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ABSTRACT

Prostate disease incidence, both benign and malignant, directly correlates with age. Men under 40 years of age
are rarely diagnosed with benign or malignant prostate disease, while 90% of men over the age of 80 have
histological evidence of benign disease (benign prostatic hyperplasia; BPH). Although rodent models have been
invaluable in the study of disease progression and treatment efficacy, the effect of age is often not considered.
In examining aged (24-month-old) mice, we observed changes within the lower urinary tract that is typically
associated with lower urinary tract dysfunction (LUTD) similar to models of BPH. In this study, we identify LUTD
using functional testing as well as various imaging technologies. We also characterize the histological
differences within the lower urinary tract between young (2-month-old) and aged mice including proliferation,
stromal remodeling, and collagen deposition. Additionally, we examined serum steroid hormone levels, as
steroid changes drive LUTD in mice and are known to change with age. We conclude that, with age, changes in
prostate function, consistent with LUTD, are a consequence. Therapeutic targeting of endocrine and prostatic
factors including smooth muscle function, prostate growth and fibrosis are likely to reestablish normal urinary
function.

INTRODUCTION

The prostate is a male accessory sex gland that has a
high incidence of disease, both benign and malignant,
coincident with aging. Prostate disease is so common it
is anecdotally considered a part of the aging process [1-
3]. Prostate cancer is the second leading cause of cancer

death in American men and is rarely diagnosed prior to
the age of 40 [4]. Benign prostatic hyperplasia (BPH) is
a disease that develops in men as they age; nearly 90%
of men over 80 years of age are living with this
condition [3, 5]. Although a non-malignant disease,
many men with BPH develop lower urinary tract
symptoms (LUTS), including urgency, frequency, and
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nocturia, that significantly decrease their quality of life.
The cost of treatment for BPH in the United States is
more than $4 billion annually [6-8]. The cause of LUTS
in BPH can be multifactorial. While most commonly
attributed to an increase in stromal and/or epithelial
proliferation leading to the formation of nodules that
impinge on the urethra, changes in smooth muscle
contractility and an increase in fibrosis have also been
implicated in BPH/LUTS. Additionally, while the
prostate is generally considered an androgen-regulated
organ, both androgens and estrogens are critical in the
maintenance of the normal prostate. Changes within the
prostate’s hormone milieu have been implicated in
disease initiation and progression. As men age,
circulating levels of testosterone (T) decrease while
levels of estrogen (E) remain constant or increase,
leading to a lowered T to E (T:E) ratio [9-11]. Several
studies have examined the changes of serum sex steroid
hormones through aging and how these changes are
inversely related to prostate disease [12-14].

Mouse models have been invaluable in the study of a
variety of human diseases. We have developed a
hormone-induced mouse model that recapitulates the
aging hormone environment in men [15, 16]. The
compressed T and 17f-estradiol (E2) pellets release

hormones at a rate in which the concentration of T
decreases over time while E2 remains constant. This
model is used to demonstrate lower urinary tract
dysfunction (LUTD) similar to that of human BPH
disease as well as hormonal carcinogenesis and
progression when used in conjunction with renal
capsule xenografts [15, 17]. The mice in these models
demonstrate an increase in prostate and bladder mass,
prostate and bladder volume, and an increase in
collagen remodeling [17]. Previous studies using this
aging model have evaluated changes within mice
between 2-6 months in age, corresponding to the human
equivalent of 20-30 years [18]. Since BPH is a disease
that predominantly affects men over the age of 55, using
mice in that correlative age range (18-24-month-old
mice) could give better insight into disease progression.
Additionally, cellular changes within the prostate have
been examined in the context of aging, but these
changes were not associated with urinary function [19].

In this study, we examine the changes within the lower
urinary tract that occur under normal aging conditions
in mice. Although the mouse prostate and human
prostates differ in anatomy, we have previously
identified regions within the mouse lower urinary tract
that are similar to the human prostate anatomy [17, 20].
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Figure 1. Lower urinary tract measurements show age related changes. (A) Aging mice show a significant increase in
total urine spots as well as an increase in smaller urine spots as measured by void spot assay. (B) Aging significantly
increases bladder mass. (C) Aging significantly increases bladder volume as calculated from caliper measurements. (D)
Age significantly increases anterior prostate (AP) mass. (E) Aging significantly increases ventral prostate (VP) mass. (F)
Aging significantly increases dorsolateral prostate (DLP) mass. *, p-value < 0.05; ***, p-value < 0.001; **** p-value <

0.0001.
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Table 1. Morphometric measurements of mouse bladder and prostate normalized to body mass.

