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Benign prostatic hyperplasia (BPH) and bladder outlet obstruction (BOO) are common in older men

and can contribute to lower urinary tract symptoms that significantly impact quality of life. Few

existing models of BOO and BPH use physiological levels of hormones associated with disease

progression in humans in a genetically manipulable organism. We present a model of BPH and BOO

induced in mice with testosterone (T) and 17�-estradiol (E2). Male mice were surgically implanted

with slow-releasing sc pellets containing 25 mg T and 2.5 mg E2 (T�E2). After 2 and 4 months of

hormone treatment, we evaluated voiding patterns and examined the gross morphology and

histology of the bladder, urethra, and prostate. Mice treated with T�E2 developed significantly

larger bladders than untreated mice, consistent with BOO. Some mice treated with T�E2 had

complications in the form of bladder hypertrophy, diverticula, calculi, and eventual decompen-

sation with hydronephrosis. Hormone treatment caused a significant decrease in the size of the

urethral lumen, increased prostate mass, and increased number of prostatic ducts associated with

the prostatic urethra, compared with untreated mice. Voiding dysfunction was observed in mice

treated with T�E2, who exhibited droplet voiding pattern with significantly decreased void mass,

shorter void duration, and fewer sustained voids. The constellation of lower urinary tract abnor-

malities, including BOO, enlarged prostates, and voiding dysfunction seen in male mice treated

with T�E2 is consistent with BPH in men. This model is suitable for better understanding molecular

mechanisms and for developing novel strategies to address BPH and BOO. (Endocrinology 153:

5556–5565, 2012)

Benign prostatic hyperplasia (BPH) is prevalent among

older men and increases with age; it is found at au-

topsy in approximately 70% of men in their sixties and up

to 90% of men in their eighties (1). BPH develops in the

transition zone of the prostate surrounding the proximal

urethra and as the prostate enlarges it may impede urine

flow, leading to bladder outlet obstruction (BOO), which

can cause or contribute to bothersome lower urinary tract

symptoms (LUTS). LUTS encompass a range of clinical

complaints, including weak stream, straining to urinate,

incomplete bladder emptying, frequency, urgency, noctu-

ria, and small voided volumes (2). In addition to LUTS,

urinary tract complications can occur in the setting of

BOO due to BPH, including elevated postvoid residual,
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urinary retention, bladder diverticula, hydronephrosis,

bladder calculi, and renal insufficiency (3). These condi-

tions significantly affect the quality of life of a substantial

proportion of men, and the associated healthcare costs are

in the billions annually (4–6). The natural history of male

LUTS is variable, but when untreated, obstructive symp-

toms (weak stream, straining, and incomplete emptying)

and nocturia tend to worsen with age as the prostate en-

larges (7). An animal model that recapitulates the patho-

physiology of BPH, BOO, and voiding dysfunction could

provide important clues for understanding the molecular

mechanisms underlying the etiology of these common clin-

ical problems. Previous animal models of partial BOO, by

causing partial obstruction of the bladder outlet with su-

tures or cuffs, have advanced understanding of the blad-

der’s response to acute obstruction, such as detrusor hy-

pertrophy and decompensation (8–11). Because BPH in

men is a disease process that likely develops over decades,

a model of gradual obstruction may be more relevant to

improve understanding of BOO associated with BPH.

Sex steroid hormones have long been implicated in the

development of BPH and its clinical sequelae (12). An-

drogensare essential forprostatedevelopmentandgrowth

and their effects depend on interaction with the androgen

receptor (13). Additionally it is known that castrated men

do not develop prostatic hyperplasia (14). The testoster-

one (T) metabolite 5�-dihydrotestosterone (DHT) is the

major androgen acting on the prostate, and medical ther-

apy with 5�-reductase inhibitors that block conversion of

T to DHT decrease prostate volume, improve symptoms,

and increase urinary flow rates in men with LUTS asso-

ciated with BPH (15, 16). However, complete androgen

deprivation does not result in symptomatic improvement

in all men, and androgen supplementation of hypogo-

nadal men does not appear to increase the risk of BPH (14,

17). In fact, BPH develops in older men as serum T levels

decline (18). With advancing age, serum levels of E2 can

remain relatively constant or increase, but the net effect is

a decline in the ratio of free serum T to 17�-estradiol (E2)

that parallels the development of BPH and LUTS (19, 20).

