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Urinary complications resulting from benign prostatic hyperplasia and bladder outlet obstruction
continue to be a serious health problem. Novel animal model systems and imaging approaches are
needed to understand the mechanisms of disease initiation, and to develop novel therapies for
benign prostatic hyperplasia. Long-term administration of both estradiol and testosterone in mice
can result in prostatic enlargement and recapitulate several clinical components of lower urinary tract
symptoms. Herein, we use longitudinal magnetic resonance imaging and histological analyses to
quantify changes in prostatic volume, urethral volume, and genitourinary vascularization over time in
response to estradiol-induced prostatic enlargement. Our data demonstrate significant prostatic
enlargement by 12 weeks after treatment, with no detectable immune infiltration by macrophages or
T- or B-cell populations. Importantly, the percentage of cell death, as measured by terminal deox-
ynucleotidyl transferase dUTP nick-end labeling, was significantly decreased in the prostatic
epithelium of treated animals as compared to controls. We found no significant change in prostate
cell proliferation in treated mice when compared to controls. These studies highlight the utility of
magnetic resonance imaging to quantify changes in prostatic and urethral volumes over time. In
conjunction with histological analyses, this approach has the high potential to enable mechanistic
studies of initiation and progression of clinically relevant lower urinary tract symptoms. In addition,
this model is tractable for investigation and testing of therapeutic interventions to ameliorate or
potentially reverse prostatic enlargement. (Am J Pathol 2017, 187: 2378e2387; http://dx.doi.org/
10.1016/j.ajpath.2017.07.014)
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MRI Analysis of Prostate Enlargement
Benign prostatic hyperplasia (BPH), or prostatic enlargement, is
the pathophysiological process by which the prostate gland un-
dergoes a second, abnormal growth phase that worsens with
age.1,2 At least 50% of men between the ages of 50 and 60 years
show pathologic signs of BPH, and by the age of 90 years, the
incidence of clinical BPH increases to 90%.3,4 The human
prostate is divided into three distinct histological zones: central,
peripheral, and transition.5 Surrounding the urethra as it passes
through the prostate, the transition zone is the site of nearly all
clinically significant BPH.2 As a result of prostatic hyperplasia,
patients can experience bladder outlet obstruction (BOO) and
subsequent lower urinary tract symptoms (LUTS), bothofwhich
worsen with age. LUTS can include urinary retention, nocturia,
weak stream, dribbling, pain, and frequent daytime urination.
These symptoms represent substantial quality-of-life challenges
and significant comorbidities.3 Although successful in some
patients, some front-line treatments forBPHpatients can result in
significant financial and physiological burdens, and ultimately
lose efficacy.6 As the success of these therapies can be short-
lived, other factors may be involved in BPH pathogenesis.
Currently, there is a paucity of animal models to test molecular
and physiological hypotheses pertaining to the initiation and
progression of BPH. This gap in knowledge represents a hurdle
in our progress toward developing more effective therapies to
treat BPH.

It has long been hypothesized that BPH can result from
aberrant stem cell activation and subsequent hyper-
proliferation, an embryonic reawakening.2,6 Lack of suffi-
cient in vivo models, however, has made this hypothesis
difficult to test directly.7,8 Foundational studies done in
canines demonstrate that treatment with a combination of
androgen- and estrogen-receptor agonists could induce
prostatic hyperplasia.9 Moreover, the pathology of the hor-
monally induced hyperplasia was not fundamentally different
from the spontaneous hyperplasia found in older beagles.9

Recently, it has been shown that long-term administration
of both estradiol (E) and testosterone (T) using slow-release
implants in mice can induce bladder obstruction and model
key components of prostatic hyperplasia.10 Hormonal dys-
regulation results in urinary tract complications consistent
with clinical BOO inmen, including bladder enlargement and
increase in bladder smooth muscle and collagen.11 Moreover,
as a result of TþE treatment, mice displayed a significant
decrease in the size of the prostatic urethral lumen, increased
prostate mass, and increased number of prostatic ducts asso-
ciated with the prostatic urethra.11 A follow-up study by the
same group established estrogen receptor a as a key mediator
of BOO/BPH pathophysiology in this model, mimicking the
hormonal milieu found in aging men.12 Adapting a method to
use imaging analyses of these mice over time would allow us
to efficiently quantify changes in prostate and urethra volume
over time and measure changes in response to therapy.