Measurement Young (mg) Aged (mg) p-value
Body mass (BM) 27.54 +0.61 34.66 + 1.04 <0.0001
Bladder mass 0.70 + 0.04 1.10 +0.09 0.0037
Bladder volume 1.20+0.26 2.25+0.44 0.0512
Hemiprostate 0.81 +£0.07 1.05+0.61 0.0136
AP 0.47+0.36 0.63 +0.05 0.0207
VP 0.17 +£0.02 0.25+0.02 0.0044
DLP 0.17+£0.03 0.18+0.02 0.7807

The body mass of aged mice was significantly different from young mice, so the bladder and prostate measurements
were normalized against body mass. Masses are reported as mean * standard error, and statistically significant p-values

are bolded.

By identifying baseline changes in proliferation,
extracellular matrix deposition, and steroid hormones
and receptors, we can better understand the contribution
of age to disease phenotype.

RESULTS

Characterization of the lower urinary tract in aging
mice

The lifespan of different strains of mice have been
extensively characterized [21]. Generally, the period
between three to six months in mice corresponds to
humans at approximately 20-30 years of age. In
C57Bl6/] mice, 75% survive past 2 years of age, and
only 50% survive past 27 months; mice between 18-24
months of age correspond to humans 56-69 years of age
[22]. Since wild-type mice less than a year old do not
typically develop prostatic diseases (benign or
malignant), a comprehensive analysis of the physiology
and histology of the lower urinary tract with aging has
not been rigorously assessed. Using void spot assays
(VSA) to assess urinary function in wild-type, untreated
mice at 2 months (young) and 24 months (aged) of age,
we observed a significant increase in the number of
urine spots in the aged cohort of mice compared to the
young (Figure 1). Additionally, the aged cohort has a
significant number of smaller urine spots compared to
the young cohort consistent with LUTD. Upon
examination of the dissected lower urinary tracts, we
observed a significant increase in bladder mass and
retained urine volume (Figure 1B-C). Examination of
the separate prostate lobes [anterior (AP), ventral (VP),
dorsolateral (DLP)] showed a significant increase in
mass in the aged cohort compared to the young cohort
(Figure 1D-F). These results are similar to changes we
found previously with the hormone induced mouse
model of LUTD [17]. When these morphometric

measurements were normalized to body mass, bladder
mass, total prostate lobes (hemiprostate), AP, and VP
remained statistically significant with aging (Table 1).
This suggests that normal aging recapitulates symptoms
of BPH with corresponding changes in prostate and
bladder, independent of body mass.

Aging leads to changes in urethra lumen and flow
velocity

One potential cause of LUTD is bladder outlet
obstruction (BOO; i.e. a narrowing of the urethral
lumen), leading to changes in urinary flow and pressure
that further remodels (i.e. hypertrophy) the bladder.
Using ultrasound, we measured the lumen diameters
and flow velocity throughout the urinary tract [23]. We
separated the urethra into four discrete regions: bladder
neck (pre-prostatic), prostatic, post-prostatic, and penile
urethras (Figure 2A). The bladder neck is the triangular
(i.e. funnel) region where the bladder connects to the
urethra. The prostatic urethra begins with the formation
of the rhabdosphincter around the urethra and ends with
the opening of the joining of the ejaculatory ducts into
the lumen [17, 20, 24]. The post-prostatic urethra which
follows the prostatic urethra, has the largest lumen
diameter, and ends at narrowing into the penile urethra.
The penile urethra begins at the end of the post-prostatic
urethra and continues through the sigmoid flexure and
penis [25]. The urethral lumen diameter is the largest at
the bladder neck and significantly decreases when it
transitions to the prostatic urethra (Figure 2B). The
urethral lumen then increases significantly at the post-
prostatic urethra. We found a significant decrease in the
diameter of the bladder neck in aged mice compared to
young. Examination of the mean velocity (the rate of
flow through the urethra) in the young mice show a
significantly higher velocity in the regions where the
urethral lumen is smaller (Figure 2C). Upon aging,
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Figure 2. Aging leads to voiding changes as measured by ultrasound. (A) Ultrasound image showing the three urethra
regions. (B) The urethral diameter is the largest at the bladder neck with a significant drop at the prostatic urethra before the
diameter increases at the post-prostatic urethra in young mice. The post-prostatic urethra, while larger than the prostatic urethra is
still significantly smaller than the bladder neck diameter. The penile urethra is slightly smaller than the post-prostatic urethra but
significantly smaller than the bladder neck. There is a significant decrease in bladder neck diameter with age and a slight decrease at
all other locations with age. The decrease of lumen diameter between bladder neck and diameter is still significant in aged mice. (C)
The mean velocity through the urethra of young mice show a significant decrease between prostatic and post-prostatic and a
significant increase between post-prostatic and penile consistent with a narrowing of lumen diameter. (D) The mean velocity is
highest at the prostatic urethra in aged mice, but the changes in velocity is lost with age. The mean velocity of flow in aged mice is
lower than mean velocity in young mice. *, p-value < 0.05; ***, p-value < 0.001; **** p-value < 0.0001.

while there is no significant difference in lumen
diameter, the velocity change between the prostatic and
the post-prostatic urethra is no longer significant
(Figure 2D). This change with age suggests the prostatic
urethra as a potential chokepoint, leading to flow
changes, could underlie the observed LUTD.

