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Prostatitis causes substantial morbidity to men,
through associated urinary symptoms, sexual dys-
function, and pelvic pain; however, 90% to 95% of
cases have an unknown etiology. Inflammation is as-
sociated with the development of carcinoma, and,
therefore, it is imperative to identify and study the
causes of prostatitis to improve our understanding of
this disease and its role in prostate cancer. As estro-
gens cause prostatic inflammation, here we charac-
terize the murine prostatic phenotype induced by el-
evated endogenous estrogens due to aromatase
overexpression (AROM�). Early-life development of
the AROM� prostate was normal; however, progres-
sive changes culminated in chronic inflammation and
pre-malignancy. The AROM� prostate was smaller at
puberty compared with wild-type controls. Mast cell
numbers were significantly increased at puberty and
preceded chronic inflammation, which emerged by
40 weeks of age and was characterized by increased
mast cell , macrophage, neutrophil, and T-lympho-
cyte numbers. The expression of key inflammatory
mediators was also significantly altered, and prema-
lignant prostatic intraepithelial neoplasia lesions
emerged by 52 weeks of age. Taken together, these
data link estrogens to prostatitis and premalignancy
in the prostate, further implicating a role for estrogen
in prostate cancer. These data also establish the
AROM� mouse as a novel, non-bacterial model for
the study of prostatitis. (Am J Pathol 2009, 175:1187–1199;
DOI: 10.2353/ajpath.2009.081107)

Prostatitis, an exceedingly common condition in the male
population worldwide, has an incidence of �9% and a

prevalence of �14%, and, unlike benign prostatic hyper-
plasia and prostate cancer (PCa), which are predomi-
nantly diseases of older men, prostatitis afflicts men of all
ages. It is also the most common outpatient condition
seen in men under 50 years of age and accounts for more
clinical visits than either PCa and/or benign prostatic
hyperplasia.1,2 At present our knowledge of prostatitis is
lacking, with 90% to 95% of cases having an unknown
etiology. This represents a significant problem, particu-
larly as prostatitis has also been implicated in the devel-
opment of PCa.3–5 Given the prevalence of prostatitis and
this putative link to PCa, it is vitally important to identify
the unknown causes of prostatitis.

Several causes of prostatitis have been postulated,
including hormonal variation or exposure, infection due to
sexually transmitted disease,6 dietary factors, and phys-
ical trauma from urine reflux.7 However, of particular in-
terest is an apparent link between estrogen and prostatic
inflammation,8 which has emerged mainly from the ad-
ministration of pharmacological levels of exogenous es-
trogen to rodents.9 Additional data obtained from further
rodent studies show that the prostate gland is particularly
sensitive to estrogenic exposure during development in
fetal and neonatal life; transient estrogen exposure be-
fore puberty results in inflammation later in life, well after
the exposure has occurred.10,11 Several decades of re-
search from various laboratories, including our own, has
demonstrated that this action is mediated by the estrogen
receptor (ER) � subtype and involves a cascade of
events that permanently and irreversibly alter gene ex-
pression patterns in the gland.12 These data indicate that
exposure to estrogen causes prostatic inflammation and
directly links estrogen and prostatitis.

Studies have shown that chronic inflammation predis-
poses individuals to various types of cancer; indeed,
underlying infection and inflammatory responses have
been linked to 15% to 20% of all human cancers.5,13,14
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This is also believed to be true for the prostate, and there
is an emerging and growing body of evidence implicating
inflammation in the etiology of PCa similar to other organs
such as the liver and stomach.3–5 Epidemiological evi-
dence also indicates that men with a history of prostatitis
have an increased risk for PCa.15 Additionally, lesions
characterized by proliferating epithelial cells and acti-
vated inflammatory cells (proliferative inflammatory at-
rophy) are frequently observed in juxtaposition to pre-
malignant prostatic lesions (prostatic intraepithelial
neoplasia; PIN) and PCa.3

To study the effects of estrogen on the prostate, pre-
vious studies have typically relied on the addition of
exogenous estrogens at either low or pharmacological
doses. This, however, introduces a number of complicat-
ing factors. Low dose effects can be difficult to discern,
while pharmacological doses may not mimic normal
physiological responses. In addition, this methodology
also precludes the ability to examine the effects of estro-
gen and the progression of disease throughout develop-
ment and adult life. Consequently, the development of
new experimental animal models of prostatitis is essential
to determine whether inflammation is linked to develop-
ment of PCa. This need was highlighted and stressed in
the report from the Bar Harbor Consensus meeting.16

Although two models of prostatitis have recently been
developed, they are of limited utility: one is bacterial17

while the other is rat-based and requires the administra-
tion of exogenous hormones.18 As a result, both of these
models preclude the ability to cross-breed with other
types of genetically manipulated mice to delineate and
study specific mechanisms. Consequently the imperative
remains to develop new mouse models for the study of
prostatitis.

The aromatase overexpressing (AROM�) transgenic
mouse provides a novel model to examine the effect of
altered aromatase activity, and therefore estrogen levels
and action, in the prostate within physiological hormonal
environment. Estrogen levels in these mice are signifi-
cantly elevated and are associated with a concomitant
decrease in androgens. It has been previously reported
that the prostates of these mice are rudimentary due to
the suppression of androgens.19

In this study, we show for the first time that the AROM�
mouse develops chronic prostatitis by 40 weeks of age.
This inflammation is characterized by an elevation in mast
cell numbers from puberty and ultimately leads to chronic
inflammation and the development of PIN lesions. This
demonstrates a continuum, with estrogen-inducing in-
flammation, which subsequently results in the onset of
pre-malignancy.

Materials and Methods

Mice

AROM� mice exhibit ubiquitous human aromatase ex-
pression, driven by the human ubiquitin C promoter.19

These mice are of FVB/N genetic background and were
maintained under controlled conditions (lights on 0700 to

1900; temperature 20 °C to 24 °C), with access to mouse
feed (Glen Forrest Stockfeeders, Glen Forrest, Australia)
and water ad libitium.