The androgen and estrogen balance is well established as

important in both prostate development and disease, but

the molecular underpinnings of this relationship are not

well understood (21). Streng and colleagues (22, 23) have

demonstrated that treatment of male Noble rats with

pharmacological doses of T and E2 (T�E2) leads to a de-

creased serum T to E2 ratio, induces inflammation in the

dorsolateral prostate, and causes obstructive voiding. We

have previously described that male mice treated with sc

implants of 25 mg T and 2.5 mg E2 have serum hormone

levels similar to physiological hormone levels of aging men

(24, 25). Furthermore, male mice treated with T�E2 de-

velop prostatic epithelial hyperplasia, and this effect is

observed across several strains of mice (24). However,

rodents have generally been thought to be a poor model for

BPH/LUTS due to their prostate anatomy, which is dis-

similar to that of men. In this paper, we characterize a

model of new glandular prostate growth, BOO, and uri-

nary voiding dysfunction in male mice treated with T�E2.

By recapitulating the hormonal milieu and many of the

clinical features observed in BPH patients, this model may

be uniquely suited for future study of the underlying mo-

lecular mechanisms of sex steroids in the pathogenesis of

BPH.

Materials and Methods

Steroid implantation
C57BL/6 and BALB/c mice (6–8 wk of age) were obtained

from Charles River (Wilmington, MA) and reared under stan-
dard laboratory conditions (12-h light, 12-h dark cycle) with free
access to food and water. Laboratory Animal Resources staff of
the University of Rochester and University of Wisconsin School
of Medicine and Public Health provided routine care. All animal
experiments and procedures were conducted under a protocol
approved by the University of Rochester’s University Committee
on Animal Resources and the University of Wisconsin Animal
Care and Use Committee. T and E2 were obtained from Sigma
Chemical Co. (St. Louis, MO). Mice were treated with surgically
implanted compressed hormone pellets containing 25 mg T and
2.5 mg E2 for 2 or 4 months as described previously (25, 26).

Tissue collection
After euthanasia with CO2 and exsanguination, laparotomy

was performed and the bladder was measured in situ in three
dimensions with a precision caliper. Bladder volume was esti-
mated by calculating the volume of an ellipsoid in cubic milli-
meters (27). The urogenital tract was dissected, excised, and
photographed. The urethra, prostate lobes, and bladder were
removed and photographed. The anterior prostate was dissected
from the urogenital tract, blotted dry, and weighed. Bladders
were drained of urine, blotted dry, and weighed. When present,
calculi were removed from the bladder, dried, and photographed
before being sent for integrated crystallographic analysis by
Louis C. Herring and Co. Analytical and Consulting Chemists
(Orlando, FL).

Morphometric analysis
All tissues were fixed in 10% neutral buffered formalin for

24 h at room temperature, dehydrated in ethanol, cleared in
xylene, and embedded in paraffin. Transverse sections (6 �m)
were cut from the proximal prostatic urethra. For morphometric
evaluation, the sections were mounted on slides and every 20th
section was stained with hematoxylin and eosin (H&E). Stained
sections were viewed with a Leica DM5000 B digital microscope
at �5 magnification and photographed with a Leica CTR 500
digital camera (Leica Microsystems, Wetzlar, Germany). The
microscope was calibrated with a 1-mm scale slide. Images were
acquired using PictureFrame version 2.3 (Optronics, Goleta,
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CA) and analyzed with ImageJ software (National Institutes of
Health, Bethesda, MD). The outline of the urethra, rhab-
dosphincter, periurethral space, urethral lumen, and bladder de-
trusor was contoured by hand with a computerized stylus using
ImageJ software. The detrusor was contoured by hand in the
largest H&E-stained transverse section of the bladders and con-
verted to color shell to determine the area. Areas were measured
in pixels squared and converted to square micrometers. A single
observer blinded to treatment condition using ImageJ counted
prostatic glands/buds manually.