Aging leads to changes in urethral length

Previously, in order to examine overall changes in
urethral lumen diameter within the mouse, histological
sections at Sum had to be stained, imaged, and
structures hand-traced for 3D reconstruction [26, 27].
Magnetic resonance imaging (MRI) allows for high
resolution imaging of ex vivo tissues and visualization

in 3D which allows for more precise measurements.
The lower urinary tracts of young and aged mice were
subjected to MRI, and 3D reconstruction of the tract
performed using MIMICS software (Figure 3A-B). The
lumen diameter in the prostatic urethra was unchanged
in aged mice compared to young mice. However, there
was a significant increase in lumen length in response to
age (Table 2). There were also notable changes in the
total volume of the prostatic urethra. Examination of
the effect of age on bladder volume showed a
significant increase in overall volume, detrusor volume,
as well as lumen volume. This suggests that the increase
in bladder volume not only corresponds to the
hypertrophy of the bladder wall, but there is also an
increase in retained urine volume within the bladder.
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Table 2. Measurements taken from MRI images.

Measurement Young Aged p-value
Bladder volume 44.19 £ 7.07 89.11+5.75 0.0021
Detrusor volume 33.38+2.67 57.42+3.12 <0.001
Bladder lumen volume 10.81 £5.56 31.70 £3.19 0.02
Bladder neck length 1.19+£0.16 0.99+0.14 0.38
Bladder neck diameter 0.27+0.04 0.48+0.19 0.27
Bladder neck volume 0.19+0.03 0.20+0.08 0.83
Prostatic urethra length 1.31+0.15 2.24+0.24 0.01
Prostatic urethra diameter 0.3+0.06 0.34 +£0.49 0.62
Prostatic urethra volume 0.06 £0.02 0.12+0.03 0.18
Post-prostatic urethra length 4.75+0.46 5.13+0.89 0.70
Post-prostatic urethra diameter 0.7+0.04 0.90+0.25 0.39
Post-prostatic urethra volume 1.80+£0.36 2.47+1.60 0.66
Penile urethra length 11.70 £ 1.10 10.66 +2.11 0.65
Penile urethra diameter 0.43+0.07 0.54+£0.07 0.32
Penile urethra volume 2.03+091 2.31£0.60 0.81
Total lumen volume 3.89+1.18 4,90 +£2.20 0.68

The 3D reconstructed lower urinary tracts were segmented and measured (mean * standard error), and statistically
significant p-values are bolded. Lengths and diameters are reported as mm; volumes are reported as mm>.

*Only pathways known to be important for oocyte quality were selected.
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Figure 3. Aging leads to changes in urethral shape and area as measured by MRI. (A) Representative 3D reconstruction of
the bladder and urethra from a young mouse. (B) Representative 3D reconstruction of the bladder and urethra from an aged mouse.

Insets show MRI images in three planes used for the reconstruction.
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The effect of aging on smooth muscle

One effective treatment of BPH is the use of a-
adrenergic blockers to relax the smooth muscle in the
bladder and the prostate. To examine the effect of aging
on the distribution of smooth muscle within the mouse,
we quantified the percentage of smooth muscle a-actin
(SMA) within the prostate lobes (Figure 4A-1). We
observed that the smooth muscle found within the
prostate stroma remains unchanged with age. While the
anatomy of the mouse prostate (lobular) is different than
that of the human (capsular), the prostatic urethra region
has the smallest urethral luminal diameter and is
encompassed by the rhabdosphincter similar to the
encapsulated human prostate [28]. Examination of the

smooth muscle immediately surrounding the prostatic
urethral lumen shows no difference in percentage of
SMA between the young and aged cohort (Figure 4J-L).
This suggests that smooth muscle within the stroma is
not contributing to the age related LUTD seen in mice.

