05), or by one-way analysis of variance analysis fol-
lowed by the posthoc Tukey multiple comparison test.
The analyses were conducted using Prism 4.00 software
(GraphPad Software Inc., San Diego, CA). Data are ex-
pressed as mean � SE.

Results

Neonatal DES Treatment Reduces Serum
Androgen Levels in ArKO Mice but Not Below
Normal Levels in Untreated WT Controls

Circulating testosterone concentrations were significantly
elevated in ArKO control versus WT control mice aged 50
days as previously reported (Figure 1A; P � 0.05). DES
treatment to WT mice significantly reduced testosterone
and DHT concentrations at ages 50 and 90 days (Figure
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1, A and B; P � 0.05). DES treatment to ArKO mice
reduced testosterone and DHT levels in mice 50 days
old, although they were no different from WT controls
(Figure 1, A and B; P � 0.05); no changes were identified
after this time. Following DES treatment, the testosterone
and DHT levels in ArKO mice were higher than or no
different from (but never lower than) WT controls treated
with DES (Figure 1, A and B; P � 0.08 and 0.08,
respectively).

Body and Organ Weights

Body, testicular, and seminal vesicle weights were mea-
sured as indirect indicators of androgen status in DES-
treated WT and ArKO mice. No changes to body weights
were identified between WT and ArKO control animals,
and DES treatment did not significantly alter body
weights in WT or ArKO groups (data not shown). Al-
though androgen levels were elevated in ArKO mice, the
testis weights were not significantly different to WT; how-
ever, neonatal DES treatment significantly reduced testis
weights of both WT and ArKO animals at 90 and 180 days
of age (Figure 2A; P � 0.01), consistent with the initial
decrease in androgen levels between 50 or 90 days of
age (see Figure 1). Similarly, SV organ weights were
significantly elevated (P � 0.05) in ArKO control versus
WT control animals at 90 (P � 0.01) and 180 days (Figure
2B; P � 0.05). DES treatment significantly reduced WT
and ArKO SV weights at both ages (P � 0.05 and P �
0.001), although by 180 days ArKO SVs had again be-
come heavier than in WT littermates (162.9 � 44.9 vs.
75.8 � 40.07 mg).

The weights of the lobes of the prostate gland (VP, AP,
LP, and DP) were determined as shown in Table 1. At 90
days of age, the weights of all of the prostate lobes in
untreated ArKO mice were significantly increased (P �
0.05) compared to WT controls (Table 1). At 180 days of
age, the differences remained statistically significant in
only VP and LP lobes (Table 1; P � 0.05). Neonatal
exposure to DES significantly reduced (P � 0.05) pros-
tate lobe weights (AP, VP, LP, and DP) in both WT ani-
mals, as shown at 90 and 180 days of age (Table 1).

Figure 1. Temporal analysis of serum androgens following neonatal expo-
sure of WT and ArKO mice to DES. Circulating serum testosterone (A) and
DHT (B) concentrations were significantly elevated in untreated ArKO (F
and solid line) versus WT control (F and dashed line) mice at 50 days. WT
mice given neonatal DES injections (E and dashed line) showed significant
reductions to testosterone (A) and DHT (B) at 50 and 90 days. DES treatment
of ArKO mice (E and solid line) resulted in reductions to testosterone (A)
and DHT (B) only at 50 days (P � 0.05). After DES treatment, ArKO animals
maintained significant elevations to testosterone (A) and DHT (B) versus WT
animals at 50 and 90 days (P � 0.05), and nonsignificant elevations were
identified at 180 days (P � 0.08 and 0.08, respectively). Data are expressed
as mean � SE; n � 5–8. Different letters indicate significant comparisons
(P � 0.05): a, untreated ArKO versus untreated WT; b, DES-treated WT
versus untreated WT; c, DES-treated ArKO versus untreated ArKO; d, DES-
treated ArKO versus untreated WT. Some error bars were removed to sim-
plify comparisons.

Figure 2. Effects of neonatal DES on nonprostatic reproductive organ
weights. A: Testis weights of WT and ArKO control animals were not
significantly different, but neonatal DES treatment significantly reduced testis
weights of WT and ArKO animals at 90 and 180 days of age (P � 0.01). B:
Seminal vesicle weights were significantly elevated (P � 0.05) in ArKO
control versus WT control animals at 90 (P � 0.01) and 180 days (P � 0.05).
DES treatment significantly reduced WT and ArKO SV weights at 90 (P �
0.05) and 180 days (P � 0.001). Different superscripts indicate significant
comparisons.
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Similarly, at 90 days of age, the weight of ArKO mouse
tissues was significantly reduced, but in older ArKO mice
(180 days old) only the ventral and lateral prostate lobes
remained significantly lower (Table 1); the anterior and
dorsal prostate lobes were no different from untreated
ArKO controls (Table 1).