Clinically, magnetic resonance imaging (MRI) has frequently
been used to evaluate prostatic disease as it provides a relatively
high spatial resolution as well as soft tissue contrast.13,14

Notably, multiparametric MRI (T2-weighted MRI, diffusion-
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weighted MRI, dynamic contrast-enhanced MRI, and MR
spectroscopy) is capable of identifying prostate cancers with
high sensitivity.15MRI can potentially be used to estimate zone-
specific prostatic volume, detect enlarged zones, and approxi-
mate stromal/glandular ratio.16e18 Herein, we investigate the
utility of MRI with histological analyses to quantify changes in
prostate volume and cellular composition after hormone-
induced BOO and prostatic enlargement. In our hands, we can
recapitulate previously reported estradiol-mediated urethral
thickening and bladder outlet obstruction in mice.10,12 More-
over, we find that MRI is a powerful tool with which to
longitudinally monitor prostatic enlargement and genitourinary
vascularization.

Materials and Methods

Animals

All animal care and use was approved by The University of
Chicago (Chicago, IL) Institutional Animal Care and Use
Committee (protocol 72294). The 11-weekeold, post-
pubescent C57/BL6 males were castrated, as previously
described.10,12,19 Briefly, animals were first anesthetized using
ketamine/xylazine. After preparation of the surgical site, an
incisionwasmade in the scrotum. For each testicle, the testis, vas
deferens, and attached testicular fat pad were pulled out of the
incision and tied off. The testis, vas deferens, and fatty tissue
were severed just below the surgical knot. The scrotal incision
was closed with a nonabsorbable Nylon suture (Med-Vet,
Mettawa, IL). After castration, silastic hormone pellets con-
taining a blend of 11.25 mg testosterone and 1.25 mg estradiol
(Sigma, St. Louis, MO) were surgically implanted to induce
hormonal dysregulation, as previously described.10,12 Control
mice were implanted with a 12.5-mg/pellet per mouse testos-
terone pellet. Implants were used according to Sedelaar et al,20

whereby a 1-cm implant maintains host testosterone levels at
5.3 � 0.5 ng/mL (18.2 nmol/L), which is similar to eugonadal
adult human males. Animals were age matched across condi-
tions. Isoflurane anesthesia was used in all in vivo imaging
studies of mice, all efforts were made tominimize any suffering,
and themicewere humanely euthanized after the experiment for
purposes of histology. Mice treated with TþE who became
moribund were sacrificed humanely and censured accordingly.

Magnetic Resonance Imaging and Analysis

A 9.4-Tesla small animal scanner (Bruker, Billerica, MA)
with an 11.6-cm inner diameter and actively shielded
gradient coils (maximum constant gradient strength for all
axes, 230 mT/m) was used to acquire MR images.21 The
mouse was placed supine on an animal holder and inserted
into a 30-mm-diameter quadrature mouse volume coil
(Bruker). Multislice rapid acquisition with relaxation
enhancement T2-weighted images with fat suppression were
acquired with the following parameters: repetition time/echo
timeeffective, 4000/20 and 8000/40 milliseconds; field of
2379

http://ajp.amjpathol.org


McAuley et al
view, 25.6 � 25.6 mm; matrix size, 2562; slice thickness, 0.5
mm; rapid acquisition with relaxation enhancement factor, 4;
and number of averages, 2 with 47 slices in the axial plane.
For time-of-flight (TOF) angiography, a flow-compensated,
T1-weighted sequence with a short repetition time and thin
slices was used to maximize inflow effects and depict flowing
blood as a bright signal. Parameters for TOF were as follows:
repetition time/echo timeeffective, 10/3 milliseconds; flip
angle, 60 degrees; field of view, 25.6 � 25.6 mm; matrix
size, 256 � 256; slice thickness, 0.5 mm; and number of
averages, 4 with 47 slices. In-plane resolution for TOF was
100 mm, as in T2-weighted images. The acquisition time for
each slice was 10.2 seconds, and the total acquisition time for
this TOF sequence was 8 minutes.