Staining/immunohistochemistry
All procedures were performed as we have described previ-

ously (24, 25). To identify connective tissue and muscle, we used
a Masson’s trichrome stain kit and performed staining according
to the manufacturer’s protocol (Leica Microsystems). For iden-
tification of smooth muscle, sections were first blocked with 5%
normal goat serum in 0.1 M PBS. Primary antibodies to the
smooth muscle isoforms of myosin heavy chain (MYH11) (Bio-
medical Technologies, Stoughton, MA; 1:300 dilution) and
�-actin (ACTA2) (Dako, Carpinteria, CA; 1:500 dilution) were
applied to sections of bladder for 1 h at room temperature.
After a 5-min wash in 0.1 M PBS, sections were incubated with
biotinylated goat antirabbit IgG (1:100) for 1 h and the avidin-
biotin complex (Vector Laboratories, Burlingame, CA) for an
additional 1 h. Finally, sections were stained using a Vector
red alkaline phosphatase substrate kit (Vector) and then ob-
served under an Olympus BX-41 light microscope (Olympus,
Melville, NY).

Uroflow
Our method for evaluating uroflow has been previously de-

scribed (28, 29). After hormone implantation, mice were placed
in Tecniplast (Exton, PA) metabolism cage racks equipped with
rat floor grids to minimize urine retention. Mice were offered 6
ml of a preferred solution of 0.25% saccharin and 3% glucose in
a double-ball-bearing sipper tube attached to a length of Tygon
tubing as a fluid reservoir (30). This was placed in the metabo-
lism cage fluid access recess; the food port was blocked with a
plate for the duration of evaluation. Milligram-resolution elec-
tronic balances (Mettler, Columbus, OH) and waste plates were
placed directly under the floor grids without fecal separation
screens. The balances were configured to report current stability
status and mass 10 times per second. This character stream was
received from an internet port address by a custom program
(LabVIEW, National Instruments, Austin, TX) that immediately
generated online displays of the record and histograms of void
mass, duration, and uroflow. Network cameras (Axis 206, Lund,
Sweden) sent synchronous images from below, which were re-
tained as movie files associated with each period of balance in-
stability. This capability allows comparison of the recorded
waveforms with synchronized videos of the event. Twenty-four
balances were monitored simultaneously from a single remote
workstation. Previously published methods from this laboratory
used laboratory-dependent waveform smoothing for noise elim-
ination (28, 29). To achieve laboratory independence and to
ensure that small voiding events typical of end-stage obstructive
dysfunction were not excluded in this process, no waveform
smoothing was performed before event detection. Imposing up-
per and lower limits on the derived measures eliminates vibration

and air current artifacts, and we compared the effect of these with
the raw instability event record and associated video records.

Statistics
Data analysis for comparisons of continuous variables con-

sisted of two-tailed unpaired t test or one-way ANOVA with
Bonferroni post hoc comparisons. Bar graphs show means �

SEM. In all analyses, P � 0.05 was considered statistically
significant.

Results

T�E2 treatment causes enlarged bladders, changes

in bladder smooth muscle and collagen, and upper

urinary tract complications consistent with BOO

After 2 months of treatment with T�E2, we observed

enlarged bladders (Fig. 1A). Treatment with T�E2 for 2

months caused increased bladder mass (�70%), bladder

volume (�910%), and cross-sectional area of the detrusor

relative to untreated controls (�124%, Table 1, P �

0.05). Thickening of the detrusor after 2 months of hor-

mone treatment was observed with H&E-stained sections

(Fig. 1A). To evaluate whether our model was accompa-

nied by muscle hypertrophy followed by fibrosis, which

can be seen clinically (31), we stained with two markers of

smooth muscle (ACTA2 and MYH11) as well as Masson’s

trichrome, which stains for extracellular matrix including

collagen (Fig. 2, C and D). Bladders from untreated mice

had little stain for collagen, but the bladders of mice

treated for 2 months with T�E2 contained abundant

amounts of collagen (blue in Fig. 1C). Among the un-

treated mice and mice treated for 2 months with T�E2,

smooth muscle cell markers MYH11 and ACTA2 stained

intensely throughout the detrusor (Fig. 1D). After 4

months of treatment with T�E2, we observed very large,

distended bladders with residual urine at the time of eu-

thanasia, with thin walls (Fig. 1A). Four months of treat-

ment with T�E2 caused increased bladder mass (�126%)

and bladder volume (�6800%) compared with mice un-

treated for 4 months (Table 1, P � 0.05). The cross-sec-

tional area of the detrusor was decreased compared with

mice treated with 2 months of hormones (�31%, P �

0.05) but was increased relative to untreated controls

(�52%, Table 1, P � 0.05). After 4 months of hormone

treatment, some T�E2-treated mice developed bladder di-

verticula and hydronephrosis, hallmarks of BOO (Fig.