Litters of AROM� mice were generated by breeding
transgenic females with wild-type FVB/N males to pro-
duce AROM� and wild-type offspring. Anterior, ventral,
dorsal and lateral prostate lobes (AP, VP, DL, and LP,
respectively) and seminal vesicles (SV) were collected
from AROM� and wild-type animals for analysis at day 0
(d0; postnatal) and day 3 (d3; postnatal), then weekly
from 3 to 52 weeks of age. For consistency and unless
otherwise noted, all data presented were generated us-
ing VP tissues.

SCID mice were obtained from Central Animal Ser-
vices, Monash University (Clayton, Australia) and housed
as detailed for the AROM� animals.

All animal studies were conducted in accordance
with the National Health and Medical Research Council
and Monash University animal ethics regulations and
guidelines.

Quantitation of Branching Development

Analysis of branching morphogenesis in neonatal pros-
tate tissues was conducted using combined confocal
microscopy and computerized image analysis as previ-
ously described.20 Briefly, VP or AP were dissected from
the urogenital tracts of neonatal day 0 and day 3 wild-
type and AROM� mice and prepared for wholemount
immunostaining of epithelial cell cytokeratins. Six param-
eters of branching were recorded and analyzed; specif-
ically, prostate ductal length, volume, number of main
ducts, branches, branch points, and tips.

Immunohistochemistry

Immunohistochemistry was performed using a DAKO au-
tostainer (DAKO, Carpentaria, CA) as previously de-
scribed.21,22 Briefly, following fixation the prostate tissues
or recombinants were processed and embedded in par-
affin wax and serially sectioned at 5 �m for histological
and/or stereological analysis. After dewaxing, the sec-
tions were rehydrated antigen retrieval (0.01 M/L citrate
buffer at pH 6.0 or 0.05 M/L Tris/0.01% EDTA at pH 9.0)
was performed. Peroxidase block (Dako) was used to in-
activate endogenous peroxidase activity and nonspecific
binding was blocked using CAS block (Zymed, San
Francisco, CA) followed by incubation with primary
antibody for 60 to 120 minutes at room temperature.
Primary antibody binding was detected using a biotin-
ylated secondary antibody (Zymed) followed by incu-
bation with an avidin-biotin peroxidase kit (ABC Elite;
Vector Laboratories, Burlingame, CA). Antibody localiza-
tion was ultimately visualized using the chromogen dia-
minobenzidine tetrachloride (Dako). Finally, sections
were counterstained with Mayer’s hematoxylin, gradually
dehydrated with alcohol, cleared with Histolene, and cov-
ered with dansylated polymyxin B mounting solution and
a coverslip.
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The localization and expression of the androgen re-
ceptor (AR), ER�, ER�, smooth muscle �-actin, prolifer-
ating cell nuclear antigen and high molecular weight
cytokeratin (CKH) were determined using specific anti-
bodies for AR (N-20, Santa Cruz Biotechnology, CA), ER�

(Dako, a-actin, Sigma Aldrich, St. Louis, MO), proliferat-
ing cell nuclear antigen (Dako), CKH (Dako), and ER�

(Novocastra Laboratories Ltd., Newcastle, UK).
The presence and localization of specific leukocytes

within the tissues was also examined using immunohisto-
chemistry. The localization of neutrophils, T lymphocytes, B
lymphocytes, and macrophages was determined using an-
tibodies specific for Ly6g (BD Pharmingen, San Diego, CA),
CD3 (Santa Cruz Biotechnology, CA), CD45R (BD Pharm-
ingen), and F480 (Abcam, Cambridge, UK), respectively.

Mast Cell Analysis

Mast cells contain granules composed of heparin, sul-
fated glycosaminoglycan and histamine. Consequently,
acidified toluidine blue will stain these cells metachro-
matically, making them readily distinguishable from the
surrounding tissue; the mast cells will stain a red-purple
(metachromatic staining) and the surrounding tissue will
be blue (orthochromatic staining).

Briefly, 5-�m paraffin-embedded sections were depar-
affinized and re-hydrated. The sections were then stained
in a solution of 0.1% Toluidine Blue O (Sigma Aldrich), 7%
alcohol, and 1% NaCl at pH 2.3 for 3 minutes. The sec-
tions were then washed in distilled water, rapidly dehy-
drated in 95% and 100% alcohol washes, mounted in
dansylated polymyxin B, and coverslipped for analysis.

Stereology

All assessments were performed using a Bioprecision2
Microscope Stage (Ludl, NY), 99A400 Focus drive
(Ludl), MAC5000 Controller (Ludl), and ND-281 Encoder
(Heidenhain, IL) coupled to an Olympus BX-51 micro-
scope (Olympus, Tokyo, Japan). The images were cap-
tured using a PixeLink PL-623C digital camera (PixeLink,
Ottawa, ON, Canada) coupled to a computer. The new-
CAST component (version 2.14; Visiopharm, Hørsholm,
Denmark) of the Visiopharm Integrator System (version
2.16.1.0; Visiopharm) was used to generate a set of
counting frames and a point grid (grid properties were
assessed individually for each marker).

Uniform systematic random sampling was then used to
quantitate the number of positive cells on toluidine blue or
immunohistochemical stained sections, as previously de-
scribed.21–23 In brief, the sections were examined under
�40 magnification; they were mapped to define tissue
boundaries and were sampled at predetermined intervals
along the x- and y- axes using a single point grid-count-
ing frame. Positive cells were then scored and totaled for
each respective gland, the final number being expressed
as the number of positive cells per unit area.

Serum Hormones

Serum levels of testosterone and estradiol were deter-
mined using the DSL-4000–coated tube radioimmunoas-
say and the DSL-4800 ultra-sensitive double antibody
radioimmunoassay, respectively, as per the manufactur-
er’s instructions (Diagnostic System Laboratories Inc.,
Webster, TX). Values for the samples were derived via
interpolation using standards provided with the kit.