An integrated software program, Amira version 5.6 (FEI
Visualization Sciences Group, Burlington, MA), was used to
measure the volumes of prostate and urethra, and to generate
three-dimensional images. By orienting the in vivoMR images
and the ex vivo MR and histology images in the same
direction, MRI was accurately correlated with histopathology.
Regions of interest (the prostate and the urethra) were labeled
on each slice of each week of T2-weighted images. To mea-
sure blood volume, the five center slices of prostate were
identified on the T2-weighted images acquired in weeks 10
and 12 after treatment. The corresponding TOF images were
used to measure and label the blood volumes in those five
center slices. Volume was calculated from the total number of
pixels in each region of interest, multiplied by voxel volume
(0.005 mm3). Volumes were calculated for all mice for each
week before the mouse was sacrificed. A U-test was performed
for statistical analysis. P < 0.05 was considered significant.

Preparation of Mouse Urogenital Glands for ex Vivo MRI
and Histology

After in vivoMRI studies, urogenital glands, including prostate,
seminal vesicles, bladder, and penis, were excised from the
mouse body and placed in 10% formalin for 2 weeks for tissue
fixation. Before ex vivo imaging, the tissue sample was
removed from the formalin, rinsed daily with phosphate-
buffered saline (Fisher Scientific, Waltam, MA) for 3 days,
and then placed between two layers of pathology foam.
Immediately before imaging, the tissue was washed twice with
fomblin (Solvay Solexis, West Deptford, NJ) and then satu-
rated with fresh fomblin. The samplewas folded in plastic wrap
and placed in the MRI coil for imaging. Fomblin is an oily,
fluorinated polymer with noMRI signal that is used to keep the
tissue moist while imaging to minimize susceptibility gradi-
ents. After ex vivo MRI, the sample was removed from the
wrap, washed thoroughly in phosphate-buffered saline, and put
in a histology cassette in ethanol. Because the ex vivo tissue and
the hematoxylin and eosinestained tissue were scanned in the
same orientation, the ex vivo MR images bridged the gap be-
tween in vivo MRI and histology to facilitate accurate corre-
lation.21 The same 9.4-T scanner was used to acquire ex vivo
MR images, with the tissue being held in an eight-leg, low-
2380
pass, half-open birdcage coil (length, 3 cm; width, 3 cm;
height, 2 cm) that was built in the laboratory. Ex vivo three-
dimensional images were acquired with a T2-weighted
sequence with fat suppression and with the following param-
eters: repetition time/echo timeeffective, 4000/20 milliseconds;
field of view, 25.6� 25.6 � 8 mm; matrix size, 384� 384�
120; isotropic resolution, 67 mm; and number of averages, 5.

Immunohistochemistry and Image Acquisition

Sections (5 mm thick) were first baked and rehydrated using a
series of xylene and ethanol gradients. Antigen retrieval was
performed by heating slides with a steamer in 10 mmol/L
citrate buffer (pH 6) for 20 minutes. Sections were blocked and
incubated with primary antibodies for 1 hour at room tem-
perature. Antibodies were used as follows: p63 clone 4a4
(ATCC, Manassas, VA), Ki-67 (catalog number RM-9106S;
Thermo Scientific, Waltham, MA), CD3 (catalog number
Ab16669; Abcam, Cambridge, UK), F4/80 (catalog number
MCA497GA; abD Serotec, Oxford, UK), CD31 (catalog
number ab28364; Abcam), and B220 (catalog number 553085;
BD, Franklin Lakes, NJ). After a tris-buffered saline wash, the
antigen-antibody binding was detected with EnvisionþSystem
(K4001, K4002, and K4003; Dako, Santa Clara, CA) and
DABþChromogen (K3468; Dako). Tissue sections were
briefly immersed in hematoxylin for counterstaining and were
coverslipped. Histology and immunohistochemistry images
were acquired on the Scanscope XT (Aperio, Buffalo Grove,
IL). An average of 5 to 10 fields per mouse at each time point
(n Z 2 to 5 mice) were traced and subsequently analyzed.
Positive nuclei were quantified using a Nuclear Stain or Pos-
itive Pixel algorithm in ImageScope version 12.1.0.5029
(Leica, Buffalo Grove, IL), optimized on control slides.