1B). The bladder of one mouse treated with T�E2 con-

tained multiple irregular calculi, composed of 95% mag-

nesium ammonium phosphate hexahydrate (struvite), 1%

carbonate apatite, and 4% protein and blood, which can

develop in the setting of urinary status from BOO (Fig.

1B). In bladders from mice treated for 4 months with

5558 Nicholson et al. T�E2 Mouse Model of BPH Endocrinology, November 2012, 153(11):5556–5565
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T�E2, the thinned detrusor was mostly replaced by dis-

organized collagen (Fig. 1C), and there was very little

staining of MYH11 and ACTA2, indicating a change in

the compliance of the bladder (Fig. 1D). Other observa-

tions among the mice treated with T�E2 included grossly

enlarged seminal vesicles, prostates, and preputial glands

and urine-soaked fur near the urethral orifice.

T�E2 treatment causes urethral narrowing,

increased prostate mass and glandular prostatic

duct growth

As we have previously described (12), the prostatic ure-

thra was defined as sections of the urethra cranial to the

verumontanum containing the ejaculatory ducts and main

ducts of the seminal vesicles (Supplemental Fig. 1, pub-

TABLE 1. Effects of T�E2 treatment on the mouse bladder

Bladder mass (mg) Bladder volume (mm3) Detrusor cross-sectional area (�m2)

UNT 2 months (n � 5) 37.9 � 2.9 17.9 � 1.7
T�E2 2 months (n � 5) 64.3 � 6.8a 180.8 � 48.6a 9.4 � 1.0a

UNT 4 months (n � 10) 40.6 � 3.8 23.1 � 2.9 4.2 � 0.2
T�E2 4 months (n � 9) 91.9 � 7.2a,b 1596 � 352a,b 6.4 � 1.0a,b

Values are means � SEM. UNT, Untreated controls.
a P � 0.05 compared with respective UNT.
b P � 0.05 compared with T�E2 2 months.

FIG. 1. Effects of T�E2 treatment on the urinary tract of male C57BL/6 mice. A, After 2 months of treatment with T�E2, the bladder was

somewhat enlarged and contained residual urine compared with the small, deflated bladder of the untreated (UNT) mouse at the time of

euthanasia. High-magnification H&E-stained sections (bottom panels) of representative mice revealed increased detrusor thickness after 2 months

of T�E2 treatment. Four months of treatment with T�E2 caused very large bladders distended with large amounts of residual urine. After 4

months of T�E2 treatment, the bladder was distended with marked thinning of the detrusor seen with H&E staining. Bl, Bladder; SV, seminal

vesicles. B, After 4 months of T�E2 treatment, some mice had bladder diverticula (red arrows) and hydronephrosis (middle panel), indicating

increased intravesical pressure relative to pressure of the ureters and renal pelves. Irregular bladder calculi were occasionally found (right panel),

indicating urinary stasis in the setting of obstruction. C, Male mice were untreated or treated with T�E2 for 2 and 4 months, and bladders were

processed and stained with Masson’s trichrome stain (cells stain red and collagen stains blue). After 2 months of treatment, bladders from T�E2-

treated mice showed increased collagen staining (blue), whereas very little collagen was observed in untreated normal bladders. After 4 months of

hormone treatment, layers of disorganized collagen had mostly replaced the thinned detrusor. D, Localization of smooth muscle ACTA2 and

MYH11 in serial sectioned bladders collected from untreated and T�E2-treated male mice at 2 and 4 months. After T�E2 treatment for 2 months,

both smooth muscle markers (red) stained intensely and were found throughout the thickened detrusor relative to untreated bladders, indicating

detrusor hypertrophy. After 4 months of T�E2-treatment, when distended bladders were observed, very little smooth muscle marker staining was

present. This is consistent with the trichrome staining in C where cells (red) are primarily found in the urothelium and the stroma is rich with

collagen (blue) but contains few red stained cells. *, Bladder lumen.