Quantitative Real-Time PCR Array Analysis

The expression of 84 inflammatory cytokines and chemo-
kines was examined using the Mouse Inflammatory Cy-
tokines and Receptors RT2 Profiler PCR Array (SuperAr-
ray Bioscience Corporation, Frederick, MD). Quantitative
real-time PCR array was performed on an Applied Bio-
systems 7900HT Fast Real-Time PCR System (Applied
Biosystems, Forster City, CA).

VPs were dissected from AROM� and wild-type
mice at 40 weeks of age when chronic inflammation
was evident. Total RNA was first extracted using TRIzol
reagent, per the manufacturer’s instructions (Invitro-
gen, Carlsbad, CA), then further cleaned using the RT2

qPCR-Grade RNA isolation kit (SuperArray). RNA integ-
rity was checked using Experion RNA StdSens Analysis
kits and the Experion Automated Electrophoresis System
(Biorad, Hercules, CA).

cDNA was synthesized from the purified RNA using the
RT2 First Strand Kit (SuperArray) and samples were ini-
tially run on a RT2 RNA QC PCR Array (SuperArray) to
check housekeeping gene expression levels, RT effi-
ciency and for genomic DNA carry-over.

PCR array analysis was performed according to the
manufacturer protocol with the RT2 Real-Time SYBR
Green PCR Master Mix (SuperArray). mRNA expression
for each gene was normalized using the expression of
HPRT as a control housekeeping gene and compared
with the data obtained with RNA from the control wild-
type samples according the 2���CT method.24 Results
were considered significant when relative mRNA ex-
pression was at least twofold higher or lower than that
of the wild-type control mice and the statistical P value
was �0.05.

The results were also subsequently confirmed by
quantitative real-time PCR on individual RNA samples
using the QuantiTect SYBR Green PCR Kit (Qiagen Inc.,
Mississauga, Canada).

PCR Analysis and Relative Quantitation of
Aromatase Expression

To examine aromatase expression in the wild-type mouse
VP compared with the AROM� VP, relative quantitative
PCR was performed as previously described.25 Briefly,
RNA was extracted from the VPs of wild-type and
AROM� mice using TRIzol (Invitrogen), DNase treated
and cDNA generated. Real time PCR was subsequently
performed using the Roche LightCycler per manufactur-
er’s instructions (Roche Diagnostics, Basel, Switzerland).
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cDNA was normalized to 18S expression and relative
aromatase levels in the different tissues were subse-
quently determined. In total, samples from 5 AROM� and
four wild-type animals were examined, with all samples
run in triplicate.

Tissue Recombination

Tissue recombinants were prepared as previously de-
scribed.26–29 SVs were removed from day 0 wild-type or
AROM� mice and digested with 1% trypsin (Life Tech-
nologies, Gaithersburg, MD) in calcium- and magnesium-
free Hanks’ balanced salt solution for 60 minutes at 4°C.
Seminal vesicle mesenchyme was then separated from
epithelium using a Graefe knife and fine forceps. APs
were removed from adult male wild-type or AROM�
mice, and ductal tips of �1 mm in length were excised.

The tissue recombinants were constructed in vitro with
wild-type or AROM� epithelia (-E) and stroma (-S); spe-
cifically wild-type-E/wild-type-S or AROM�-E/AROM�-S.
The assembled recombinant tissues were cultured in a
humidified incubator at 37°C with 5% CO2 for 36 hours
before being grafted under the renal capsules of intact male
immune-deficient SCID mice. Grafts were harvested after 4
weeks of growth in vivo and fixed in Bouins for analysis. A
minimum of five grafts were prepared for each group.

Statistics

Data were analyzed to determine normality and significant
differences were determined by t-test with a significance

threshold used at a level of 5% (P � 0.05). Analyses were
conducted using Prism 5.00 software (GraphPad Software
Inc., San Diego, CA). Data are expressed as mean � SEM,
unless otherwise noted.

Results

The AROM� Mouse Develops Multiple Prostate
and Genitourinary Pathologies, Including Chronic
Inflammation, PIN, and Scrotal Herniation

Analysis and characterization of the urological phenotype
in the AROM� mouse revealed that these animals de-
velop a number of prostate and genitourinary patholo-
gies. Particularly apparent was the development of
chronic inflammation in the ventral prostates (VP’s) of
40-week-old AROM� mice, which was characterized by
a number of distinct lesions with varied cellular infiltrate.
This included mononuclear lymphocyte-like cells and
granulocytes throughout the stroma, as well as extensive
infiltrate within the lumen, comprised of macrophages,
plasma cells, neutrophils, and some cellular debris (Fig-
ure 1, B and C). No evidence of inflammation was appar-
ent in the prostates of age-match wild-type littermate
controls (Figure 1A). Following the emergence of the
inflammation, the AROM� mice were also found to de-
velop PIN lesions that were reminiscent of PIN in the
human (Figure 1D).

The AROM� mice also developed scrotal hernias,
leading to protrusions of abdominal fat and intestine into

Figure 1. The AROM� prostate develops inflammation, PIN, and other genitourinary pathologies upon aging. On aging, the AROM� mouse develops a number
of prostate and genitourinary pathologies including the development of inflammation, PIN lesions, and scrotal hernias. Chronic inflammation developed by 40
weeks of age and was characterized by an abundance of mononuclear lymphocyte-like cells with a few granulocytes within the stroma (B; H&E stained section)
along with a more mixed population of cells within the lumen, including macrophages, plasma cells, neutrophils and some cellular debris (B and C; H&E stained
sections). No evidence of inflammation was seen in age-matched wild-type controls (A; H&E stained section). Further aging resulted in the development of ductal
pre-malignant lesions identifiable as PIN (D). The AROM� mice also developed scrotal hernias (E), with increasing incidence and severity with age (F; n �10
per genotype per age; open diamond � AROM�; closed circle � wild-type).
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the scrotum (Figure 1E). This pathology increased in
incidence and severity with age, affecting in excess of
60% of AROM� males by 35 weeks of age (Figure 1F). In
severe cases, the majority of the intestinal tract was found
to have protruded through into the scrotum as a result.
Although severe hernias such as these may ultimately
cause inflammation due to drainage defects of blood
vessels and possible bacterial infections, this is not the
cause of the inflammation in the AROM� mice: the
chronic inflammation observed is seen in animals that
develop hernias, as well as in those that do not.