Results

Estradiol-Mediated Hormonal Dysregulation Induces
Prostatic Enlargement as Detected by MRI

Post-pubescent male mice were castrated and surgically
implanted with s.c. silastic implants containing testosterone
alone (T control) or a combination of testosterone and estra-
diol (TþE).10 Mice from both the control and experimental
arms were evaluated usingMRI at 2- to 4-week intervals after
implantation and then sacrificed accordingly for histological
analyses (Figure 1A). Figure 1 illustrates an increase in
overall prostate volume when measured longitudinally via
MRI. A significant increase in prostate volume inmice treated
with TþE was observed when compared to T controls; this
increase in volume was statistically significant at 12 weeks
after hormone implantation (Figure 1, B and C). Serial ana-
lyses of prostate volume over time demonstrated that the
prostatic volume of mice in the TþE group showed approx-
imately a twofold change in prostate volume (P Z 0.01) as
compared to the control group, whereas control mice showed
no overall significant change over time (Figure 1, C and D).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Longitudinal magnetic resonance imaging (MRI) analyses of
prostatic enlargement in mice treated with combined testosterone (T) and
estradiol (E). A: Schematic of experimental approach, whereby 10-weekeold
male C57BL6 mice were castrated and given a s.c. silastic implant containing
either testosterone alone (T control) or a 10:1 ratio of testosterone and
estradiol (TþE). At 8, 10, 12, and 15 weeks after castration, mice were imaged
and tissues were obtained for histological analyses. B: Quantification of
prostate volume by MRI demonstrates a significant increase in prostatic volume
beginning at 12 weeks after treatment. C: Longitudinal analyses demonstrate
an approximate doubling of prostatic volume in the TþE condition as compared
to the T-control condition. The dotted lines represent a best-fit curve for each
of the cohorts. D: Representative MR images illustrating changes in prostate
volume as a function of time in mice treated with TþE. The prostate volume is
indicated in colorda color bar is shown for the hyperintense prostate lesion on
T2-weighted images; other anatomical sites (bladder and urethra) are also
noted. The heat map correlates to fluid density, where red is more intense and
blue is less intense. *P < 0.05.

MRI Analysis of Prostate Enlargement
Prostate Enlargement Is Associated with Decreased
Urethral Volume and Increased Blood Vessel Volume

To further characterize the prostatic enlargement associated
with TþE treatment, MRI was used to measure prostate
blood volumes and prostatic urethra volume. Although
some variability among mice was noted, quantification of
prostatic urethral volume demonstrated a significant reduc-
tion in volume at 12 weeks after hormone treatment
(P Z 0.02) (Figure 2A). Multiple mice exhibited a dis-
tended urethra as a result of TþE treatment (Figure 2B).
Urine retention in the bladders of multiple mice after the 12-
week treatment time point was observed. Prostate blood
volumes were measured using TOF angiography. Mice
treated with TþE had an average blood volume of 15.3
mm3, whereas the average blood volume of the T-control
treated mice was 9.2 mm3 (P Z 0.01) (Figure 2, C and D).
This increase in blood volumes was corroborated by
immunohistochemical staining of CD31, an endothelial cell
marker, and was observed even at the 10-week time point
before notable prostatic enlargement (Figure 2E).

Histological Analysis of Enlarged Prostates

Ex vivo MRI was used to capture more high-resolution an-
alyses of prostatic volume and determine whether certain
prostatic lobes were disproportionally affected by the TþE
treatment (Figure 3). This figure illustrates that in vivo MRI
images can be precisely correlated with ex vivo histology
images. Histological analysis of enlarged prostate glands
The American Journal of Pathology - ajp.amjpathol.org
(TþE) showed predominantly normal histology, with rare
foci of epithelial hyperplasia and mild nuclear atypia in the
dorsal prostate.22 Such changes are comparable to what is
observed in mice at 1 to 2 years of age, even though our
oldest mouse was 26 weeks at the 15-week post-treatment
time point. Stromal thickness and inflammatory cell infil-
trate were similar to the T-control group and not above the
background level expected in untreated mice.
Prostatic Inflammatory Infiltrate Is Not Altered as a
Result of Estradiol Treatment