Prostate proliferation rate throughout aging

While the prostate is thought to be a quiescent organ
post-puberty, we discovered the prostate mass increased
significantly between the young and the aged mice
(Figure 1D-F). Previous studies have shown that
prostate proliferation in mature mice is ~1% [29, 30].
To quantify the amount of proliferation that occurs
within the mice during a four-week treatment, we
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Figure 4. Aging has no impact on percentage of smooth muscle cells. (A) Representative image of smooth muscle a-actin
(SMA) staining within the AP in young mice. (B) Representative image SMA staining within the AP in aged mice. (C) Quantitation of
percent SMA within the AP shows no difference with age. (D) Representative image of SMA staining within the VP in young mice. (E)
Representative image SMA staining within the VP in aged mice. (F) Quantitation of percent SMA within the VP shows no difference
with age. (G) Representative image of SMA staining within the DLP in young mice. (H) Representative image SMA staining within the
DLP in aged mice. (I) Quantitation of percent SMA within the DLP shows no difference with age. (J) Representative image of SMA
staining within the prostatic urethra of young mice. (K) Representative image SMA staining within the prostatic urethra of aged mice.
(L) Quantitation of percent SMA around the urethral lumen within the prostatic urethra shows no difference with age.
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Quantitation of percent proliferation within the AP shows no significant change in proliferation rate with age. (D) Representative image
of BrdU accumulation within the VP of young mice. (E) Representative image of BrdU accumulation with the VP of aged mice. (F)
Quantitation of percent proliferation within the VP shows no significant change in proliferation rate with age. (G) Representative image
of BrdU accumulation within the DLP of young mice. (H) Representative image of BrdU accumulation with the DLP of aged mice. (1)
Quantitation of percent proliferation within the DLP shows a significant decrease in proliferation rate with age. (J) Representative
image of BrdU accumulation around the urethral lumen within the prostatic urethra of young mice. Inset (K) Representative image of
BrdU accumulation around the urethral lumen within the prostatic urethra of aged mice. (L) Quantitation of percent proliferation
around the urethral lumen within the prostatic urethra shows no significant change in proliferation rate with age. (M) Representative
image of the prostatic urethra of young mice. * denote representative prostate glands within the rhabdosphincter. (N) Representative
image of the prostatic urethra of young mice. *, prostate glands; ED, ejaculatory duct; SVD, seminal vesicle duct; UL, urethral lumen. (O)
Quantitation of prostate glands within the prostatic urethra shows a significant increase in gland number with age. (P) Staining for
apoptosis of a kidney section with induced DNA breaks shows a significant percentage of TUNEL positive cells (green). (Q)
Representative image of apoptosis in prostate tissue shows little to no TUNEL positive cells (white arrows).
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treated mice orally with BrdU in water for a week and
examined proliferation changes at the end of the study.
Anterior and ventral prostates were undergoing ~1-5%
proliferation, regardless of age (Figure 5SA-F). Although
not significantly different, there is a trend towards a
decrease in proliferation with age. Dorsolateral
prostates showed a significant increase in BrdU
incorporation in the young mice as compared to the
aged mice (Figure 5G-I). This higher proliferation rate
in the young mice could indicate that DLP maturation to

quiescence occurs after 2 months of age. We also
examined proliferation of prostatic tissue immediately
surrounding the urethra at the midpoint of the prostatic
urethra. Previous studies have shown that an increase in
prostate ducts within the region are associated with
urinary dysfunction [17]. Examination of BrdU
incorporation within the prostatic urethra shows no
change in proliferation rate in the aged mouse cohort
compared to the young mice (Figure 5J-L). However,
examination of prostate ducts within the midpoint of the
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Figure 6. Aging leads to changes in collagen deposition. (A) Representative image of picrosirius red (PSR) staining of prostatic
urethra specifically around the urethral lumen show predominantly green and yellow collagen fibers in young mice. (B)
Representative image of PSR staining show predominantly orange and green collagen fibers in aged mice. (C) Quantitation of collagen
fibers in the prostatic urethra show a statistical increase of orange and red collagen bundles in aged mice. (D) Representative image
of PSR staining show predominantly green collagen fibers within the AP of young mice. (E) Representative image of PSR staining show
predominantly yellow, orange, and red collagen bundles within the AP of aged mice. (F) Quantitation of collagen fibers within the AP
shows a statistical increase in yellow, orange, and red collagen bundles and an overall increase in total collagen in aged mice. (G)
Representative image of PSR staining show predominantly green collagen fibers within the VP of young mice. (H) Representative
image of PSR staining show predominantly yellow and orange collagen bundles within the VP of aged mice. (I) Quantitation of
collagen fibers within the VP shows a statistical increase in yellow and orange collagen bundles and an overall increase in total
collagen in aged mice. (J) Representative image of PSR staining show predominantly green collagen fibers within the DLP of young
mice. (K) Representative image of PSR staining show predominantly yellow and orange collagen bundles within the DLP of aged mice.
(L) Quantitation of collagen fibers within the DLP shows a statistical increase in yellow and orange red collagen bundles and an overall
increase in total collagen in aged mice. *, p-value < 0.05; **, p-value < 0.01
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prostatic urethra showed a significant increase in duct
number without a corresponding change in BrdU
incorporation (Figure SM-O). This suggests that while
the rate of proliferation does not change with age within
the prostate lobes and prostatic urethra, the constant
proliferation over time does increase prostate ducts and
may be contributing to LUTD. Examination of
apoptosis within the prostate lobes and the midpoint of
the prostatic urethra showed a < 0.5% apoptosis with no
difference between young and aged mice (Figure 5P-Q).