Stereological Analysis

Because androgens regulate the secretory activity of the
prostatic epithelia and are a significant factor in deter-
mining the weight of the prostate lobes, we used stereo-
logical analysis to quantify the changes to stromal,
epithelial, and luminal volume in the VP lobes from 180-
day-old mice. As previously shown,20 uniform increases
in stroma, epithelia, and lumen volume were identified in
ArKO compared to WT littermate control tissues that were
significant for the epithelia (P � 0.05) and lumen (P �
0.05; Table 2; P � 0.0778). DES treatment of WT and
ArKO mice reduced volume of lumen but not that of
epithelia or stroma. The absolute volume of the VP lumen
in WT mice was reduced by 86% following DES (vs. WT
control; P � 0.0002); in ArKO mice the absolute volume of
the VP lumen was reduced by 68% (vs. ArKO control; P �
0.0015) but remained significantly elevated compared to

the lumen volume of WT DES mice (Table 2; P � 0.0001).
Therefore, the changes to the lumen volume as deter-
mined by stereology correspond exactly with the ob-
served changes in VP weights recorded in Table 1.

PCNA Quantitation

Quantitation of PCNA staining in the epithelia is further
evidence of the proliferative response to DES. There were
no significant changes in the absolute volume of the
epithelia from WT compared to ArKO mice after DES
treatment (Table 3). However, analysis of the proportion
of cells labeled with PCNA showed that neonatal DES
treatment resulted in a significant increase in proliferating
cells in the epithelium of WT and ArKO VP (Table 3),
providing evidence of an increased proliferative re-
sponse in the epithelium.

Histology

Regardless of changes to organ weight, histological ex-
amination of the tissues provided additional information
about direct prostate tissue response to DES.

Table 1. Analysis of Adult Prostate Lobe Weights after Neonatal DES

Age (days)

Organ weight (mg)

VP AP LP DP

WT control 90 7.883 � 0.95 29.97 � 1.61 1.46 � 0.36 5.05 � 0.38
WT � DES 90 4.26 � 0.47*† 14.09 � 1.90*† 0.33 � 0.09*† 3.51 � 0.46*†

ArKO control 90 11.47 � 1.05* 36.83 � 2.15* 3.72 � 0.71* 8.00 � 0.71*
ArKO � DES 90 5.76 � 0.86† 18.55 � 2.36*† 0.83 � 0.36†‡ 4.48 � 0.55†

WT control 180 9.50 � 1.25 37.82 � 2.95 3.18 � 0.47 7.35 � 0.65
WT � DES 180 4.04 � 0.69*† 25.80 � 1.70*† 0.88 � 0.33*† 5.24 � 0.72*†

ArKO control 180 14.85 � 2.09* 46.14 � 5.32* 8.70 � 1.36* 9.22 � 1.35
ArKO �DES 180 7.76 � 0.87†‡ 37.76 � 2.90†‡ 3.27 � 0.42†‡ 8.56 � 0.92‡

At 90 days of age, ArKO prostate lobe weights versus WT control (AP, VP, LP, and DP) were significantly elevated (P � 0.05). Similar patterns were
recorded at 180 days of age, except in ArKO DP, which was not different from WT control. Following neonatal DES treatment, at 90 days of age all WT
and ArKO prostate weights were significantly reduced compared to respective controls (P � 0.05), but ArKO VP, LP, and DP were no different to WT
control weights. At 180 days of age, weights of DES-treated prostate lobes remained significantly reduced compared to WT or ArKO controls (P �
0.05), but DES-treated ArKO lobe weights were significantly elevated (P � 0.05) compared to WT counterparts and were not significantly different from
WT control weights. Data are expressed as mean � SE; n � 8.

*Significant comparison (P � 0.05) versus WT control.
†Significant comparison (P � 0.05) versus ArKO control.
‡Significant comparison (P � 0.05) versus WT DES.

