Am J Clin Exp Urol 2021;9(1):121-131
www.ajceu.us /ISSN:2330-1910/AJCEU0125822

Original Article

Genetic background but not prostatic epithelial
beta-catenin influences susceptibility of male mice to
testosterone and estradiol-induced urinary dysfunction
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Abstract: Urinary voiding dysfunction in aging men can cause bothersome symptoms and irreparable tissue dam-
age. Underlying mechanisms are not fully known. We previously demonstrated that subcutaneous, slow-release tes-
tosterone and estradiol implants (T+E2) drive a pattern of urinary voiding dysfunction in male mice that resembles
that of aging men. The initial goal of this study was to test the hypothesis that prostatic epithelial beta-catenin
(Ctnnb1) is required for T+E2-mediated voiding dysfunction. Targeted Ctnnb1 deletion did not significantly change
voiding function in control or T+E2 treated mice but led to the surprising discovery that the C57BL/6J x FVB/NJ
x 129S1 mixed genetic background onto which Ctnnb1 loss of function alleles were maintained is profoundly
susceptible to voiding dysfunction. The mixed background mice develop a more rapid T+E2-mediated increase in
spontaneous urine spotting, are more impaired in ability to initiate bladder contraction, and develop larger and
heavier bladders than T+E2 treated C57BL/6J pure bred mice. To better understand mechanisms, we separately
evaluated contributions of T and E2 and found that E2 mediates voiding dysfunction. Our findings that genetic fac-
tors serve as modifiers of responsiveness to T and E2 demonstrate the need to control for genetic background in
studies of male voiding dysfunction. We also show that genetic factors could control severity of voiding dysfunction.
We demonstrate the importance of E2 as a key mediator of voiding impairment, and show that the concentration of
E2 in subcutaneous implants determines the severity of voiding dysfunction in mice, demonstrating that the mouse
model is tunable, a factor which is important for future pharmacological intervention studies.
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Introduction mimic the hormonal milieu in aging human

males, develop progressive voiding dysfunction

Most aging men are bothered by urinary voiding
symptoms such as incomplete bladder empty-
ing and frequent urination, especially at night.
These symptoms often signify voiding dysfunc-
tion, which can worsen with age. If left untreat-
ed, urinary voiding dysfunction can cause irrep-
arable bladder and kidney damage [1]. Concen-
trations of circulating estradiol (E2) and testos-
terone (T) change with age [2] and these chang-
es have also been implicated in male urinary
voiding dysfunction [3-6]. Mice treated with
subcutaneous, slow release T+E2 implants, to

[7]. T+E2 implants drive prostate cell prolifera-
tion and prostatic enlargement, increase spon-
taneous voiding frequency while also reducing
volume per void, promote urinary retention,
drive bladder hypertrophy (consistent with blad-
der outlet obstruction) and cause renal damage
[7-9].

The initial goal of this study was to test the
requirement for prostatic epithelial beta-ca-
tenin (CTNNB1) in T+E2-mediated voiding dys-
function in male mice. The rationale is based on
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previous observations that CTNNB1 pathway
members are present and more abundant in
male versus female pelvic urethra during the
period of prostatic development in mice [10]. It
has been proposed that signaling pathways
mediating prostate development are reawak-
ened to cause prostatic hyperplasia in aging
men [11]. Prostatic epithelial expression of a
Ctnnb1 gain-of-function (GOF) allele can also
drive prostatic epithelial cell proliferation and
expression Wnt10b, a putative mediator of
prostate epithelial cell stemness [12-15]. Nu-
clear localized (transcriptionally active) CTNNB1
is more abundant in prostatic epithelial and
stromal cells of men with clinically significant
non-malignant prostatic disease compared to
those of controls [16].