Aging leads to changes in the extracellular matrix

In human prostate, an increase in collagen deposition
and fibrosis has been identified as a contributing factor
of urinary dysfunction [31]. In the mouse, previous
studies have shown a significant increase in fibrosis and
collagen deposition within the prostatic urethra in mice
experiencing LUTD, suggesting that collagen changes
can alter normal urination [17, 32, 33]. We calculated
collagen deposition at the midpoint of the prostatic
urethra and in the prostate lobes by quantifying
birefringence of picrosirius red (PSR) staining under

circular polarized light. After exploring the periurethral
region of the mouse prostatic urethra, we observed an
age-related, significant increase in total collagen, with
the most significant increases in the thickest collagen
bundles (orange and red; Figure 6A-C). Additionally,
examination of the prostate lobes showed a significant
increase in collagen of the aged mice corresponding to
the thicker collagen bundles (yellow, orange, and red;
Figure 6D-L). This suggests that collagen is
accumulated over time, leading to changes within the
prostate lobes and the prostatic urethra. This could also
contribute to the LUTD observed in the aged mice.

Steroid hormone changes through aging

One risk factor for prostate disease in humans is the
changing hormone environment associated with aging
[9]. Although the prostate is generally considered an
androgen-dependent organ, estrogens and estrogen
receptor signaling have been implicated in disease
progression [34, 35]. To examine the circulating steroid
hormone environment, we applied a liquid
chromatography — tandem mass spectrometry (LC-MS?)
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Table 3. Circulating serum steroid hormone concentration from young and aged mice as measured by the LC-MS? panel.

Steroid concentration LC-MS/MS analytical details
(ng/mL; X + SD)
retention

time LLOQ ULOQ
Steroid analyte young aged (min) MRM 1 MRM 2 (ng/mL) (ng/mL)
11-deoxycortisol (11-DCSOL) 0.040 £0.037 0.14£0.11 7.10 347.0-96.8 | 347.0-109.0 5.5E-03 2.3E+01
17-hydroxyprogesterone (17-OHP) n/a n/a 8.5 330.9-109.1 | 330.9-97.1 n/a n/a
progesterone (PROG) 0.80+0.39 1.3+1.0 13.09 314.9-97.0 | 314.9-109.1 3.7E-03 1.9E+01
aldosterone (ALDO) <0.029 <0.029 4.26 361.1-343.1 | 361.1-77.0 2.9E-02 2.3E+01
androstenedione (ANDRO) 0.10+0.13 0.10£0.09 8.27 287.1-97.2 | 287.1-109.1 3.7E-03 1.9E+01
dehydroepiandrosterone (DHEA) <0.029 <0.029 10.47 271.2-252.9 n/a 7.3E-02 1.9E+01
estrone (E1) <0.00073 <0.00073 15.50 504.1-171.1 | 504.1-156.0 7.3E-05 3.8E+00
estradiol (E2) <0.00073 <0.00037 15.64 506.0-171.2 | 506.0-128.0 5.5E-04 4.5E+00
testosterone (T) 49+£53* 23+£24% 9.59 289.0-108.7 | 289.0-97.1 3.7E-03 2.3E+01
dihydrotestosterone (DHT) 0.15+0.22  0.098+0.12 11.92 297.1-255.0 | 291.1-91.2 3.7E-03 2.3E+01
30- and 3B-diols (DIOLS) 34271 <7.5 11.92 275.3-257.3 n/a 7.5E+00 3.0E+01

Serum steroid concentrations are reported as ng/mL. Bold indicates statistical significance by t-test. * indicates a significant

decrease in variance. T indicates that diols are outside of standard curve.

method for the quantification of a panel of twelve
steroid hormones (Figure 7A). Previous studies in aging
mice have shown that testosterone (T) levels decrease in
mice through aging similar to humans as measured by
radioimmunoassay and ELISA [11, 15]. Additionally,
the wvariability of serum T in mice decreased
significantly with aging [36]. Our LC-MS? studies show
a 50% decrease in serum T through aging with a
significant difference in variance (Figure 7B, Table 3).
Additionally, examination of the downstream steroid
hormone dihydrotestosterone (DHT) shows a similar
downward trend with age. We were unable to detect
circulating levels of estrogens at a lower limit of
quantification (LLOQ) of ~0.6 pg/mL, indicating that
circulating levels of estrogens in male C57BI1/6 mice are
low. This suggests that the decrease of T corresponds to
a decrease in AR activation. Additionally, the decrease
in T, in conjunction with the changes in LUTD,
suggests that mice do develop prostate disease very
similar to human BPH.

DISCUSSION

One of the prevailing views is that wild-type mice do
not spontaneously develop prostate disease; this could
be due to several reasons including: the lack of
anatomical description, as well as, functional urinary
events and their associations [37, 38]. In spontaneously
hypertensive rats, prostatic hyperplasia and associated
urinary dysfunction occurs with age [39]. Our studies
show that aged mice have similar changes within the

lower urinary tract corresponding to changes seen in the
hormone-induced mouse model of LUTD. This suggests
that as mice age, there is a development of prostate
related disease that corresponds to human disease.
Although the anatomical differences of the prostate lobe
make prostate changes in the lobes of the mouse
difficult to directly correlate with prostate changes
within the human, the anatomy of the prostatic urethra
is more consistent with that of the human. The prostatic
urethra is the region entirely enclosed by a “capsule”,
the muscular rhabdosphincter, where the prostatic ducts,
ejaculatory ducts, and vas deferens insert and run in
parallel before opening into the post-prostatic urethra.
Because this region is enclosed by skeletal muscle, any
increases in prostatic duct number, cells expressing
SMA, or extracellular matrix could impinge upon the
urethral lumen, further decreasing the diameter at this
narrowest urethral section.