Table 2. Stereological Analysis of 180-Day-Old VP following Neonatal DES

Compartmental volume (mm3)

Epithelium Stroma Lumen

WT control 2.10 � 0.12 1.44 � 0.16 6.83 � 0.85
WT � DES 1.61 � 0.30* 1.49 � 0.33 0.94 � 0.14*†

ArKO control 3.07 � 0.41† 2.12 � 0.34 11.84 � 1.66†

ArKO � DES 2.75 � 0.22†‡ 2.53 � 0.43†‡ 3.74 � 0.60*†‡

Compared to WT control tissue significant volumetric increases were detected in epithelial and luminal compartments (P � 0.05) of ArKO control
VP, and a nonsignificant increase in stromal volume (P � 0.0778). After neonatal DES treatment, WT and ArKO stromal and epithelial volumes were not
altered (compared to their respective controls), but luminal volumes were significantly reduced (P � 0.05 respectively; vs. controls). DES-treated ArKO
volumes remaining significantly higher than in DES-treated WT and were significantly larger than WT controls (P � 0.05). Data are expressed as
mean � SE; n � 5–8.

*Significant comparison (P � 0.05) versus ArKO control.
†Significant comparison (P � 0.05) versus WT control.
‡Significant comparison (P � 0.05) versus WT DES.

Hormonal Imprinting of Prostate Gland 1873
AJP June 2006, Vol. 168, No. 6



Wild-type Control versus ArKO Control

In the absence of DES exposure, differences in the
histology of the prostate lobes from control WT and
ArKO mice, including epithelial hyperplasia and dis-
tension of the ducts, were identified in VP (Figure 3d)
and all other prostate lobes (data not shown) in ArKO
mice. The epithelial hyperplasia in the VP was charac-
terized by increased papillary infolding of the epithe-
lium, and expansion of glandular lumen was associ-
ated with increased secretory fluid within the ducts
(Figure 3d). Inflammation was not identified in control
tissues at any age.

Wild-type DES versus ArKO DES

The reduction in the weight of prostate lobes from DES-
treated mice (see Table 1) was associated with distinc-

tive histological changes. Following neonatal estrogeni-
zation, at 90 days of age, WT and ArKO animals
demonstrated significant ductal regression, character-
ized by generally narrow ducts with smaller glands com-
pared to control tissue (Figure 3, a and d) and an in-
crease in epithelial infolding in VP (Figure 3, b and e) and
all other prostate lobes (data not shown). ArKO tissues,
however, appeared to retain larger lumen.

The characteristics identified in DES-treated WT and
ArKO animals at 90 days appeared to be exacerbated
at 180 days (Figures 3c, 3f, and 4), and reductions in
weight (Table 1) were associated with reduced duct
size and luminal fluid secretion. (Figure 3, c and f).
However, ArKO tissues were all significantly (P � 0.05)
heavier than the corresponding WT DES-treated mouse
tissues with no difference in untreated WT controls
(Table 1), the likely result of ArKO tissues having larger
luminal volume compared to WT (Table 2).

Table 3. Quantitation of PCNA Activity in 180-Day-Old VP following Neonatal DES

% proliferation

Epithelium Stroma Overall

WT control 24.91 � 1.34 21.39 � 5.52 25.15 � 1.54
WT � DES 51.75 � 6.03*† 19.49 � 4.81† 44.55 � 5.67*
ArKO control 33.22 � 3.28* 34.77 � 3.92* 33.53 � 3.32*
ArKO � DES 48.38 � 4.761*† 21.03 � 3.00† 38.51 � 3.91*

ArKO VP showed significant increases in levels of epithelial and stromal cell proliferation compared WT controls (P � 0.05), which was reflected in
a significant overall increase in proliferation. Neonatal DES treatment elevated PCNA localization significantly in the epithelium of both WT and ArKO
VP compared to respective controls, but had no effect on WT stroma and significantly reduced proliferation in ArKO stroma (P � 0.05), resulting in a
significant overall increase in WT proliferation (P � 0.05). Data expressed as mean � SEM.

*Significant comparison (P � 0.05) versus WT control.
†Significant comparison (P � 0.05) versus ArKO control.

Figure 3. Morphology of adult ventral prostate lobes following neonatal DES. Histological examination identified apparent increases in lumen size and epithelial
infolding in ArKO control tissue (b) compared to WT (a). Following neonatal DES treatment VP from WT mice aged 90 (b) showed apparent ductal regression
as indicated by narrowing of ducts and reduction in lumen size and an apparent increase in epithelial infolding, which became more pronounced at 180 days (c).
DES-treated ArKO VPS at 90 (e) and 180 days (f) showed similar histological responses to those seen in WT tissue, although lumen appeared to be larger than
those seen in WT tissues. Staining, H&E; magnification objective, �4; scale bar � 200 �m.
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Neonatal DES exposure also caused hyperplasia in the
epithelium of all prostate lobes of both WT and ArKO
mice that were characterized by increased papillary in-
folding of the epithelia and the presence of complex
cribriform structures throughout glands (Figure 4). Nu-
clear changes were also observed within hyperplastic
foci, including increased nuclear size and prominent.
Significant increases in proliferative activity in VP tissues,
from both WT and ArKO mice aged 180 days, was also
observed as demonstrated by a significant increase in
the percentage of PCNA-positive cells (Table 3).