We assessed the requirement for prostatic epi-
thelial Ctnnb1 in T+E2 induced voiding dysfunc-
tion by breeding mice with a knock-in cre
recombinase allele in the probasin locus (driv-
ing expression in prostate luminal epithelial
cells) to mice that express a Ctnnb1 conditional
loss of function allele. The resulting mice had
reduced expression of CTNNB1 in prostatic
luminal epithelial cells and were on a mixed
genetic background (C57BL/6J x FVB/NJ x
129S1). There was no significant voiding func-
tion difference between Ctnnbl conditional
loss of function and control mice. However,
upon treatment with T+E2, mice maintained on
the mixed genetic background had a more
rapid progression of voiding dysfunction and
bladder decompensation than C57BL/6J pure-
bred mice. We titrated T and E2 concentrations
to determine the culpable hormone for voiding
dysfunction. We identify E2 as the key hormone
mediating T+E2 induced voiding dysfunction.
We demonstrate a need to control for genetic
background in studies of male urinary voiding
dysfunction and suggest that FVB/NJ and/or
129S1 strains harbor alleles that sensitize to
T+E2 mediated voiding dysfunction.

Materials and methods
Mice

All procedures were approved by the University
of Wisconsin Animal Care and Use Committee
and conducted in accordance with the National
Institutes of Health Guide for the Care and Use
of Laboratory Animals. Mice were acquired
from Jackson Laboratories (Bar Harbor, ME)
and included: C57BL/6J pure bred mice
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(Jackson Laboratories stock number 000664),
Tg(Pbsn-cre)4Prb/) (Pbsn-cre, Jackson Labo-
ratories stock number 026662) [17], and
B6.129-Ctnnbl1im2Kem/¥nwl (Ctnnp1™"" mice, Jack-
son Laboratories stock number 004152) [18].
The Pbsn-cre and Ctnnb1™" alleles were main-
tained on a mixed genetic background consist-
ing of C57BL/6J x FVB/NJ x 129S1. Mouse
genetic backgrounds for each experiment are
listed in the figure legends. Genotyping for
Pbsn-cre, and Ctnnb1"" alleles was conducted
as described by Jackson Laboratories. The gen-
otype of mice described as “Ctnnbl LOF” is
Pbsn-cre/+; Ctnnb1"", The genotype of mice de-
scribed as “Ctnnbl control” is Ctnnb1™",

Mice were housed in Udel® Polysulfone microi-
solator cages; the room was on 12-h light and
dark cycles; room temperature was 20.5 + 5°C;
humidity was 30-70%. Mice were fed a 5015
Diet (PMI Nutrition International, Brentwood
MO) from conception through weaning (PND
21) and an 8604 Teklad Rodent Diet thereafter
(Harlan Laboratories, Madison WI) post wean-
ing. Feed and water were available ad libitum,
and cages contained corn cob bedding. Six-
week-old C57BI6/J male mice were given sub-
cutaneous hormone implants (25 mg testoster-
one and 2.5 mg 17-B estradiol unless otherwise
stated in the figure legend) or a sham surgery
(the experimental control group, labeled as
‘sham’ in the figure legend) as described previ-
ously [7, 9] and then individually housed to pre-
vent fighting.

Urinary function testing

Void spot assay (VSA) and cystometry were per-
formed and analyzed as previously described
[19]. We followed the recommended guidelines
of reporting VSA data [20-22]. VSA was per-
formed in the vivarium where mice were
housed. Whatman grade 540 (Fisher Scientific
number 057163-W) filter papers (27 x 16 cm)
were placed in the bottom of Udel® Polysulfone
microisolator cages. Mice were placed in the
cage (singly housed) with food ad libitum but no
water for four hours starting from 8-12 AM
GMT. Filter papers were dried and imaged with
an Autochemi AC1 Darkroom ultraviolet imag-
ing cabinet (UVP, Upland, CA) equipped with an
Auto Chemi Zoom lens 2UV and an epi-illumina-
tor. Image capture settings were adjusted using
UVP VisonWorksLS image acquisition software.
Images were captured using an Ethidium Bro-
mide filter set (570-640 nm) and 365 nm epi-
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illumination. Void Whizzard was downloaded
from http://imagej.net/Void_Whizzard and run
according to the user guide [21] to determine
total spot count. Statistical analyses for this
and other methods were conducted with Sta-
tistical analyses were performed with Graph
Pad Prism 8.0.2. A two-way ANOVA was used to
determine if total spot count changed over time
or between groups. Multiple comparisons were
performed to compare timepoints within each
treatment group (simple effects within a given
treatment group). A P < 0.05 was considered
statistically significant.