Aromatase Overexpression Increases Serum
Estradiol, Decreases Serum Testosterone and
Reduces the Serum Testosterone/Estrogen Ratio

The AROM� mouse has ubiquitous, constitutively acti-
vated expression of aromatase,19 including significant
overexpression of aromatase within the prostate itself
(Figure 2, A and B). Consequently, these animals should
exhibit elevated levels of systemic estrogens with a con-
comitant decrease in androgen levels. Measurement of
serum hormone concentrations in the AROM� mice con-
firmed this, and, when compared with the wild-type litter-
mate controls, showed that these mice have significantly
decreased levels of serum testosterone at all ages, ex-
cept in the 45- to 59-week age group (Table 1), and

significantly increased levels of serum estrogens at all
ages (Table 2).

Closer analysis of the hormone levels in individual
animals was made by expressing the absolute hormone
levels as a ratio of serum testosterone to estradiol ratio.
This analysis revealed a characteristic decline in the
testosterone to estradiol ratio in wild-type mice that oc-
curs with aging as testosterone levels fall. The ratio in the
AROM� animals did not decline, but, rather, increased
slightly with aging. Despite this, the ratio in AROM�
animals was significantly reduced when compared with
wild-type in all of the age groups examined (Figure 3).

Postnatal and Early Life Development of the
AROM� Prostate Is Normal

The development of the AROM� prostate was examined
to determine the etiology and causes of the prostate
pathologies observed. The postnatal development of the
AROM� prostate was examined the computational analysis
of branching morphogenesis, as previously described.20

This analysis revealed that the postnatal development of the
AROM� prostate was completely normal.

Specifically, there was no significant difference in any
of the parameters examined (branches B, branch points
BP, tips T, or ductal length L) between the wild-type and
AROM� prostates (both AP and VP) at day 0 and day 3

Figure 2. Relative aromatase expression in the mouse and AROM� prostate.
Expression of aromatase in the wild-type and AROM� VP’s was determined
and compared using relative quantitative PCR. Aromatase expression was
detected in both the wild-type and AROM� prostates (A; representative
images), although the expression in the wild-type prostate was low, variable,
and bordered on the threshold of detectability. In contrast, the expression of
aromatase in the AROM� prostate was readily detectable and significantly
elevated compared with wild-type controls (B; n � 4 [wild-type] and n � 5
[AROM�]; ***P �0.001).

Table 1. Reduced Serum Testosterone Levels in AROM�
Mice

Age
(weeks)

Testosterone (ng/ml)

SignificanceWild-type AROM�

5 8.54 � 5.85 0.10 � 0.06 P � 0.0141
15 7.44 � 9.48 0.66 � 0.29 P � 0.0216
26–36 7.50 � 10.78 0.94 � 0.69 P � 0.0214
45–59 5.84 � 8.18 3.07 � 4.54 NS

Circulating serum testosterone levels in AROM� mice were determined
by RIA and were significantly reduced in AROM� mice versus wild-type
controls across all age groups, except at 45 to 59 weeks of age (n �10
for each age group).

Table 2. Serum Estradiol Levels Are Increased in AROM�
Mice

Age
(weeks)

Estradiol (pg/ml)

SignificanceWild-type AROM�

5 15.61 � 8.82 49.86 � 18.5 P � 0.0443
15 26.44 � 12.26 143.9 � 82.67 P � 0.0003
26–36 42.61 � 20.67 165.3 � 92.68 P � 0.0002
45–59 38.08 � 10.91 302.6 � 301.5 P � 0.0089

Circulating serum estradiol levels in AROM� mice were determined
by RIA. Estradiol levels were found to be significantly increased in
AROM� mice when compared with wild-type controls across all age
groups (n �10 for each age group).

Figure 3. The serum testosterone to estradiol ratio is reduced in AROM�
mice. Temporal analysis of serum androgens and estrogens in the AROM�
mouse were determined by radioimmunoassay. When examined in detail,
the serum testosterone/estradiol ratio was found to be significantly smaller in
AROM� animals versus wild-type at all ages. (open diamond � AROM�;
close circle � wild-type; ***P �0.001; n �10 for each group).
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(Figure 4A). Similarly, the size and pathology of the
AROM� prostate at day 0 and day 3 were no different
when compared with wild-type (Figure 4B).

Divergence from Wild-Type and Emerging
Pathology in the Pubertal and Adult AROM�
Prostate

Analysis of the pathology of the AROM� prostate fol-
lowing puberty and into adulthood, however, revealed
a divergence from wild-type and the development of
distinct pathologies. When compared with wild-type,
the bodyweights of the AROM� mice were no different
up until 35 to 51 weeks of age, when they became
significantly increased due to an increase in the
amount of abdominal fat deposition (Figure 5A). VP
size, however, was significantly reduced in the AROM�
mice compared with the wild-type littermate controls,
up until 35 to 51 weeks of age when the AROM� VP
size began to increase (Figure 5B). This was true of all
lobes of the prostate (VP, AP, DL, and LP) as well as
the seminal vesicles (Data not shown). Although the
size of the AROM� VP size was reduced, there was no
still no evidence of any changes to the pathology of
the tissues when compared with wild-type tissues
(Figure 5C).

Consistent with the elevated levels of serum estro-
gens in the AROM� animals, closer immunohisto-
chemical analysis of AROM� VPs revealed increased
expression of ER� throughout the epithelial cells (Fig-
ure 5D), which was subsequently confirmed by stere-
ology (Table 3). AR, ER�, CKH and smooth muscle
�-actin expression was unaltered, as demonstrated by

both immunohistochemistry (Figure 5D) and stereology
(data not shown).