Given the increased blood vessel density during prostatic
enlargement, we investigated whether there was an increased
prostatic inflammatory infiltrate in the TþE treated mice, and
whether such an increase in immune cell infiltration might be
an underpinning mechanism of prostatic enlargement. Ana-
lyses of hematoxylin and eosin sections did not reveal any
overt immune cell infiltrates in the TþE condition when
compared to the T-control condition. Immunohistochemical
staining and quantification of macrophages (F4/80), T cells
(CD3), andB cells (B220) document no significant changes in
cell populations within enlarged prostates (Figure 4). These
data do not support a mechanism of inflammation-induced
enlargement, but do not preclude the possibility that differ-
ential behavior of the immune cells present, or other pop-
ulations, may contribute to prostatic enlargement. It is also
possible that the time points assessed were not optimized for
the detection of maximal immune cell infiltrate.
2381
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Decreased Cellular Death, but Not Increased Cellular
Proliferation, Contributes to Prostatic Enlargement

The observed lack of robust epithelial hyperplasia, stromal hy-
perplasia, or immune cell infiltrates during prostatic doubling led
us to investigate whether there were significant changes in cell
proliferation or death during prostatic enlargement. Tissues at
12- and 15-week time points were stained for the proliferation
marker Ki-67 or using a terminal deoxynucleotidyl transferase
dUTP nick-end labeling assay to detect dying cells. Quantifi-
cation of staining across all prostatic lobes demonstrated no
significant differences in the percentage of Ki-67epositive cells
between T-control and TþE treated conditions (Figure 5A). In
addition, we tested whether a different population of cells, such
as luminal epithelial cells, was proliferating in response to TþE
treatment. We thus conducted coimmunofluorescence staining
of Ki-67 along with a luminal cellerestricted cytokeratin (CK8)
and a basal cellerestricted cytokeratin (CK5). Comparison of T-
control versus TþE treated mice documents that Ki-67
expression was detected in both luminal and basal epithelial
cells but was not different between T-control and TþE condi-
tions (Figure 5B). Detection and quantitation of cell death by
terminal deoxynucleotidyl transferase dUTP nick-end labeling,
however, demonstrated that the percentage of dying cells
decreased dramatically in TþE treated mice compared to T-
controlmice (Figure 5C). These data demonstrate that decreased
cellular death, but likely not increased cellular proliferation, in
the TþE treatment condition contributes, at least in part, to
prostatic enlargement.
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Discussion

Herein, we demonstrate that long-term treatment of mice with
testosterone and estradiol induces a significant increase in
prostatic volume with a concomitant decrease in urethral vol-
ume. We use MRI in conjunction with histological analyses to
investigate the mechanistic underpinnings of progression of
hormone-induced LUTS in a recently established mouse
model.10,12 In vivo MRI was particularly useful in longitudinal
quantification of prostatic and urethral volumes (Figures 1, B
and C, and 2A). Ex vivo MR scans provided a high-resolution
image of increased prostatic cellularity after 15 weeks of
hormonal treatment. Using histological analyses, we did not
observe overt epithelial or stromal hyperplasia or immune
infiltrate by B or T cells in prostates of TþE treated animals as
compared to controls. However, there was a significant
reduction in terminal deoxynucleotidyl transferase dUTP nick-
end labelingepositive prostatic epithelial cells in the TþE
treated cohort at 15 weeks after treatment.
Foundational studies on the effects of steroid hormones

on canine prostate growth have documented that estrogen
treatment significantly augments androgen effects, inducing
a fourfold increase in total canine prostate weight and DNA
content.9,23,24 Furthermore, treatment of a castrated dog
with estrogens in conjunction with testosterone results in
either normal glandular growth or, if used in tandem with
dihydrotesterone, glandular hyperplasia. Taken together,
these data indicate that changing ratios of androgens and
estrogens, such as in the aging process, might promote
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Figure 3 Ex vivo magnetic resonance imaging
(MRI) and histological analyses of prostatic
enlargement. Top row: High-resolution MRIs of
prostates removed from the animal at the experi-
mental end point. Insets: In vivo images of
prostate before removal and ex vivo imaging.
White arrows indicate the prostate, whereas the
yellow arrows indicate the urethral opening.
Bottom row: Hematoxylin and eosin (H&E)
staining of prostates imaged ex vivo. Scale bars Z
2000 mm (bottom row). Original magnification:
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seminal vesicle.