Cystometry was performed with minimal altera-
tions to previously published protocols and fol-
lowing best practices [23, 24]. Mice were anes-
thetized with urethane (1.43 g/kg s.c.). Thirty
minutes after urethane dosing, an incision was
made in the ventral abdomen to expose the
bladder. Bladder length and diameter were
measured for volume calculation. A purse-
string suture was placed in the bladder dome.
Polyethylene cystostomy tubing (PE50, outer
diameter 0.58 mm, inner diameter 0.28 mm)
was inserted into the bladder through the cen-
ter of the suture and purse-string secured to
hold the tubing in place with 2-3 mm of tubing
within the bladder. The abdominal wall and skin
were closed separately in a simple interrupted
pattern. The exterior tubing was secured to the
ventral abdominal skin with two simple inter-
rupted sutures. Mice were placed on a heat
pad for one hour after the procedure. The
exposed cystostomy tube was connected to a
three-way stopcock, and the other two arms of
the stopcock were connected to an infusion
pump (Harvard Apparatus, Holliston, MA) and
pressure transducer (Memscap AS, Norway).
Intravesical pressure was recorded continu-
ously using a PowerlLab data collection system
(ADI Instruments, Colorado Springs, CO). Room-
temperature sterile saline (0.9%) was infused
into the bladder at a rate of 1.5 mL per hour.
Mice were placed in lateral recumbency above
a force transducer (Model FTO3, grass In-
struments) attached to a 3D printed urine col-
lection funnel. The force transducer was cali-
brated with known volumes of saline to create
a weight-volume conversion. The mass of void-
ed urine was recorded continuously using
PowerLab. At least one hour of voiding activity
was recorded. Three to five consecutive voi-
ds, occurring after stabilization of micturition
cycles, were used for analyses. Whether or not
a mouse was able to initiate a void during the

123

one-hour period was noted. Percentage of mice
unable to initiate a void was charted for each
timepoint and compared between groups.

Gross bladder measurements

All mice were euthanized by CO, asphyxiation.
Bladder length, width, and height were mea-
sured prior to lower urinary tract collection or
prior to cystometry surgery and used for blad-
der volume calculation. Lower urinary tracts
were removed and placed in phosphate buff-
ered saline. Bladders were removed, their con-
tents were emptied, and bladders were dried
on weigh paper prior to bladder mass measure-
ment. Bladder volume and weight were normal-
ized to mouse body weight. The Shapiro-Wilk
test was used to test for normality and transfor-
mation was applied to normalize data when
necessary. For comparisons of two groups, the
F-test was used to test for homogeneity of vari-
ance. Welsh’'s correction was applied when
variance was unequal. When variance was
equal, comparisons between two groups were
made using Student’s t-test. If data could not
be normalized through transformation, the
Mann Whitney test was applied. For compari-
sons of multiple groups, Bartlett’'s test was
used to test for homogeneity of variance.
Welsh’'s ANOVA was applied when variance was
unequal followed by Tamhane’'s T2 multiple
comparisons test. When variance was equal,
comparisons between groups were made using
ordinary one-way ANOVA followed by Sidak’s
multiple comparisons test. If data could not be
normalized through transformation the Kruskal-
Wallis test was applied with Dunn’s multiple
comparisons test. A P < 0.05 was considered
statistically significant.

Immunohistochemistry and analysis

Formalin fixed, paraffin embedded dorsal pros-
tate tissue sections (5 ym) were prepared as
described previously [25]. Epitope recovery
was conducted in microwave-heated 10 mM
sodium citrate (pH 6.0) and non-specific sites
were blocked with Tris Buffered Saline contain-
ing 1% Tween-20, 1% Blocking Reagent (Roche
Diagnostics, Indianapolis, IN), 5% normal goat
or donkey sera and 1% bovine serum albumin.
Primary antibodies included: anti-E-cadherin
(ECAD or CDH1, Cell Signaling, 3195S, RRID:
AB_2291471, diluted 1:200), and anti-Beta
Catenin (CTNNB1, BD Transduction Labs,
610153, RRID: AB_397554, diluted 1:100). For
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confocal imaging, secondary antibodies includ-
ed: Anti-Rabbit 488 (Jackson ImmunoResearch,
111-487-003, RRID: AB_2338046, 1:250),
and Anti-Mouse 594 (Jackson ImmunoRe-
search, 111-585-144, RRID: AB_2307325,
1:250). For compound microscope imaging, se-
condary antibodies included: Anti-rabbit 647
(Jackson ImmunoResearch, 711-605-152, RR-
ID: AB_2492288, 1:250) and Anti-Mouse
Rhodamine Red™-X (Jackson ImmunoResearch,
715-295-151, RRID: AB_2340832, 1:250).
DAPI (2-(4-amidinophenyl)-1H-indole-6-carbox-
amidine, 3:1000) was used to stain nuclei.