Importance of Local Intraprostatic Estrogen
Metabolism

To assess whether the changes to the pathology of the
AROM� prostate resulted from local, intraprostatic in-
creased estrogen metabolism or were a consequence of
the altered systemic hormone levels, we used tissue re-
combination as previously described.26,30

Stromal and epithelial prostate tissues were derived from
neonatal and adult tissues, respectively, and were taken
from both wild-type and AROM� mice. These tissues were
recombined in vitro to form homotypic tissue recombinants
(ie, wild-type-S/wild-type-E, AROM�-S/AROM�-E; Fig-
ure 6) and were then cultured in vivo under the kidney
capsule of a host SCID mouse. As the recombinants
are grown in the same host and in the same normal
systemic hormone milieu any changes to pathology
must be due to perturbation of local hormone levels
and metabolism.

Both wild-type and AROM� recombinants gave rise to
normal prostate tissue exhibiting a normal morphology
(Figure 6). However, closer immunohistochemical analy-
sis again revealed changes to, and increased expression
of, ER� within the epithelial cells (Figure 6), which was
subsequently confirmed by stereological quantitation
(Table 3). These data are consistent with the effects of
increased estrogen levels and mirror what is seen in the
intact AROM� mice (Figure 5). Although there was no
inflammation observed in any of the grafts, this is due to
the immune compromised nature of the host animals

Figure 4. Postnatal development of the AROM� prostate is normal. The postnatal and early-life development of the AROM� prostate was normal.
Computational analysis of branching morphogenesis in the AROM� prostate demonstrated no significant difference between wild-type (open bars) and
AROM� (solid bars) in either AP or VP at day 0 or day 3 in any of the parameters examined (branches B, branch points BP, tips T, or ductal length L) (A;
n � 5 per genotype per age). Similarly, the size and pathology of the AROM� prostate at day 0 and day 3 were no different when compared with wild-type
(B; H&E stained sections).
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rather than being indicative of an essential systemic
influence.

Ultimately, these data demonstrate that the difference
in ER� expression that is observed must be due to in-
creased local estrogen metabolism.

With Aging the AROM� Mouse Develops
Chronic Inflammation of the Prostate

Chronic inflammation was found to emerge in the VP’s of
the AROM� mice with aging and was characterized by a
number of pathological patterns, including mononuclear
lymphocyte-like cells and granulocytes throughout the
stroma, as well as extensive infiltration and collection of
macrophages, plasma cells, neutrophils, and some cel-
lular debris within the lumen itself (Figure 1, B and C).

This inflammation increased in incidence and severity
with age (Table 4).

The specific nature of this inflammation and the infiltrating
leukocytes was examined and quantitated using a combi-
nation of immunohistochemistry and stereology. Specifi-
cally, tissue sections were stained using specific stains for a
mast cells (toluidine blue), neutrophils (ly6g/Gr1), T lympho-
cytes (CD3), B lymphocytes (B220/CD45R), or macro-
phages (F4-80) and then quantitated using systematic ran-
dom sampling throughout the tissue (Figure 7, A, B, C, D,
and E, respectively).

This analysis revealed that the numbers of mast cells
were significantly increased throughout the tissue imme-
diately following puberty and that this persisted through-
out life (Figure 7A). In contrast, the numbers of neutro-
phils, T-lymphocytes, and macrophages (Figure 7, B, C,

Figure 5. Divergence of and emerging pathology in pubertal and adult AROM� prostates. With puberty and further aging into adulthood the AROM� prostate
pathology begins to diverge from that of wild-type. Bodyweights of AROM� mice were no different to wild-type until 40 weeks of age when they were
significantly elevated due to increased body fat content (A; n �20 per group). AROM� VP weights (as a ratio of bodyweight) were consistently smaller than their
wild-type counterparts throughout life (B; open diamond � AROM�; closed circle � wild-type; n �20 per group; *P �0.05, ***P �0.001). Despite being
significantly smaller than their age matched wild-type counterparts, the overall pathology of the AROM� remained normal (C; H&E stained sections). Closer
examination of the AROM� tissues revealed differences to the wild-type tissue, in particular increased ER� expression, but no difference in AR, CKH, ER�, and
�-actin expression (D).
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and E, respectively), were all significantly increased by
40 weeks of age, while the number of B-lymphocytes
were not significantly changed (Figure 7D).

Chronic Inflammation Leads to the
Development of PIN-Like Lesions in the
AROM� Prostate

As described in The Consensus Report from the Bar
Harbor Meeting of the Mouse Models of Human Cancer
Consortium Prostate Pathology Committee,16 PIN is the
focal neoplastic proliferation of atypical epithelial cells
within pre-existing glands. This proliferation is most com-
monly recognized by the stratification of epithelial cells
that demonstrate nuclear atypia, which can be in the form

of nuclear enlargement, nuclear membrane irregularity,
hyperchromasia, chromatin clumping, prominent nucle-
oli, or a combination of these features. These lesions
begin focally and can also acquire a tufting, micropapil-
lary, or cribriform growth pattern. Additionally, in the Bar
Harbor classification mouse PIN can be further classified
into two distinct subclasses: PIN with documented pro-
gression to invasive carcinoma, or PIN without docu-
mented progression.16

Using these parameters as a reference point, focal
lesions classified as PIN (without progression to invasive
carcinoma) were observed in the prostates of the
AROM� mice on further aging and following the emer-
gence of the chronic inflammation (Figure 8A; Table 4).
The diagnosis of these lesions as PIN was also indepen-
dently confirmed by a urologic pathologist. These focal
lesions were characterized by the stratification of atypical
epithelial cells, micropapillary, and/or tufting growth pat-

Table 3. Local Aromatase Overexpression Increases ER�
Expression Independent of Systemic Hormones

Tissue Genotype
% Epithelial

ER��positive Significance

VP Wild-type 0.8 � 0.5
AROM� 14.1 � 7.1 P � 0.0463

Recombinants wild-type-S/
wild-type-E

0.6 � 0.3

AROM�-S/
AROM�-E

9.9 � 5.4 P � 0.0289

ER� expression in intact wild-type and AROM� VP tissue, as well as in
homotypic recombinant tissue, was quantitated using stereology. ER�
expression was significantly increased in intact AROM� tissues when
compared with wild-type controls. Homotypic AROM � S/AROM � E
tissue recombinants also demonstrated a significant increase in ER�
expression when compared with wild-type-S/wild-type-E controls. Tissue
recombinants were grown in the same host and, therefore, exposed to the
same systemic hormonal milieu.