MRI Analysis of Prostate Enlargement
abnormal prostatic growth.9,23 Indeed, dogs and primates
are the only mammals known to spontaneously develop
symptomatic BPH. This pathophysiology has been attrib-
uted to encapsulation of the prostate by fascial layers,
enabling urethral obstruction to occur as a consequence of
increased prostatic tissue mass.10,12

Despite fundamental differences in prostate anatomy, the
effects of hormone-mediated prostatic growth have been reca-
pitulated in studies done using rodents. Low doses of estrogen
given to prepubescent male rats sensitize the adult prostate to
testosterone-mediated growth, as measured by ventral prostate
wet weight.25 More recently, it was reported that long-term
treatment of mice with testosterone and estradiol induces glan-
dular prostatic growth, bladder outlet obstruction, and voiding
dysfunction in male mice.10,12 Specifically, estradiol treatment
of mice caused morphological changes in the proximal urethra,
an increased number of periurethral prostatic ducts, and nar-
rowing of the urethal lumen. It has been postulated that an in-
crease in the prostate tissue encapsulated within the thick
rhabdosphincter inmicemay result in restriction of urinaryflow,
analogous to BOO found in men because of BPH.12

Using MR angiography, we noted an increase in blood
volumes surrounding the prostate, indicating more genito-
urinary vascularization as a result of estradiol treatment
(Figure 2, D and E). Interestingly, microvessel density
surrounding epithelial and stromal BPH nodules is enhanced
relative to adjacent normal tissue and is elevated in prostates
from men with symptomatic BPH, particularly those in
whom surgical treatment has failed.26e29 Therefore, it may
The American Journal of Pathology - ajp.amjpathol.org
be therapeutically beneficial to reduce prostatic blood flow
in men with symptomatic BPH, a notion supported by early-
stage clinical studies.30 Indeed, finasteride significantly re-
duces prostate microvessel density in men, most potently in
subepithelial stroma, where blood vessels course in close
apposition to urethra urothelium.31e36 How microvessel
density increases in response to the hormonal milieu found
in human BPH is unclear. Studies by other laboratories
indicate that new vascular development may occur via a
mechanism involving hyperplasia and focal hypoxia.37

Although an increase in blood volumes suggested potential
infiltration of inflammatory cells, we found no change in
distribution of immune cells within the prostate as a result of
TþE treatment. The bulk (>90%) of immune cells found
within the stroma and epithelium of human prostate are
T lymphocytes, particularly cytotoxic CD8þ.38 Typically,
periglandular areas of the prostate are infiltrated by cytotoxic
T lymphocytes (CD8þ), whereas the fibromuscular stroma
contains lymphoid aggregates composed of 50% B cells
surrounded by CD4þ T cells. In addition, macrophages are
present in small populations.38 No difference in the number
or distribution of the pan T-cell marker CD3 in the murine
prostate was seen. Furthermore, using the macrophage
marker F4/80 as well as the B-cell marker B220, we did not
determine a large contribution by either population to pros-
tatic enlargement. Conversely, human BPH tissue contains
infiltrates of T lymphocytes, B lymphocytes, and macro-
phages. These cells are found to be chronically activated and
coordinate cytokine release (IL-2, interferon-g, and
2383
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Figure 4 Quantification of immune infiltrates into enlarged versus control prostates. To measure changes in immune cell populations after prostatic
enlargement, we stained and quantified the presence of T cells via CD3 (A), B cells via B220 (B), and macrophages via F4/80 (C). Data from 12- and 15-week
time points, after significant prostatic enlargement, were combined for increased statistical power. We observed no statistically significant change in T-cell,
B-cell, or macrophage populations on prostatic enlargement. Representative images of immunostaining are shown, each from the dorsal lobe. Arrowheads
represent positive cells for immunohistochemical stain of corresponding markers. Original magnification, �40 (AeC). T control, testosterone alone; TþE,
testosterone and estradiol.
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transforming growth factor-b) that may drive fibromuscular
growth in BPH.39 Furthermore, various proinflammatory
cytokines have been discovered to be up-regulated in BPH
tissue, particularly IL-15 in stromal cells, IL-17 in infiltrating
T cells, interferon-g in basal and stromal cells, and IL-8 in
2384
epithelial cells.40 We cannot exclude the possibility that im-
mune infiltrate occurred transiently and/or out of phase with
our time points (either earlier or later in the treatment time
course). Future experiments at additional time points are
necessary to determine the estradiol-mediated impact of
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Decreased cell death, but not
increased cell proliferation, is associated with
prostatic enlargement. A: Quantification of Ki-67
positivity, used herein as an indicator of prolif-
eration, demonstrates no significant increase in
the percentage of proliferating cells in the
testosterone and estradiol (TþE) cohort of mice.
Data from 12- and 15-week time points were
combined for increased statistical power (5 to 10
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(T-control) mice. Nuclei are counterstained with
DAPI in blue. Yellow arrows denote Ki-67þ cells.
Representative images of immunostaining are
shown. C: Quantification of cell death using ter-
minal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) staining via immunohistochem-
istry (5 to 10 fields quantified per mouse) dem-
onstrates a significant reduction in cell death on
prostatic enlargement. eSlide Manager software
version 12.1.0.5029 (Aperio) was used to count
positive cells using a Positive Nuclear Algorithm
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panels). Representative images of immunostain-
ing are shown. Blue cells are negative for TUNEL,
yellow cells are 1þ positivity, orange cells are
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nZ 4 mice (A); nZ 2 mice (C). *P < 0.05 versus
T control. Original magnification, �40 (AeC).
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various immune cell populations and cytokine signaling to
LUTS pathogenesis in this model.