Stained tissue sections were imaged either
using an SP8 Confocal Microscope (Leica;
Wetzlar, Germany) using a 20x oil immersion
objective (HC PL Apo CS2 NA = 0.75; Leica) or
an Eclipse E600 compound microscope (Nikon
Instruments Inc., Melville, NY) fitted with a 20X
dry objective (Plan Fluor NA = 0.75; Nikon,
Melville, NY) and equipped with a CoolSNAP
Dyno CCD camera (Teledyne Photometrics, and
NIS elements imaging software (Nikon Instru-
ments Inc.). Fluorophores were detected using
the recommended settings for each secondary
antibody fluorophore. Multiple non-overlapping
images were taken per section to capture mini-
mum 400 epithelial cells per prostate tissue
section.

A minimum of 400 epithelial cells were manu-
ally counted per hemi lateral prostate lobe sec-
tion using the Imagel) cell counter macro. A
hemi lateral prostate lobe was used as the sta-
tistical unit. We assessed 4 hemi lobes ob-
tained from 3-4 mice per treatment group.
Shapiro-Wilk's test was used to test for normal
distribution, data was normalized using Log
transformation, variances were compared us-
ing the F test and were not significantly differ-
ent. Upon meeting all criteria, a two-tailed
Student’s t-test was applied. A p-value < 0.05
was considered significant.

Results

Ctnnb1 LOF mouse prostates have fewer
CTNNB1 protein positive epithelial cells than
control mice

We showed previously that nuclear localized
(active) CTNNB1 is more abundant in prostate
cells of men with clinically significant non-
malignant prostatic disease compared to men
who had prostatectomy for a different reason
(prostate cancer) [16]. Here, we use a genetic
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approach to test the requirement of epithelial
CTNNB1 in mediating prostate related voiding
dysfunction in mice. We used the Tg(Pbsn-
cre)4Prb transgene, which contains androgen
receptor binding sequences from the probasin
gene promoter [26], to drive cre expression and
excise a floxed Ctnnbl allele [18] in prostate
luminal epithelial cells, creating prostate epi-
thelial cell selective Ctnnbl loss of function
mutants (Ctnnb1 LOF). Mice harboring two cop-
ies of the floxed Ctnnbl allele and absent of
Pbsn-cre4Prb transgene were used as controls
(Ctnnb1 control). We used immunostaining to
verify CTNNBZ1 deletion in cadherin 1 (CDH1)-
positive epithelial cells. Ctnnbl LOF mouse
prostates have significantly fewer CTNNB1
immunopositive epithelial cells than Ctnnbl
control mice (P = 0.0239) but in histological
appearance are otherwise like control mice
(Figure 1).

Prostatic luminal epithelial cell Ctnnb1 is not
required for testosterone and estradiol (T+E2)-
mediated urinary voiding dysfunction in male
mice

Six-week-old Ctnnbl LOF and Ctnnbl control
mice were given slow release subcutaneous
T+E2 implants to drive voiding dysfunction. The
void spot assay (VSA) was used to quantify
voiding behavior in a non-invasive manner. Void
spot quantity increases in both genotypes as
early as two weeks post T+E2 implant and
remains increased through at least six weeks
post-implant, the terminal endpoint of this
study (Figure 2A). However, urine spot quantity
does not differ between Ctnnbl LOF and con-
trols at any assessment period up to 6 weeks
post-pellet implant (Figure 2A). Previous stud-
ies reported that T+E2 treatment increases
bladder volume which is consistent urinary
retention [7]. We measured bladder volume at
6 weeks post T+E2 implant and it does not sig-
nificantly differ between Ctnnbl LOF and con-
trols (P = 0.7195, Figure 2B). We conclude from
these experiments that Ctnnbl in prostatic
luminal epithelial cells is not required for T+E2
mediated voiding dysfunction.