One factor of BPH development in human disease is an
increase in prostate proliferation, leading to the
development of nodules. Our examination of mouse
prostate proliferation rate using BrdU incorporation
shows that aging does not change the rate by which
normal prostate renews. This is consistent with
previously published data showing that after puberty,
the prostate is quiescent with ~1% overall proliferation.
Our study is unique in that it examines proliferation
over a 4-week window with BrdU accumulation, as
opposed to the accumulation of proliferation over two
years. Under normal conditions, there is < 0.5%
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apoptosis within the prostate lobes and our TUNEL
staining shows the same percentage of apoptosis within
the prostate in both young and aged mice [40]. While
our examination of apoptosis at one time point cannot
be directly compared to the incorporation of BrdU over
the course of a week, the increase in prostate duct
number within the prostatic urethra suggests an
accumulation of prostatic proliferation over the lifespan
of the mouse consistent with prostate enlargement, i.e.
there is an increase in prostate lobe mass with aging.
However, this increased proliferation within the prostate
lobes and prostatic urethra in mice does not lead to the
formation of nodules. Collectively, the increase in non-
nodular prostatic tissue around the prostatic urethra
could impinge and decrease the urethral lumen resulting
in LUTD.

The deposition of collagen within the prostate and
around the urethra has also been shown to be a factor in
human disease as well as playing a role in BPH
treatment failure [31, 41, 42]. Our studies show a
significant correlation of age and collagen deposition
and remodeling. Not only is there an increase in total
collagen due to age, age also significantly increases the
medium/large collagen bundles consistent with active
fibrosis. This accumulation, specifically within the
prostatic urethra, could significantly alter voiding by
decreasing urethral compliance thus interfering with
maximal dilation of the urethra during urination. Our
examination of changes in smooth muscle showed no
age-related increase or decrease of SMA positive cells

Proliferation

anti-smooth
muscle agents
(a-blockers)

BPH/LUTD

within the prostate lobes or prostatic urethra. However,
we have not examined changes in muscle contractility
or innervation that could affect urethral lumen size and
hence LUTD; the effect of age on these factors remain
to be examined.

In humans, BPH incidence increases as a consequence
of aging and coincides with the natural decrease in
circulating T while E2 remains constant. The
examination of androgens (T, DHT) by LC-MS? show
an age-related decrease that is similar to that of aging
men. Additionally, the larger range of T concentration
in young mice is significantly decreased with age. This
suggests that steroid hormone changes within the mice
are a risk factor for the development of prostate disease
similar to that of humans.

All of the cellular changes within the prostate lobes and
urethra consistent with human BPH also result in
urinary dysfunction similar to LUTS experienced by
patients. There is a significant increase in the number of
voids, specifically of smaller diameter voids, with aging
mice that are characteristic of LUTS (e.g. frequency,
dribbling). Examination of flow rate through the entire
lower urinary tract by ultrasound reveals the prostatic
urethra as the narrowest region of the urethra,
corresponding to the highest flow velocity. This
significant change in velocity between the bladder neck,
prostatic urethra, and post-prostatic urethra is lost with
aging. Upon further examination of the urethra with
MRI, age significantly increases the length of the

anti-fibrosis
agents
(anti-fibrotics)

anti-proliferation agents
(50.-reductase
inhibitors)

Figure 8. Overall contribution of age to BPH pathogenic mechanisms. BPH/LUTD is a disease that occurs through the
normal course of aging and often manifests clinically as bladder outlet obstruction (BOO). The main contributing factors
of BOO include proliferation, smooth muscle, and fibrosis. Treatments currently include anti-proliferation agents (5ARI) and anti-
smooth muscle agents (a-blockers); anti-fibrosis agents remain to be examined.
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prostatic urethra but not the diameter. This lengthening
with age could increase urethral resistance (R =
8Ln/(r "), where L is length) and hence serve as an
obstruction potentially leading to bladder compensation.

Our study, examining the lower urinary tract of aged
mice, shows that age has a significant impact on urinary
function compared to sexually mature young mice.
Taken together, age impacts several contributing factors
generally associated with BPH initiation and
progression in humans (Figure 8). The use of younger
mice in various models studying BPH has been
invaluable and can recapitulate different aspects and
symptoms of the disease. However, since age is
significantly altering normal prostate and voiding
function in mice and BPH is a disease of aging, the need
to examine the contribution of age to the disease
process needs to be examined. This could provide
further insight on disease development and progression
as well as treatment efficacy and resistance.