Endocrinology, November 2012, 153(11):5556–5565 endo.endojournals.org 5559
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lished on The Endocrine Society’s Journals Online web site

at http://endo.endojournals.org). Measures of the pros-

tatic urethra consisted of the total cross-sectional area, the

rhabdosphincter, periurethral glandular tissue containing

prostate ducts (Supplemental Fig.1A), and the urethral

lumen (Fig. 2A). There were no significant differences

among mice treated with T�E2 compared with untreated

controls in the cross-sectional areas of the total prostatic

urethra (Supplemental Fig.1B), striated rhabdosphincter

(Supplemental Fig.1C), or the periurethral glandular tis-

sue compartment (Supplemental Fig.1D). The average

cross-sectional area of the prostatic urethral lumen was

significantly smaller (�46%) among mice

treated with T�E2 compared with the un-

treated controls (Fig. 2B, P � 0.004), consis-

tent with BOO. The average mass of the ante-

rior prostate of mice treated with hormones

was significantly greater (�21%) than that of

untreated controls (P � 0.001, Fig. 2C). Treat-

ment with T�E2 also significantly increased

the number of prostatic ducts in the prostatic

urethra compared with the untreated controls

(�22%, P � 0.05, Fig. 2 D and E). Prostate

cancer and prostatic intraepithelial neoplasia

were not observed in the urethra.

T�E2 treatment causes urinary voiding

dysfunction in the form of droplet

voiding pattern

A typical untreated mouse exhibited several

sustained voids per session, whereas a typical

mouse treated with T�E2 exhibited small-mass,

short-durationvoids that consistedofdropletsof

urine (Fig. 3A). The voiding behavior of the

T�E2 mouse in Fig. 3A was classified as droplet

voiding pattern, because only droplets of urine

wereobservedasvoidingeventson synchronized

video. Median uroflow curves for individual

mice in the study were generated to characterize

uroflow patterns based on the shape of these

curves.Untreatedmiceexhibitedsustainedvoid-

ing pattern (Fig. 3B and Supplemental Video

1), whereas mice treated with T�E2 were clas-

sified into sustained voiding pattern or droplet

voiding pattern based on distinctive median uro-

flow curves (Fig. 3, B and C). Four of nine mice

treated with T�E2 exhibited sustained voiding

pattern (Fig.3C).Theremaining fiveofninemice

treated with T�E2 exhibited median uroflow

curves consistent with droplet voiding pattern

and predominantly droplet voiding pattern on

video (Fig. 3C and Supplemental Video 1). To

characterize the distribution of individual uri-

nary voiding events and reveal patterns for individual mice,

the duration and mass of all voids recorded were plotted for

each mouse (Fig. 4). Among the untreated mice, there was

some variability among individual mice in void masses and

durations (Fig. 4A). Examination of individual plots of du-

ration and mass for each void showed that four of the mice

treated with T�E2 displayed a mixture of sustained voiding

pattern and droplet voiding pattern (Fig. 4B). The five mice

treated with T�E2 and classified as droplet voiding pattern

with median uroflow curves displayed exclusively droplet

voiding pattern based on the pattern of void volumes and

FIG. 2. T�E2 treatment of C57BL/6 mice causes urethral narrowing, increased

anterior prostate mass, and increased prostatic ducts in the proximal urethra. A,

Measurements were contoured by hand in ImageJ to determine the cross-sectional

area of the urethral lumen (blue). B, Mice treated with T�E2 for 4 months had a

significantly smaller average cross-sectional area of the prostatic urethral lumen

compared with untreated controls (**, P � 0.004). C, Compared with untreated

mice, the mass of the anterior prostate from mice treated with T�E2 for 4 months

was significantly greater (***, P � 0.0001). D, Mice treated for 4 months with T�E2

had significantly more prostatic ducts in the proximal urethra compared with

untreated controls (*, P � 0.015). E, Prostatic ducts were counted in a representative

section of the prostatic urethra, and untreated mice (left) were compared with mice

treated with T�E2 for 4 months (right). Prostate cancer and prostatic intraepithelial

neoplasia were not observed in the urethra.*, Prostatic ducts, ED, ejaculatory ducts;

SVD, main seminal vesicle ducts; UL, urethral lumen.