Prostate Inflammation following Neonatal DES

In addition to inducing histological changes, neonatal
DES treatment of both WT and ArKO mice was associ-
ated with an inflammatory response in all of the prostate
lobes at 180 days (Figure 5). Leukocytes were rarely
observed in proximity to normal tissues; however, follow-

ing DES exposure there was evidence of an inflammatory
response in the ducts where there was also epithelial
hyperplasia. Inflammation included an accumulation of
neutrophils and lymphocytes, identified as forming lym-
phoid aggregates in the stroma but absent from control
tissues (Figure 3). Immune cells were predominantly con-
centrated in the stroma and band of smooth muscle
(Figure 5) but were also observed infiltrating the epithelial
layer (Figure 5, a and b, inset). Evidence of inflammation
was not detectable in any prostate lobe from control
animals or at 90 days following neonatal DES treatment in
either WT or ArKO mice.

Discussion

Since the administration of estrogen lowers androgens,
the long range effects of neonatal estrogen treatment
result from the combined effects of transient reduction in
androgen and direct effects of estrogens per se. To as-
sess the relative contributions of altering androgen and
estrogen levels in neonatal mice, we used the estrogen-

Figure 4. Histological examination of adult ArKO and WT prostate lobes
following neonatal DES. Treatment of both WT (a, c, e, and g) and ArKO (b,
d, f, and h) with neonatal DES was associated with regressive changes to all
prostate lobes, VP (a and b), AP (c and d), LP (e and f), and DP (g and h),
including a significant reduction to luminal size within glands, although
lumen from ArKO lobes remained larger compared to DES-treated WT
tissues. Epithelial hyperplasia was identified in all prostate lobes from both
DES-treated WT and ArKO mice and was characterized by increased papil-
lary folding and the widespread identification of cribriform structures. Estro-
genization was also associated with the manifestation of a local inflammatory
response. Staining, H&E; magnification objective, �10; scale bar � 200 �m.

Figure 5. Induction of local inflammatory response in adult prostate follow-
ing neonatal DES. DES treatment of animals was also associated with the
manifestation of a local inflammatory response in all prostate lobes of both
ArKO and WT. Inflammation was characterized by a significant concentration
of leukocytes within the stroma and epithelium of tissues (b, f, and h,
arrowheads). Inflammatory cells were also identified invading the epithe-
lium (a and b, insets). Staining, H&E; magnification objective, �40; scale
bar � 100 �m; magnification, �100 (inset), scale bar � 20 �m (inset).
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deficient ArKO mouse model, which provides a unique
opportunity to study the effects of transient elevation of
estrogen without complication due to endogenous estro-
gen synthesis thereafter. Androgen levels are elevated in
ArKO male mice that subsequently develop prostate en-
largement and hyperplasia.20 Treatment of mice with
DES during the neonatal period significantly reduced
circulating testosterone and DHT concentrations in mice
of both WT and ArKO mice; however, the extent of this
reduction differed between the genotypes and was re-
flected in the differing prostate weights and lumen size.
Lumen size is indicative of the secretory activity of the
prostate gland, which is known to be regulated by andro-
gens. These results show that reduced prostate size in
response to DES relates to the modification of androgen
levels. However, despite variable serum hormone levels
and a failure to consistently correlate them with changes
in organ weights, prostatic epithelial hyperplasia and
inflammation were consistently observed, confirming that
this response is a direct effect of neonatal DES treatment.
Furthermore, because the ArKO mice are estrogen-defi-
cient, these results demonstrate prostatic susceptibility to
transiently elevated estrogen levels during neonatal life
and the permanent and long range nature of these
effects.