Testosterone and estradiol (T+E2) mediated
voiding dysfunction escalates more quickly
and is more severe in C57BL/6J x FVB/NJ x
129S1 (mixed background) than C57BL/6J
pure background mice

Alleles for making Ctnnb1l LOF mice were sepa-
rately maintained on FVB/NJ and 129S1 x
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more than that of sham oper-
ated mixed background mice
(Figure 3A, 3B).

Because genetic background
was recently identified as a
modifier of spontaneous void-
ing activity in male and female
mice [24], we next tested whe-
ther T+E2 drives urinary dys-
function more rapidly in mix-
ed background than C57BL/6)J
pure background mice. Mice
were given sham surgeries
or T+E2 implants and voiding

2 2 100 " O Ctnnb1 control function was measured up to
* 8 six weeks later. T+E2 implants
< 80- . o

=% . ® Ctnnb1 LOF increased voiding frequency
== over sham operated controls in
22 60 . .

£s mice from all genetic back-
IE.LE- grounds. However, urine spot-
. = 40+ " ting increases more quickly
E -g o from baseline (as early as
ZF 20 two weeks post implantation
2% . .

= © surgery) in T+E2 mixed ba-

=
o = 0 ckground mice compared to

Figure 1. Ctnnb1 LOF mouse prostates have fewer CTNNB1 protein positive
epithelial cells than control mice. Lateral prostate sections from six week
old Ctnnbl LOF and control male mice on a C57BL/6J x FVB/NJ x 129S1
(mixed) background were immunostained with antibodies against Beta-
Catenin (CTNNB1, red) and E-cadherin 1 (CDH1, green) to (A) visualize and
(B) quantify CTNNB1 immunonegative cells. Arrows point to CTNNB1 immu-
nonegative epithelial cells. Ctnnb1l LOF mice had a greater percentage of
CTNNB1 immunonegative epithelial cells compared to Ctnnb1l WT control
mice (P = 0.0239, mean + SE, n = 4 mice per group).

C57BL6/) backgrounds. When combined to
make Ctnnbl LOF and Ctnnbl1 control mice, the
resulting genetic background is C57BL/6J x
FVB/NJ x 129S1, (referred to hereafter as
mixed background mice). While testing the
requirement for Ctnnbl1, we observed a more
rapid progression of T+E2 mediated voiding
dysfunction in the mixed background mice than
we have in previous studies with C57BL/6J
pure background mice [9, 19]. We evaluated
bladder weight and volume at two-weeks post-
implantation surgery in mixed strain mice to
test for anatomical evidence of voiding dys-
function. T+E2 treated mixed background mo-
use bladders were filled with urine at the time
of necropsy, were significantly larger than sham
operated mixed background mice at the same
time point, and when drained of urine weighed
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C57BL/6) pure background
mice (Figure 3C). We used cys-
tometry for longitudinal as-
sessment of bladder pressures
in response to filling and emp-
tying. We previously reported
that four weeks of T+E2 treat-
ment decreases the percent-
age of C57BL/6J) pure back-
ground mice that initiate a
voiding contraction during a one hour monitor-
ing period of anesthetized cystometry [9]. We
show here that T+E2 treatment more profound-
ly impairs voiding in mixed background mice
compared to C57BL/6J pure background mice.
In fact, four weeks of T+E2 treatment is suffi-
cient to eliminate voiding contractions in 75%
of mixed background mice and six weeks of
treatment eliminates voiding contraction in all
mixed background mice during a one hour mon-
itoring period (Figure 3D). From these results
we conclude that genetic factors influence the
rate of urinary voiding dysfunction caused by
T+E2 treatment and that C57BL/6J x FVB/NJ x
129S1 mixed background males are more sus-
ceptible than purebred C57BL/6J males to hor-
mone driven voiding dysfunction. We also con-
firm increased bladder mass and volume as
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Figure 2. Prostatic luminal epithelial cell Ctnnbl is
not required for testosterone and estradiol (T+E2)-
mediated urinary voiding dysfunction in male mice.
Mice were given subcutaneous implants of testoster-
one (25 mg) and estradiol (2.5 mg) (T+E2) or were
sham operated (anesthesia and subcutaneous inci-
sion but not hormone implant). A. Spontaneous void-
ing behavior was examined 1, 2, 4, and 6 weeks post
T+E2 implantation surgery (2-17 mice per group per
timepoint, using the void spot assay and involving
four continuous hours of testing). Urine spot count
significantly increased from baseline as early as two
weeks post T+E2 implantation surgery in the Ctnnb1
LOF (P < 0.0001 compared to baseline) and Ctnnb1
control groups (P = 0.0059 compared to baseline)
and there were no significant differences between
genotypes at any of the time points examined. B.
Bladder volume was measured six weeks after hor-
mone implant as an index of urinary retention. There
was no difference in bladder volume between geno-
types (P = 0.7195, mean * SE, 2-7 mice per group).