5560 Nicholson et al. T�E2 Mouse Model of BPH Endocrinology, November 2012, 153(11):5556–5565
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durations observed (Fig. 4C). As shown in Table 2, among

mice treated with T�E2 compared with untreated mice, the

average voided mass was significantly smaller (�32%, P �

0.003) and duration of void significantly shorter (�46%,

P � 0.005). Overall, mice treated with T�E2 exhibited sig-

nificantly fewer sustained voids (defined as duration � 3 sec

and mass �0.10 g; �76%, P � 0.001; Table 2).

Discussion

We present a mouse model of male BOO induced by sex

steroid hormones that recapitulates many features of men

with BPH and LUTS: voiding dysfunction accompanied

by detrusor thickening and fibrosis and, in some cases,

eventual decompensation, urinary retention, and hydro-

nephrosis. After 2 months of treatment with T�E2, mice

developed thickening of the detrusor due to increased

smooth muscle and collagen, consistent with hypertrophy

and fibrosis induced by BOO. After 4 months of treatment

with T�E2, the majority of mice developed gross enlarge-

ment of the bladder with a thinned, fibrotic detrusor, and

in some mice this was accompanied by evidence of high-

pressure storage or voiding in the form of bladder diver-

ticula and hydronephrosis. The presence of bladder stones

in one mouse treated with T�E2 is suggestive of urinary

stasis, which is a manifestation of BOO in BPH patients.

Due to differences in prostate anatomy, rodents have

previously not been considered a useful model for human

male BOO and BPH. Dogs and primates are the only mam-

mals known to spontaneously develop symptomatic BPH,

and this has been attributed to encapsulation of the pros-

tate by fascial layers, with urethral obstruction occurring

as a consequence of increased prostatic tissue mass. Due to

this anatomic difference, even when enlarged, the distal

murine prostatic lobes would be unlikely to cause BOO.

However, an increase in the prostate tissue encapsulated

within the thick rhabdosphincter may narrow the urethral

lumen and restrict urinary flow and hence might be anal-

ogous to BOO found in men due to BPH. Treatment of

male mice with T�E2 caused changes in the morphology

of theproximalurethra,withan increasednumberofpros-

tatic ducts and narrowing of the urethral lumen, suggest-

ing that BOO was caused by hormone treatment and im-

plicating these periurethral changes. The finding from this

study with the T�E2-treated male mouse is a unique de-

scription, to our knowledge, of urethral narrowing asso-

ciated with stimulation of prostate glandular growth in a

murine model system.

Despite anatomic differences, treatment of the male

mouse with T�E2 recapitulates the major clinical mani-

festation of BPH in men: urinary voiding dysfunction.

FIG. 3. Treatment of male BALB/c mice with T�E2 causes voiding

dysfunction in the form of droplet voiding pattern. A, Representative

uroflow session with net mass on balance recorded over time from an

untreated mouse (UNT; blue) compared with a mouse treated with

T�E2 (red). The untreated mouse exhibits three sustained voids. The

mouse treated with T�E2 has frequent small-mass, short-duration

voids. Analysis of a synchronized video stream determined the voiding

events in the mouse treated with T�E2 consist of a droplet of urine

striking the balance (droplet voiding pattern). B–D, Median uroflow

curves reflecting all voids across all sessions from 2–4 months of

hormone treatment for all mice in the study (individual lines represent

individual mice). B, Four untreated mice show median uroflow curves

consistent with sustained voiding pattern. C, Four mice treated with

T�E2 have median uroflow curves, reflecting sustained voiding

pattern, similar to untreated mice in B. D, Among five mice treated

with T�E2, median uroflow curves reflect droplet voiding pattern.
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Noninvasive study of urinary voiding behavior during