Figure 6. Importance of local intra-prostatic estrogen metabolism. Tissue recombinants were prepared using seminal vesicle mesenchyme and epithelial tips from
adult AROM� AP. Following grafting into a normal male SCID mouse for 4 weeks, all grafts exhibited the same pathology as tissues from an adult intact AROM�
animal. ER� expression in AROM�-S/AROM�-E grafts was significantly elevated while no difference in AR, CKH, or ER� expression was apparent (n �5 for each
graft type).

Table 4. Incidence of Inflammation and PIN in AROM�
Mice

Pathology Genotype 15w 30w 40w 52w

Inflammation wild-type — — — —
AROM� — 21% 67% 88%

PIN wild-type — — — —
AROM� — — — 33%

The presence of inflammation and PIN lesions in the AROM� and wild-
type mice at different ages was scored following histological examination.
Inflammatory lesions were first found to occur in AROM� mice at 30
weeks of age, with increasing incidence concomitant with increasing age.
PIN lesions were found to develop in AROM� animals at 52 weeks of age
and were observed in tissues that also demonstrated inflammation. No
inflammation or PIN was noted in wild-type mice at any age (n �20 per
genotype per age).
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terns, along with enlarged atypical nuclei and very prom-
inent nucleoli (Figure 1, D; Figure 8, A and B). CKH
staining demonstrated the sparse presence of basal cells
(Figure 8C, arrowheads indicate specific cells). These
lesions also demonstrated significantly increased prolif-
eration within the lesion as well as throughout the sur-
rounding stroma (Figure 8D). This apparent loss of basal
cells and increased proliferation was isolated to the PIN
lesions and the surrounding tissue; tissue elsewhere
within the same sections demonstrated typical proliferat-
ing cell nuclear antigen and CKH staining (C and D,
insets). There were no differences in the expression of

ER�, ER�, E-Cadherin, or AR in the lesions or surround-
ing tissues (data not shown).

Chronic Inflammation as a Cause of Prostatic
Premalignancy

The development of the PIN-like lesions in the AROM�
prostate occurred following the emergence of chronic
inflammation. This is suggestive of the inflammation be-
ing a causative factor in the development of these le-
sions. Supporting this view was the observation of a large
amount of inflammatory infiltrate within the lumen and
stroma surrounding the PIN-like lesions, as well as within
the lesions themselves.

To identify some of the potential mechanisms arising
from the inflammation that may be mediating the devel-
opment of premalignancy we examined the expression of
a number of key inflammatory cytokines and chemokines
in the AROM� prostate. This analysis, performed using
PCR type arrays and further investigated using qPCR,
revealed significant changes to the expression of a num-
ber of cytokines, chemokines, and their receptors (Table
5). Of particular significance were significant increases in
the expression of CCL20, CCL8, CCR6, CCR5, and
CCR2, all of which have been implicated in the develop-
ment of PCa.31,32,33

Discussion

In this study, we examine the prostate phenotype of the
AROM� transgenic mouse. Using this mouse model, we
show a continuum with physiologically increased estro-
gens promoting the development of prostatitis, which, in
turn, gives rise to the development of premalignant le-
sions within the prostate. These data also demonstrate,
for the first time, a novel role for mast cells in this process
and provide an indication of the potential mechanisms
arising from the chronic inflammation that facilitate the
development of PCa. Finally, these data also establish

Figure 7. Quantitation and characterization of
the inflammatory infiltrate in the adult AROM�
prostate. Tissue sections were stained using spe-
cific stains for a mast cells (toluidine blue), neu-
trophils (ly6g/Gr1), T lymphocytes (CD3), B
lymphocytes (B220/CD45R), or macrophages
(F4–80) and then quantitated using systematic
random sampling throughout the tissue and ste-
reology. Significant increases in mast cell num-
bers were apparent immediately following pu-
berty and persisted throughout life (A).
Significant increases in neutrophils, T lympho-
cytes and macrophages from 40 weeks of age (B,
C, and E) while B lymphocyte levels remained
unaltered (D) (n �5 per genotype per age per
marker; open diamond � AROM�; closed cir-
cle � wild-type; *P �0.05, **P �0.01, ***P
�0.001).

Figure 8. Development and characterization of PIN-like lesions in the
AROM� prostate. Following the emergence of chronic inflammation, pre-
malignant lesions identified as PIN developed in the AROM� prostate (A).
These lesions were characterized by stratified abnormal epithelial cells, some
evidence of tufting, enlarged atypical nuclei, and very prominent nucleoli
(B). Note also the inflammation within the lumen proximal to the lesion as
well as the inflammation throughout the stroma (A and B). Staining for CKH
demonstrated a relative lack of basal cells around the lesion itself (C; arrow-
heads indicate the few positive cells) while proliferating cell nuclear antigen
staining revealed significantly increased proliferation within the lesion as
well as the surrounding stroma (D). This loss of basal cells and increased
proliferation is particularly evident when compared with the typical CKH and
proliferating cell nuclear antigen staining that is seen elsewhere within the
same sections (insets).
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the AROM� mouse as a new model of clinical prostatitis
in the human.