sensitive readouts of T+E2-mediated voiding
dysfunction.

E2l increases bladder mass and T and E2 in
combination increase bladder volume in a
dose dependent fashion

We used pure C57BL6/J background mice to
test whether voiding dysfunction is mediated by
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T, E2, or if both hormones are required. Mice
were given a T implant (25 mg), an E2 implant
(2.5 mg), or the standard T+E2 implants (25 mg
+ 2.5 mg, respectively) and compared to a
sham operated control. Bladder mass increas-
es with the standard implant (P < 0.0001) and
the 2.5 mg E2 alone implant (P = 0.0010) com-
pared to sham operated control (Figure 4A).
Bladder volume increases in all three implant
groups (T+E2, P < 0.0001; T, P = 0.0285; E2, P
= 0.0026) compared to the sham operated
control group (Figure 4B). Because E2 alone is
sufficient to increase bladder mass, we implant-
ed mice with E2 (2.5 mg) alone or T (25 mg)
plus a second implant with graded amounts of
E2 (0.25 pg to 2.5 mg). Implants of E2 alone
and implants containing T (25 mg) plus a mini-
mum of 1.25 mg E2 were sufficient to increase
bladder mass compared to the sham operated
control group (p = 0.0002, E2 2.5 mg; P <
0.0001, T + E2 2.5 mg; P < 0.0001, T + E2
1.25 mg; Figure 4C). Implants containing less
than 25 yg E2 do not significantly change blad-
der mass from the sham operated control
group (Figure 4C). Because both Tand E2 alone
are sufficient to increase bladder volume from
the sham operated control group, next we
implanted mice with T (25 mg) + E2 (1.25 mg),
T(12.5mg) + E2 (1.25 mg), T (25 mg) alone, E2
(2.5 mg) alone, and compared bladder volume
to that of mice treated with T (25 mg) + E2 (2.5
mg). The T (25 mg) alone and sham operated
control groups were the only groups that differ
in bladder volume compared to the group
receiving the standard size T (25 mg) + E2 (2.5
mg) implants (P =0.0451, T 25 mg; P < 0.0001,
sham operated control; Figure 4D). In contrast,
bladder volumes of mice treated with T (25 mg)
+ E2 (1.25 mg), T (12.5 mg) + E2 (1.25 mg), or
E2 (2.5 mg) alone are not significantly different
from mice treated with the standard size T (25
mg) + E2 (2.5 mg) implants (Figure 4D).