hormone treatment revealed that some mice treated with

T�E2 developed droplet pattern voiding almost exclu-

sively, likely a sign of end-stage BOO. Even among the

mice treated with T�E2 who did exhibit sustained voiding

pattern, these mice also displayed droplet pattern voiding,

suggesting that some degree of urinary voiding dysfunc-

tion was induced in all mice treated with T�E2. These

changes were reflected in the shorter void durations,

smaller voided masses, and overall decrease in the number

of sustained voids of mice treated with T�E2 compared

with untreated mice. Because our noninvasive uroflow

method does not measure detrusor pressure, it is not pos-

sible to distinguish whether droplet voiding represents ob-

structive voiding (low flow in the setting of high detrusor

pressure) or failure of coordinated detrusor contraction

(low flow in the setting of low detrusor pressure). How-

ever, because of the noninvasive nature of our uroflow

method, it does provide information

relevant to understanding the voiding

behavior associated with altered blad-

der function, which may be a better sur-

rogate for LUTS. Moreover, it is not

possible to establish in this model sys-

tem a direct relationship among pros-

tatic enlargement, BOO, and urinary

voiding dysfunction. It is possible that

changes in the compliance of the ure-

thra could contribute to voiding dys-

function. Interestingly, in the hormone-

treated mice with predominant droplet

voiding pattern, mice were commonly

observed hunching and apparently

straining to void, which is a symptom

reported by men with BPH. Mice

treated with T�E2 were also observed

to have wet fur, suggesting that some

droplets of urine were not measured in

our noninvasive uroflow apparatus. Al-

though overall the void durations were

shorter among mice treated with T�E2,

the time to formation of the droplet

in droplet voiding pattern may be

underestimated.

In an individual patient, the development of obstructive

complications such as urinary retention and upper urinary

tract damage is difficult to predict. The natural history of

BPH leading to BOO and LUTS in humans remains in-

completely understood and is remarkably variable at the

individual level (32). This variability is recapitulated in the

T�E2 mouse model. After 2 and 4 months of hormone

treatment, all mice treated with T�E2 exhibited increased

bladder mass and volume; however, after 4 months of

hormone treatment, three of the nine mice treated with

T�E2 did not develop massively enlarged bladders. Fur-

thermore, in uroflow experiments, four mice treated with

T�E2 exhibited some sustained voiding pattern that was

not consistently different from untreated mice. However,

even among the five of nine mice, there remained signifi-

cantly fewer sustained voids, and overall, T�E2 treatment

caused decreased void duration and void mass. Although

droplet voiding pattern is likely a sign of end-stage ob-

struction, we observed varying degrees of voiding dys-

function among all mice treated with T�E2 when com-

pared with untreated mice.

Animal models are powerful tools to address the eti-

ology, natural history, and treatment of many disease

processes. Treatment of male mice with T�E2 induced

a predictable sequence of changes in the bladder con-

sistent with other models of mechanical BOO. In rabbit
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FIG. 4. Urinary voiding events across all sessions are plotted by void mass (grams) and void

duration (seconds) for each BALB/c mouse (each dot represents a void). A, Individual voiding

profiles show sustained voiding pattern in untreated (UNT) mice. B, Individual voiding profiles

for four of nine mice treated with T�E2 show a combination of sustained voiding and droplet

voiding pattern, although some mice display sustained voids similar in duration and mass to

untreated mice. C, Five of nine mice treated with T�E2 demonstrate predominantly droplet

voiding pattern.

TABLE 2. Effects of T�E2 treatment on urinary void
parameters in the male mouse

UNT (n � 4) T�E2 (n � 9)

Voided mass (g) 2.99 � 0.22 2.04 � 0.14a

Void duration (sec) 0.13 � 0.02 0.07 � 0.01a

No. of sustained voids 53.5 � 7.71 12.7 � 5.17a

Values are means � SEM. Sustained voids are defined as duration
more than 3.0 sec and mass more than 0.10 g.
a P � 0.01 compared with untreated controls (UNT).
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studies of partial BOO, the initial response of the blad-

der is a rapid increase in mass due to smooth muscle

hypertrophy and gradual restoration of contractile

function, followed by a compensatory stage in which

the bladder mass stabilizes but the ability of the bladder

to empty declines, with progressive, minor changes in

the distribution of smooth muscle and collagen (33). In

some rabbits with partial BOO, the bladder decompen-

sates, heralded by a second increase in bladder mass as

the muscle is replaced by connective tissue and paral-

leled by progressive deterioration of the bladder’s abil-

ity to empty (10, 11, 33). Other models have suggested

the hormonal underpinnings of BOO in male animals.