Interestingly, estradiol treatment of mice did not seem to
significantly spur cellular hyperplasia based on Ki-67
staining. Instead, estradiol treatment was protective against
cell death, as evidenced by terminal deoxynucleotidyl
transferase dUTP nick-end labeling staining, coincident
with volumetric changes in the prostate and urethral lumen.
Longitudinal MRI revealed a significantly increased rate of
prostatic enlargement at between 10 and 12 weeks of
estradiol treatment based on the changing slope of the curve
(Figure 1B). We speculate this may be because of the
The American Journal of Pathology - ajp.amjpathol.org
continued accumulation of actively dividing epithelial cells
exceeding our detection threshold. This is not completely
surprising, as historical canine studies have also reported
that in established BPH the abnormal size of the aged
prostate is maintained by a decrease in the rate of cell death,
as opposed to an increase in the rate of cell replication.23 It
is likely that the pathophysiologic response of the prostatic
epithelial and stromal compartments to estradiol treatment
depends on additional variables, including dosage, timing of
exposure, and presence of androgens.

Overall, the hormonal dysregulation of this mouse model
recapitulates several features of the clinical presentation of
2385
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human LUTS. In accordance with the seminal publications
describing this model, we observed an increase in prostatic
volume, as well as a concomitant decrease in prostatic
urethral volume. At the time points we evaluated, we did not
observe canonical hyperplasia of prostatic stroma or
epithelium, as is highly prevalent in BPH patients. More-
over, we did not observe overt immune infiltrate at experi-
mental time points. However, we cannot exclude the
possibility that immune infiltrate or epithelial proliferation
occurred at other time points not evaluated via histology or
MRI. Moreover, we cannot exclude the possibility of a
mouse-strainespecific immune response. Future experi-
ments are needed to more thoroughly investigate under-
pinning mechanisms of initiation and progression steps of
LUTS in this mouse model.

This model is technically tractable as it does not require
an invasive surgery and can be used in conjunction with
transgenic animals. Therefore, future work can use this
model to more specifically dissect the roles of relevant
proteins and pathways in the development of BOO and
BPH. Furthermore, these studies illustrate the high impact of
longitudinal MRI analyses to quantify changes in prostate
and urethral volume over time. Such an approach has the
high potential to enable the following: i) investigations
of novel therapeutic approaches to ameliorate BPH, ii)
mechanistic studies of factors contributing to either initia-
tion or progression of BPH, and iii) an increased under-
standing of the role of estrogenic hormones in regulating
prostatic volume.
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