Discussion

Sustained exposure to exogenous T and E2 has
been used to model prostate-related voiding
dysfunction in dogs, rats and mice [7, 27-34].
The model has gained particular favor in mice,
where genetic tractability enables gain and loss
of function studies to identify causative genetic
factors [8, 35, 36]. We made three new obser-
vations relating to T and E2-mediated voiding
dysfunction in male mice: (1) mouse genetic
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Figure 3. Testosterone and Estradiol (T+E2) mediated voiding dysfunction
escalates more quickly and is more severe in C57BL/6J x FVB/NJ x 129S1
(mixed background) than C57BL/6J pure background mice. Six-week-old
wild type mixed background and C57BL/6J pure background male mice
were treated with testosterone and estradiol (T+E2) implants. The bladders
of T+E2 treated mixed background mice were evaluated at two weeks post
implantation surgery and were (A) larger (P = 0.0002, mean * SE, 9-10
mice per group) and (B) weighed more (P = 0.0271 mean * SE, 9-10 mice
per group) than sham operated mixed background mice. (C) Spontaneous
voiding behavior was assessed using the void spot assay. Urine spot quan-
tity significantly increased from baseline as early as two weeks post T+E2
implantation surgery in mixed background mice (P < 0.0001 compared
to baseline) and remained elevated from baseline until at least six weeks
post implantation surgery. Void spot quantity did not increase from baseline
until 4 weeks post implantation surgery in C57BL/6J purebred mice (P <
0.0001 compared to baseline). 2-30 mice per group per timepoint. (D) Cys-
tometry was used to evaluate bladder pressures during a one-hour monitor-
ing period in response to continuous filling via a cystostomy catheter. T+E2
treatment prevented some mixed background mice from initiating a voiding
contraction during the monitoring period, and when compared to previously
published data for pure C57BL/6J background sham operated (Historical
Data from C57BL/6J SHAM) or treated with T+E2 (Historical Data from
C57BL/6J Hormone) [9], a greater percentage of mixed background mice
were unable to void beginning as early as four weeks after T+E2 treatment.
Values are 3-11 mice per group per timepoint.

Although genetic background
has been identified as a risk
modifier for mouse models of
human cancers, it has not
been a major focus of benign
urinary dysfunction research.
In 2015, we evaluated the
impact of genetic strains and
sex on VSA results [24]. In that
study, there was no apprecia-
ble difference between male
SV.129 and C57BL/6J back-
ground mice and analysis of
FVB/NJ background was not
performed. Here we show that
genetic background does not
drive differences at baseline
but rather influences the sever-
ity and rate of progressive
voiding dysfunction, specifical-
ly that the mixed strain back-
ground progress more quickly
than the C57BL/6J purebred
background in response to
T+E2. This important finding
highlights the need to report
and control for genetic back-
ground in all future transgenic
mouse studies, not only at
baseline, but at all timepoints.

We have revealed that a genet-
ically heterogenous mouse
population is likely to be useful
for identifying genetic risk mo-
difiers of LUTS sensitivity and
severity. Future studies using
such mouse models may re-
veal why LUTS has such a
diverse etiology across human
populations. A cross-sectional
analysis of 1536 men from the

background and (2) concentration of hormone
in sustained released pellets profoundly influ-
ence severity and progression rate of urinary
voiding dysfunction, and (3) urinary voiding dys-
function is not prevented by conditional Ctnnb1
deletion in some prostate luminal epithelial
cells. These findings raise the importance of
controlling for mouse genetic background in
future gain and loss of function genetic studies,
demonstrate tunability of the T+E2 treated
mouse model, and shed light on the mecha-
nism of T+E2 action.
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Multi-Ethnic Study of Atherosclerosis cohort
revealed a higher rate of incontinence, particu-
larly urge incontinence, in non-Hispanic black
men compared to non-Hispanic white men [37].
A retrospective cohort study of patients who
presented to emergency departments in Florida
between 2005 and 2015 indicated that non-
Hispanic black men and Hispanic men were
more likely than white men to present with
acute urinary retention [38]. Additionally, a pro-
spective cohort study of 6 US tertiary care cen-
ters showed that bother from LUTS was greater
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Figure 4. Estradiol alone increases bladder mass and testosterone and es-
tradiol in combination increase bladder volume in a dose dependent fash-
ion. Six-week-old C57BL/6J background mice were implanted with T+E2
pellets of varying amounts or received a sham surgery as described in Fig-
ure 2. Bladders were dissected from mice two weeks following pellet im-
plantation. The group used for comparison is underlined and colored red in
each panel, with (*) P < 0.05, (**) P < 0.01, (***) P < 0.001, and (****) P
< 0.0001. A. Treatment with standard T+E2 and E2 alone increase bladder
mass compared to sham operated control. B. Treatment with T+E2, T alone,
and E2 alone increase bladder volume compared to sham operated control.
C. E2 alone or 25 mg testosterone and > 25 ug estradiol led to significantly
increased bladder mass compared to sham mice. There is also appears to
be a gradual increase in bladder mass with the increasing estradiol dosage.
D. Mice treated with T alone or sham had significantly decreased bladder
volume compared to standard T+E2 mice. All other treatments, which in-
cluded minimum 1.25 mg E2, had similar bladder volume. Values are mean
+ SE, n = 7-20 per group.