This study shows that developmental estrogenization
has dual actions on the epithelia leading to reduced
secretory activity as well as epithelial cell proliferation
and hyperplasia. The reduction in prostate size in both
neonatal DES-treated ArKO and WT mice is almost en-
tirely due to significant reductions in luminal volume,
suggesting reduced activity of the secretory epithelial
cells. In contrast, proliferation stimulated by DES treat-
ment targets the basal cell layer, as previously de-
scribed.45 Therefore the proliferative responses to tran-
sient neonatal estrogens differ from the hypertrophy and
hyperplasia that occur in ArKO mice due to a sustained
lifelong elevation of androgens. The presence of similar
hyperplastic cribriform structures in both ArKO and WT
mouse prostates indicates a direct biological effect of
neonatal estrogen exposure on the prostate that is inde-
pendent of, and unrelated to, subsequent serum andro-
gen levels. These results provide additional evidence to
implicate estrogens in the pathogenesis of human benign
prostatic hyperplasia.46

Despite their reduced size and aberrant epithelial ar-
chitecture, neonatally estrogenized prostates from both
ArKO and WT mice show significant increases in the
proliferative index of the epithelium compared to controls.
The stimulus for proliferation may arise during neonatal
estrogenization or occur later as inflammation occurs and
cytokines derived from invading inflammatory cells stim-
ulate aberrant prostatic epithelial proliferation within the
basal cell compartment where cells are known to prolif-
erate in response to stimulation by estrogen alone18 and
in response to inflammatory cytokines.47

Prostate homeostasis depends on the hormonal mi-
lieu and requires a balance between the levels of an-
drogens and estrogens. Perturbation of the androgen:
estrogen ratio is associated with altered growth,
behavior, and pathogenesis in the prostate, particu-

larly when the ratio of androgens:estrogens is reduced
on aging. In older men, peripheral androgen levels are
reduced while estrogen levels remain unchanged or
become elevated,48 –50 and increasing circulating and
intraprostatic estrogen:androgen ratios have been
linked to prostate disease, including benign prostatic
hyperplasia51–56. This study demonstrates the seminal
importance of maintaining the appropriate balance be-
tween androgens and estrogens during neonatal life.
Neonatal estrogenization decreases the androgen:es-
trogen ratio during neonatal life and is associated with
the emergence of multiple pathological changes in the
adult prostate as demonstrated in both WT and ArKO
mice. If the androgen:estrogen ratio is significantly
increased from birth to maturity, as it is in untreated
ArKO mice, the response is equally profound but does
not result in premalignant or malignant changes in
adulthood.20 Neonatal imprinting by estrogens is asso-
ciated with dysplasia, analogous to premalignant pros-
tatic intraepithelial neoplasia in the human pros-
tate.29,57,58 Dysplasia usually occurred 9 –12 months
after neonatal estrogenization in rats57 and mice,29

beyond the time frame of the current study. However,
the presence of proliferative hyperplastic lesions and
nuclear changes are consistent with the development
of further premalignant lesions with time.

Regardless of the androgen status and the ratio of
androgens:estrogens in WT or ArKO mice, immune cells
were identified in prostates from estrogenized mice at 90
days of age, becoming increasingly prevalent after 180
days of age. Although inflammation frequently accompa-
nied epithelial hyperplasia, it is not known if this was
cause or effect, ie, the epithelial pathology caused a local
inflammatory response, or whether increasing inflamma-
tion resulted in reactive epithelial hyperplasia. The co-
existence of immune cell infiltration and hyperplasia is
significant, because a positive correlation between in-
flammatory pathologies and benign and malignant
changes has been previously reported in the human
prostate.34–36

Disturbance of stromal-epithelial interactions occurs
when homeostasis is disrupted and pathologies
emerge.59 Chang et al60 reported periductal fibroblast
proliferation in estrogenized prostates and proposed that
this may contribute to formation of a physical barrier
obstructing normal paracrine communications between
the prostatic stroma and epithelium. In the current study,
immune cells were identified invading the stroma and
epithelium of estrogenized prostates as previously de-
scribed,18,25,33,61 a response associated with alteration
of stromal histology, disruption of normal stromal-epithe-
lial signaling, and contribution to the development of
pathologies, including proliferative hyperplastic le-
sions.18 We previously confirmed that both fibroblast pro-
liferation and inflammation are direct biological effects of
estrogen.18

In summary, these data demonstrate that neonatal
DES exposure suppressed circulating testosterone and
DHT concentrations in WT mice throughout adulthood but
only reduced androgen concentrations in the ArKO mice
to levels physiologically equivalent to those seen in un-
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treated wild-type mice. The ArKO prostate showed resis-
tance to several of the parameters associated with de-
velopmental estrogenization, particularly loss of epithelial
secretory activity, which contributed to reduced prostate
lobe weights in WT tissues. These data suggest that
suppression of secretory activity occurring during estro-
genization may be indirectly mediated through androgen
antagonism. However, epithelial hyperplasia and devel-
opment of prostatic inflammation were not altered by
variable adult androgen or estrogen levels, implicating
neonatal estrogens, and not androgens, in the pathogen-
esis of hyperplasia and inflammation.
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