MATERIALS AND METHODS
Animals

All animal experiments were conducted under the
protocols approved by the University of Wisconsin
Animal Care and Use Committee. Male C57B16/J mice
were obtained from The Jackson Laboratory (Bar
Harbor, ME) or directly from the National Institute of
Aging (Bethesda, MD). Animals were house under
standard laboratory conditions with 12:12 light/dark
cycle and provided with food and water ad [libitum.
Young mice were obtained at 8 weeks of age and aged
mice were obtained at 24 months of age. Mice were
euthanized with carbon dioxide followed by cardiac
puncture or cervical dislocation following ultrasound.
Three caliper measurements (X, y, z) were taken of each
bladder and volume calculated by 4/3-m((x'y-z)/8).
Urogenital tracts were carefully dissected, and mass of
tissue determined as previously described [17]. The
bladder and urethra remained attached after dissection
and were fixed in 10% normal buffered formalin (NBF)
for imaging. Tissues for immunohistochemistry were
fixed in NBF and paraffin embedded.

Void spot assays

Void spot assays were performed as previously
described [43]. Briefly, mice were placed individually
on 16 x 26-cm thick chromatography paper (Ahlstrom,
Kaukauna, WI) secured to standard mouse cages. Mice
were on restricted from water during the 4 hour study
duration. Filter papers were imaged with a BioRad
ChemiDoc Imaging System under ultraviolet light using
an ethidium bromide filter set and 0.5 second exposure

(BioRad, Hercules, CA). Images were imported into
Image] and void spots analyzed with VoidWhizzard
[44].

Ultrasound

Contrast-enhanced doppler ultrasound was performed
on young and aged mice. After anaesthetizing the mice
with isoflurane, bladders were catheterized via
abdominal insertion. Once the bladder was visualized
by ultrasound, the contrast agent, DEFINITY®
(Lantheus, Billerica, MA), was injected into the bladder
through the catheter. Using Doppler, the contrast agent
velocity was measured through the urethra at the
bladder neck, prostatic urethra, and post-prostatic
urethra. B-mode imaging was also used to measure the
diameter at those respective points.

Magnetic resonance imaging

Intact bladder and urethra were dissected from young
and aged mice, agar embedded, and prepared for
magnetic resonance imaging (MRI). MR imaging was
performed in a 9.4T animal MRI scanner (Bruker,
Billerica, MA) using a high-resolution 3D rapid
acquisition with resolution enhancements (RARE)
technique  including  inversion  recovery  to
approximately null the signal from agar. The imaging
parameters were: repetition time (TR): 4000 ms,
inversion time (TI): 1346 ms, echo time (TE): 55.4 ms,
echo train length (ETL): 16, pixel bandwidth: 312.5 Hz,
acquisition matrix: 320x320x280, spatial resolution:
0.1x0.1x0.1 mm?.

Measurement and reconstruction of selected
endpoints

The MR images, containing data from the entire
urogenital tract of 9 mice, were imported into MIMICS
(Materialise, Leuven, Belgium) and 3-matic
(Materialize). Key features were measured, including
bladder volume, detrusor muscle volume, bladder neck
diameter/volume/length, urethra diameters, urethra total
length, and urethra segmental lengths (Figure 3, Table
2). The anatomical boundaries of each urogenital tract
were identified and manually segmented in MIMICS
(Figure 3). Once each boundary was delineated, 3D
models of each urogenital tract were processed in 3-
matic. Bladder lumen and detrusor muscle volumes
were calculated by delineating the 3D bladder fluid
volume from the bladder wall and then calculating the
volume of each by totaling the number of voxels in each
part. Bladder neck diameter was determined by finding
the mean tangent points between the urethra opening
and the bladder wall on the opposing sides of the
bladder (Figure 3). Urethral diameters, total length, and
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segmental lengths were found by segmenting and
measuring the urethral opening at various points on the
3D segmented model.

BrdU incorporation

To examine proliferation by age and across time by
BrdU incorporation, young (8 week) and aged (24
month) mice were administered 1mg/mL BrdU in water
for 5 days [45]. Drinking water consumption was
monitored and was unaffected by BrdU. Following 5
days of BrdU, the mice were returned to normal water
for 3 weeks.

Immunohistochemistry

All procedures were performed as previously described
[17]. Briefly, Sum sections were cleared and rehydrated.
Antigen retrieval was performed using a Decloaking
Chamber™ (Biocare Medical, Pacheco, CA) in 10mM
citrate buffer for 15 minutes at 100°C. Sections were
stained with anti-BrdU (1:200) to assess proliferation.
Images were captured using Nuance (Perkin-Elmer,
Waltham, MA) and quantified using InForm software
(Perkin-Elmer). For the examination of smooth muscle,
sections were stained with anti-smooth muscle a-actin
(1:800). Images were captured using a Nikon
epifluorescence microscope. Percent of smooth muscle
a-actin was quantified using ImageJ by examining the
percentage of positivity to total tissue, excluding any
luminal space.