Treatment of young dogs with androgens and estrogens

suggest that these sex steroid hormones act synergisti-

cally to induce earlier and more extensive prostatic hy-

perplasia and resulting BOO (14). Monkeys treated

with DHT and estradiol develop prostatic stromal hy-

perplasia (34). Among transgenic mice with the prolac-

tin gene (PRL) overexpressed, the resulting hyperpro-

lactinemia induces marked growth of the prostate in the

setting of increased serum androgen levels (35). When

PRL is overexpressed in a prostate-specific manner, the

result is stromal hyperplasia and increased branching of

prostatic ducts, without an increase in serum androgens

(36). In contrast, among aromatase-overexpressing

mice, only those with elevated serum E2 and low serum

T show urodynamic and anatomic evidence of BOO

(37). However, unlike in mice treated with T�E2, the

aromatase-overexpressing mouse exhibits a decrease in

thickness of the rhabdosphincter with urodynamic ev-

idence of infravesical obstruction (37). In studies of the

Noble rat, T�E2 treatment that results in a decreased T

to E2 ratio causes prostatic inflammation and rhab-

dosphincter dysfunction, but importantly, these

changes are not observed in rats treated with T�E2 to

induce a hyperandrogenic state (22, 23). Treatment of

male Noble rats with T�E2 for 6 wk causes modestly

increased bladder mass, and T�E2 treatment for 13 wk

to induce hyperandrogenic state induces obstructive

voiding in pressure-flow studies in parallel with inflam-

mation in the dorsolateral prostate and periurethral

prostate cancer (23, 38). The development of droplet

voiding in mice treated with T�E2 may represent ob-

struction, as suggested by urodynamic obstruction in

the T�E2-treated male Noble rat. In our model, de-

creased T to E2 in a ratio designed to mimic physiolog-

ical concentrations of older men induced benign en-

largement of the prostate, urethral obstruction with

static and possibly dynamic components, bladder com-

plications, and voiding dysfunction suggestive of sig-

nificant LUTS. Additionally, we observed new prostatic

growth but not periurethral prostate cancer in mice. The

T�E2 mouse model is useful because it allows the as-

sessment of how T and E2 affect the prostate, bladder,

and urethra in the context of a developmentally normal

genitourinary tract. Furthermore, the hormonal induc-

tion of this model, which recreates a hormonal milieu

similar to the aging man, is likely involved in the disease

process found in men.

Male mice treated with T�E2 develop a constellation

of lower urinary tract abnormalities similar to those

observed in men with BPH, including BOO, prostatic

enlargement, ductal growth, and voiding dysfunction.

Given that urinary tract complications are seen in mod-

els of mechanical BOO, and urethral narrowing was

observed in T�E2-treated mice, it is likely that bladder

hypertrophy and enlargement is secondary to BOO.

However, androgen and estrogen receptors are found

not only in the prostate but also in other tissues of the

male lower urinary tract, including the urethra and

bladder (39). T�E2 could act directly on extraprostatic

cells and tissues in the lower urinary tract, causing blad-

der enlargement and voiding dysfunction independent

of the prostatic growth effects. Given the wide range of

tissues under the effects of systemic hormones, this is

also possible in the complicated clinical scenario of pa-

tients with BPH and LUTS.

A hormonal etiology for BPH has long been pro-

posed, but our understanding of the molecular basis

continues to be limited. Induction of prostatic hyper-

plasia by treatment with androgens and estrogens has

been well characterized in other model systems, but the

power of mouse genetics makes the T� E2 mouse model

especially promising for elucidating the mechanism un-

derlying hormonal induction of BPH, BOO, and void-

ing dysfunction. Future studies will use this model to

evaluate genetic gain and loss of function with factors

important in BPH and BOO as well as test pharmaco-

logical interventions important in the treatment or pre-

vention of lower urinary tract abnormalities associated

with hormonal changes in men as they age.
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