Previously, a pivotal role for estrogen in the develop-
ment of prostatic inflammation is evident mainly from the
pharmacological administration of estrogen to rodents,
as well as high-dose estrogen therapy given to transsex-
ual males. Previous studies by us and others have shown
prostatic epithelial dysplasia and inflammatory cell infil-
tration in the prostates of mice as they age, after they
were transiently treated with estrogen during neonatal
life.10,22,34,35 This estrogen-induced inflammatory re-
sponse also appears to be specifically mediated by ER�:
ER� knockout mice show no prostatic response to neo-
natal diethylstilbestrol, but ER� knockout mice show a
response similar to that observed in wild-type animals.12

The observation that estrogen is linked to the develop-
ment of prostatic inflammation is particularly significant
as estrogens, in addition to androgens, have also been
implicated in the development of PCa. Androgens fall in
men as they get older but the incidence of PCa rises, and
animal studies have demonstrated that androgens—al-
though necessary—cannot induce tumorigenesis alone.21

Indeed, the mechanism of hormonal induction of PCa
requires both androgens and estrogens.36 Furthermore,
increased levels of estrogens in men are linked to a
higher incidence of PCa: serum levels of estrogens in
African American men (who have the highest incidence
of PCa in the United States) are significantly higher com-
pared with Caucasian American men,37 while serum lev-
els of estrogens are lower in Japanese men (who have a
low risk of PCa) compared with Caucasian-Dutch men.38

Significantly, it is again ER� that mediates the develop-
ment of carcinoma in response to estrogen.39

Despite convincing evidence that exogenous estrogen
causes prostatitis and may be involved in the develop-
ment of PCa, these data are frequently called into ques-
tion. Studies investigating estrogen action in the rodent
prostate typically rely on the addition of exogenous es-
trogens at either low or pharmacological doses, which
introduces a number of complicating factors: low dose
effects can be difficult to discern (particularly during fetal
life when the fetus is exposed to higher maternal estro-
gens in the circulation); and pharmacological doses of
estrogens may not mimic normal physiological re-
sponses. Therefore, given the potential role of estrogens
in inflammation and PCa, it is imperative to examine the
effects of estrogen on the prostate within the physiolog-
ical setting.

The AROM� mouse has a constitutively activated aro-
matase gene, and, therefore, provides an ideal means to
examine the effects of elevated estrogens within a phys-
iological setting. Despite having a significantly reduced
serum testosterone/estrogen ratio when compared with
wild-type controls, the early life development of the
AROM� VP was found to be completely normal. Indeed,
no differences in the AROM� and wild-type VP patholo-
gies were apparent until puberty when the AROM� VP
remained significantly smaller that wild-type and demon-
strated increased levels of ER� and CKH expression.
Despite this, the overall pathology of the AROM� VP was
still comparable with wild-type.

Table 5. The Expression of Inflammatory Cytokines and Chemokines Is Altered in AROM� Mice

Gene Name Fold change P value Fold up- or Down-regulation

BCL6 B-cell lymphoma 6 protein 0.46 0.008094 �2.18
C3 Complement component 3 4.03 0.020398 4.03
Casp1 Caspase 1 2.33 0.009186 2.33
CCL12 Chemokine (C-C motif) ligand 12 11.19 0.002889 11.19
CCL17 Chemokine (C-C motif) ligand 17 2.98 0.026750 2.98
CCL19 Chemokine (C-C motif) ligand 19 3.4 0.027870 3.4
CCL20 Chemokine (C-C motif) ligand 20 25.42 0.000015 25.42
CCL8 Chemokine (C-C motif) ligand 8 10.05 0.003893 10.05
CCL9 Chemokine (C-C motif) ligand 9 2.39 0.048203 2.39
CCR2 Chemokine (C-C motif) receptor 2 3.81 0.020781 3.81
CCR3 Chemokine (C-C motif) receptor 3 3.08 0.029387 3.08
CCR4 Chemokine (C-C motif) receptor 4 3.59 0.047536 3.59
CCR5 Chemokine (C-C motif) receptor 5 2.8 0.030673 2.8
CCR6 Chemokine (C-C motif) receptor 6 4.31 0.028034 4.31
CD40LG CD40 ligand 3.58 0.026211 3.58
CXCL1 Chemokine (C-X-C motif) ligand 1 0.21 0.019112 �4.74
CXCL9 Chemokine (C-X-C motif) ligand 9 2.37 0.046222 2.37
CXCR5 Chemokine (C-X-C motif) receptor 5 4.31 0.044996 4.31
IL-10 Interleukin 10 5.23 0.009659 5.23
IL-10Ra Interleukin 10 receptor, alpha subunit 2 0.007194 2
IL-1a Interleukin 1, alpha 0.5 0.019392 �2
IL-1R2 Interleukin 1 receptor, type II 3.9 0.007045 3.9
IL-2Rg Interleukin 2 receptor, gamma 3.13 0.030638 3.13
ITGB2 Integrin beta 2 2.74 0.037346 2.74
SPP1 Secreted phosphoprotein 1 4.14 0.016364 4.14
XCR1 Chemokine (X-C motif) receptor 1 3.71 0.010119 3.71

Relative expression of inflammatory cytokines and chemokines in the inflamed AROM� VP as compared with wild-type controls as determined by
PCR-array. Only results with a relative mRNA expression at least two-fold higher or lower than that of the wt control mice and a statistical P value
�0.05 were considered significant.
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The relevance of systemic hormone levels and their
importance to the prostate is often unclear, particularly as
the prostate expresses a number of enzymes involved in
local hormone metabolism, including aromatase.25 To
examine the influence and importance of local estrogen
metabolism in the prostate, as opposed to systemic ef-
fects, we used tissue recombination. This is a powerful
technique that has previously been used to elucidate the
role of ER� in the development of squamous metaplasia,
as well as the role of ER� in the development of prostatic
hypertrophy and hyperplasia.26,30 By grafting homotypic
wild-type-S/wild-type-E and AROM�-S/AROM�-E re-
combinants into intact male SCID mice both graft types
were exposed to the same, normal, systemic hormonal
milieu. Consequently any differences in pathology that
arise must be due to the altered local estrogen metabo-
lism. These experiments demonstrated that local aro-
matase overexpression was sufficient to induce immuno-
logical changes, such as increased ER� expression,
even in the presence of a normal systemic hormonal
milieu.

There was extensive inflammation in the prostate of
40� week-old AROM� tissues. This inflammation was
characterized by leukocyte accumulation within the
stroma, the lymph vessels, and infiltration of the lumen.
This response is reminiscent of the inflammation that has
been reported to occur in neonatally estrogenized ani-
mals.10 We sought to extensively characterize the nature
of this inflammation and found that it was associated with
significantly increased numbers of mast cells, neutro-
phils, T-lymphocytes, and macrophages.