Evaluation of collagen

The midpoint of the prostatic urethra was identified
from serial sections as previously described [20]. To
identify collagen bundle sizes, picrosirius red staining
was performed according to manufacturer’s protocol.
Images were captured under circular polarized light to
capture collagen fibers in every orientation. Collagen
bundle size was quantified using ImagelJ as previously
described [46].

Serum steroid extraction and derivatization

A two-stage liquid-liquid extraction of steroids from
mouse serum was performed. Mouse serum samples
(300 pL) and calibration curve standards were
transferred to 5 mL glass test tubes for extraction.
Ultrapure HPLC-grade bottled water (500 pL, Fisher
Scientific, Hampton, NH) and stable isotope-labeled
internal standards were added to each as follows: 200
pg each d9-progesterone and d5-testosterone, and 50 pg
d5-estradiol. Methyl tert-butyl ether (2 mL, Fisher
Scientific) was added, followed by vigorous vortexing
for 5 min and centrifugation at 530 x g (1,500 rpm) for

3 min at 4°C. The organic phase (top layer) containing
steroid hormones was transferred to a new glass test
tube via glass pipette and evaporated to dryness via air
stream in a heated water bath at 60°C. Dried samples
were dissolved in ethanol (200 pL) and diluted in
ultrapure water (500 pL). Dichloromethane (1 mL,
Fisher Scientific) was added for the second liquid-liquid
extraction, followed by vortexing, centrifugation,
organic transfer (bottom layer), and dry-down as above.
To derivatize estrogens (E1 and E2), dried samples
were dissolved in 25 pL of 0.1 M NaHCOs buffer
followed by the addition of 5 mg dansyl chloride in
acetonitrile (at 200 mg/mL) and incubation at 40°C for 4
min. This reaction mixture (50 pL) was transferred to
TruView minivials (Waters Acquity, Milford, MA) and
stored at 4°C until liquid chromatography-tandem mass
spectrometry (LC-MS?) analysis.

Liquid chromatography-tandem mass spectrometry
analysis

The LC-MS? analysis of the extracted mouse serum
samples was performed with an ultrahigh performance
liquid chromatography (UPLC) system (Waters
Acquity) interfaced to a hybrid triple quadrupole-linear
ion trap mass spectrometer using an atmospheric
pressure chemical ionization source (AB Sciex QTRAP
5500, Framingham, MA). Waters Acquity UPLC
Console v1.50 software was used to control the UPLC
and Analyst v1.6 software (Sciex, Concord, ON) was
used to control the mass spectrometer. Samples,
calibration curve standards, and quality control samples
were ordered randomly, and blanks were analyzed
between each. Samples (10 pL) were separated in the
reverse phase via C18 column (2.1 x 100 mm, 2.6 pm,
100A; Phenomenex Kinetex, Torrence, CA) using water
with 0.1% formic acid (mobile phase A) and methanol
with 0.1% formic acid (mobile phase B), at 250 pL/min
(Optima  solvents, Fisher Scientific). Column
temperature was 35°C and samples were kept at 10°C
throughout the experiment. The LC gradient was as
follows: 0-1 minute 45% B, 1-12.5 min 45-67.5% B,
12.5-13 min 67.5-85% B, 13-14 min 85-87% B, 14-14.5
min 87-92% B, 14.5-17 min 92-96% B, 17-17.5 min 96-
98% B, 17.5-18 min 98% B, 18-18.5 min 98-45% B,
18.5-20 min 45% B. The mass spectrometer was
operated in positive-ion mode with the following
settings: curtain gas, 30 psi; corona discharge current, 3
V; collision-induced dissociation gas, medium;
nebulizing gas, 25 psi; entrance potential, 10 V; and
source temperature, 500°C. Internal standards were d9-
progesterone for progesterone, d5-E2 for E1 and E2,
and d5-testosterone for all other analytes. Data were
processed via Analyst v1.5.1 and MultiQuant software
(Sciex). Calibration curves (=5 points) were acceptable
when all points fell within 20% of the response function
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(1/x) and r>0.99. Quantitative results were calculated
using this calibration curve and the response factor of
each analytes’ multiple reaction monitoring (MRM)
area counts relative to that of its internal standard.

Statistics

Statistical ~significance for lower urinary tract
morphometrics, proliferation, and collagen deposition
was calculated using Student’s t-test. Statistical
significance for LC-MS? was examined with Student’s
t-test and F-test. Statistical significance for the urethral
diameter and voiding velocity was examined with one-
way and two-way ANOVA.

Abbreviations

BPH: benign prostatic hyperplasia; LUTD: lower
urinary tract dysfunction; LUTS: lower urinary tract
symptoms; T: testosterone; E: estrogen; E2: 17p-
estradiol; AP: anterior prostate; VP: ventral prostate;
DLP:  dorsolateral  prostate; LC-MS?  liquid
chromatography — tandem mass spectrometry; DHT:
dihydrotestosterone; LLOQ: lower limit of quantifica-
tion.
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