while changes in T dose had
little impact. It is likely that the
mixed strain mice used in this
study exhibit a genetic trait
that sensitizes them to E2
either upstream or downstre-
am of the estrogen receptor
alpha signaling cascade. Unfor-
tunately, little is known about
background strain variation in
estrogen sensitivity. One study
in 2010 measured variations
in estrogen sensitivity during
oocyte development in FVB,
C57BL/6J, F2 hybrid, and CD-
1 strains. They found that
C57BL/6) ovaries are more
sensitive to E2 than CD-1, FVB,
or F2 hybrid ovaries [40]. The
strain sensitivity identified by
the previous study opposes
what we would have predicted
for the current study; however,
sex- and organ-specific varia-
tions in E2 sensitivity are likely
involved. Although our finding
of a mixed genetic background
with sensitivity to E2 does not
have a direct translation to
clinical medicine, it does hold
broad implications for the clini-
cal community. Environmental
estrogens are abundant and
environmental estrogens can
at least partially phenocopy

among non-white men than white men [39].
The genetic, epigenetic, and environmental fac-
tors that underlie racial and ethnic differences
in LUTS risk are not known. Our results will sup-
port future forward genetics studies in mice to
identify genetic loci that confer sensitivity or
resistance. These efforts may reveal genes and
signaling pathways that could be examined
across the human population.

We found that E2 and not T drives the increase
in bladder mass and estrogen is the predomi-
nant driver of increased bladder volume in the
T+E2 model. Previous studies have shown that
estrogen receptor alpha, and not estrogen
receptor beta, is required for T+E2 mediated
voiding dysfunction in male mice [8]. Here, we
show that E2, and not T, is the key driver of void-
ing dysfunction in mice. Changes in E2 dose
moderated the severity of voiding dysfunction,
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estradiol to mediate LUTS in male mice [41]. If
some men with LUTS have a genetic predispo-
sition for estrogen sensitivity, they may be
uniquely susceptible to urinary voiding dysfunc-
tion driven by environmental estrogens. Quan-
titative trait loci mapping is already under con-
sideration as a mechanism to identify risk mod-
ifiers for female mouse voiding function [42].
There is evidence that environment influences
alter risk of benign prostatic disease [41,
43-46]. There are future opportunities to iso-
late the independent contributions of genetic
background and environment, and examine
interactions between them, an effect approach
that has been fruitful in understanding other
biological processes, such as craniofacial mal-
formations [47, 48].

The progressive and reproducible voiding dys-
function in T+E2 treated mice creates an oppor-
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tunity for using these mice in the preclinical
testing of new LUTS therapies. Essential to
these future studies is a clear definition of what
it means to improve voiding function in male
mice. One possibility is to mimic the Kaplan-
Meier estimator approach used to assess ther-
apeutic success in genetically engineered
mouse models of human cancers and ortho-
topic transplant models. We show here that
testosterone and estradiol implants progres-
sively increase male mouse urine spot count
and bladder mass. However, while progression
of many mouse models of human cancers
occurs over the course of months and offers a
large window for intervention, T+E2 mediated
voiding dysfunction progresses far more rapid-
ly. In fact, up to 30% of C57BL/6J purebred
mice treated with 2.5 mg E2 and 25 mg T
implants progress undergo bladder decompen-
sation within 1 month of treatment [9], offering
a narrow window of time to examine the poten-
tial benefits of an intervention. By reducing the
E2 concentration in sustained release subcuta-
neous implants, it may be possible to reduce
the voiding progression rate, offering more time
to observe the impact of interventions. On the
other hand, by increasing E2 concentration or
using mixed strain mice, it may be possible to
examine the impact of interventions on severe
voiding disease, or specifically on bladder de-
compensation due to prostate-mediated outlet
obstruction without waiting months for disease
progression.
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