The elevation in mast cell numbers observed on the
AROM� mouse is a highly significant and novel finding.
This increase in mast cells was found throughout the VP
tissues, including within regions of chronic inflammation.
Given the ubiquitous increase in mast cell numbers
throughout the tissue, we could not discern any specific
association between an increase in mast cells and the
emergence of a specific inflammatory lesion. These data,
however, are highly novel and do shed some insight into
how estrogen may promote the development of chronic
inflammation. Mast cell numbers rise immediately follow-
ing puberty and this is likely a result of the profound
changes to the hormone levels that occurs at this time.
Mast cells are known to express ER� and are estrogen
responsive,40 therefore the increase in estrogen levels
that is evident in the AROM� mice with puberty may be
responsible for the increase in mast cell numbers. This
putative role for estrogens increasing mast cells numbers
is also supported by other previously reported data
where mast cell numbers were increased in the inflamed
testis of AROM� mice.41

The fact that the increase in mast cell numbers pre-
cedes the emergence of the chronic inflammation also
suggests these cells may be initiating and/or facilitating
the recruitment of the other leukocytes; mast cells are
well known to modulate leukocyte accumulation and fa-
cilitate the emergence inflammation in numerous tissues
and organs.42–45 Of particular note is that mast cells have
specifically been reported to mediate the recruitment of
neutrophils and macrophages,46–48 as well as the acti-

vation of T-lymphocytes,49 all of which were significantly
increased in the chronic inflammation observed in the
AROM� animals.

It is also significant that mast cells have previously
been suggested to play a putative role in PCa. Specifi-
cally, it has been reported that mast cell numbers are
increased within prostate tumors,50 and that low mast cell
numbers in PCa may lead to a better prognosis.51 This
evidence, however, is largely anecdotal and does not
define the role of the mast cells in PCa. Despite this, and
given the role of mast cells in inflammation and the
emerging link between inflammation and the develop-
ment of cancer, it may be that mast cells are playing an
indirect role in PCa via the promotion of inflammation.

There is a significant and growing body of evidence
implicating inflammation in the development of carci-
noma in numerous organs and tissues, including the
prostate. Our data support this, with the inflammation in
the AROM� mouse ultimately leading to the development
of premalignant lesions reminiscent of PIN. These lesions
were typified by focal stratification of atypical epithelial
cells, tufting, and micropapillary growth patterns, as well
as enlarged atypical nuclei and prominent nucleoli. They
were also associated with high levels of proliferation
throughout the surrounding stroma and within the lesion
itself. The emergence of these lesions is indicative of a
link between chronic inflammation and the development
of carcinoma.

The activation and chemotaxis of inflammatory cells is
regulated by specific cytokines, chemokines and their
receptors. Although the primary role of these proteins is
to control the trafficking of leukocytes during inflamma-
tory responses, they also play pleiotropic roles in cancer
development. In the AROM� mouse we show that the
expression of a number of these cytokines, chemokines
and receptors are significantly altered. Of particular note
are the significantly increased expression of CCL20,
CCL8, CCR6, CCR5, and CCR2.

The increase in CCL20 and CCR6 is of particular note.
CCL20 is strongly chemotactic for lymphocytes and also
weakly attracts neutrophils and elicits its effects on target
cells by binding and activating the chemokine receptor
CCR6.52 The profound increase in CCL20 expression
(�25�) and its receptor CCR6 (�5�) is of particular
significance as increased CCR6 expression has been
associated with advanced and aggressive PCa and
CCL20/CCR6 have also been suggested as novel treat-
ment target molecules for PCa.31 The increased expres-
sion of CCL8, CCR5, and CCR2 in the AROM� tissues is
also particularly significant (increased �10�, �3�, and
�4�, respectively). Although the role of CCL8 in the
prostate is unknown, this chemokine elicits its effects by
binding to the receptors CCR5 and CCR2. CCR2 expres-
sion has been correlated with Gleason grade and patho-
logical stages of PCa and has also been suggested to
contribute to PCa development,32 while CCR5 has been
shown to mediate PCa cell proliferation and invasion
(albeit when activated by RANTES).33 Consequently,
our data demonstrate that the induction of inflammation
in the AROM� mouse may facilitate the development of
PCa via the altered expression of key cytokines and
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chemokines, specifically CCL20, CCL8, CCR6, CCR5,
and CCR2.

The relevance of the AROM� mouse as a model, not
just of prostatitis per se, but of chronic pelvic pain syn-
drome, is supported by the presence of testicular abnor-
malities and inflammation,19,41 as well as infravesicle ob-
struction and bladder dysfunction,53 all of which are
potential symptoms that are indicative of chronic pelvic
pain syndrome.54,55 Indeed, chronic abacterial prostatitis
with inflammation, such as is seen in the AROM� mice, is
termed Category IIIA prostatitis under the National Insti-
tutes of Health classification scheme and is specifically
known as chronic pelvic pain syndrome.56 In light of this,
the increase in IL-10 expression that was revealed by the
array analyses is also particularly significant. IL-10 plays
a number of roles in inflammation and can be both anti-
and pro-inflammatory, and, consequently, the role that
IL-10 is playing in the AROM� mouse is uncertain. How-
ever, the increase in IL-10 expression is perhaps most
intriguing when considering the AROM� mouse as a
model of chronic prostatitis and chronic pelvic pain syn-
drome. Specifically, IL-10 has been reported to be asso-
ciated with these pain symptoms, with the development
of chronic prostatitis and with chronic pelvic pain syn-
drome.56 These data, therefore, exemplify the AROM�
mouse as a model of human prostatitis.

Overall, this study demonstrates that physiologically
elevated levels of estrogens are associated with the de-
velopment of prostatitis, which subsequently leads to the
development of premalignancy. This work also estab-
lishes the AROM� mouse is a novel, nonbacterial mouse
model of prostatitis with progression to premalignancy.
This model is unique and particularly relevant to the study
of prostatitis and its relationship to the development of
PCa, sharing many of the features that occur in men with
chronic prostatitis. Therefore, this is an ideal model to
examine prostatitis, study its development throughout the
various stages of life, as well as its role in the develop-
ment of PCa.
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