Am J Clin Exp Urol 2026;14(1):34-44
www.ajceu.us /ISSN:2330-1910/AJCEU0169107

Original Article

Peripheral serotonin contributes

to testosterone and estradiol induced

urinary voiding dysfunction in adult male mice

Jojo Maier'?*, Elliot Heye®", Monica Ridlon®, Marcela Ambrogi®, Douglas W Strand?*, Kimberly P Keil-Stietz®,
Chad M Vezina®

1Department of Medicine, Division of Endocrinology, Diabetes, and Metabolism University of Wisconsin-Madison,
Madison, WI 537063, United States; 2Research Service, William S. Middleton Memorial Veterans Hospital,
Madison, WI 53705, United States; 3Department of Comparative Biosciences, University of Wisconsin-Madison,
Madison, WI 53706, United States; “Department of Urology, UT Southwestern Medical Center, Dallas, TX 75390,
United States. "Equal contributors.

Received September 30, 2025; Accepted February 12, 2026; Epub February 15, 2026; Published February 28,
2026

Abstract: Objective: Millions of aging men are diagnosed with lower urinary tract dysfunction (LUTD) each year. Alpha
adrenergic receptor blockers relax prostatic, urethral, and bladder smooth muscle to relieve LUTD symptoms and
are often, but not always, effective. Serotonin is proposed to cause contractions in the female urethra, as well as
in the lungs and bowel. This study tests that serotonin synthesized in the periphery, outside of the central nervous
system, contributes to the development of LUTD induced in mice by subcutaneous implants of testosterone (T) and
estradiol (E2), mimicking the hormone milieu of aging men. Methods: Immunofluorescent staining of male human
and mouse urethra was used to confirm the presence of neuroendocrine cells and interstitial cells of Cajal, which
contribute to serotonin-induced contractions in the female mouse urethra. Wild type and tryptophan hydroxylase 1
null (Tph17) mice, which are deficient in the rate-limiting enzyme in peripheral serotonin synthesis, were given sham
surgery or T+E2 implants. Voiding behavior was measured with the void spot assay one day before surgery and two
weeks post-surgery. Four weeks after surgery, bladders were exteriorized and measured to calculate volume, and
anesthetized cystometry was performed to assess bladder activity. Results: Serotonin-positive neuroendocrine cells
and serotonin receptor positive interstitial cells of Cajal were detected in the prostatic urethra of humans and mice.
Two weeks after T+E2 implantation surgery, a baseline level of urinary retention occurred in both wild type and
Tph1”-mice. However, wild type mice treated with T+E2 had increased frequent small voids (P<0.01) and decreased
bladder activity (P<0.005) when compared to wild type mice with sham treatment and Tph1”- mice with T+E2 treat-
ment. Conclusions: Wild type mice developed a more severe voiding dysfunction phenotype than Tph17 mice when
treated with T+E2, indicating that peripheral serotonin plays a role in T+E2-mediated LUTD. Because the urinary
dysfunction observed in mice mimics that of human men, future studies to understand and exploit the role of sero-
tonin may provide a treatment option for a subset of LUTD.
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Introduction

Lower urinary tract dysfunction (LUTD) affects
millions of aging men and can trigger tract
symptoms (LUTS) that may include weak uri-
nary stream, incomplete bladder emptying, and
nocturia [1, 2]. While treatments such as alpha-
adrenergic blockers and 5 alpha reductase
inhibitors can be effective, the complex nature

of the disease complicates treatment. LUTD eti-
ology is multifactorial and has been linked to
exposure to environmental toxins [3-5], chronic
prostate inflammation [6, 7], benign prostatic
hyperplasia (BPH), and increased smooth mus-
cle tone [8, 9]. An aging-related reduction in the
ratio of circulating testosterone to 173 estradiol
is also hypothesized to contribute to LUTD in
men [10-12]. Administration of exogenous tes-
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tosterone and estradiol (T+E2) to male mice
[13-15], rats [16, 17], and dogs [11, 18], to si-
mulate age-related hormonal imbalances, elic-
its a pattern of voiding dysfunction that res-
embles features of LUTD in aging men, which
includes frequent, low volume voids [14, 15],
urinary retention in the bladder [13, 17, 19],
and hydronephrosis [15]. At the molecular and
cellular levels, treatment with exogenous T+E2
in male rodents and dogs leads to prostatic epi-
thelium and stroma proliferation [11, 15, 20,
21], low grade inflammation [17, 22, 23], blad-
der contractile deficiencies [16, 24], thickening
of bladder smooth muscle [14, 25], and modu-
lation of adrenoreceptor, anoctamin 1 (ANO1),
and sex steroid receptor responsiveness [26-
28]. However, the full mechanism by which exo-
genous T+E2 drives urinary dysfunction, espe-
cially in the urethra, is not known.

We recently described a smooth muscle medi-
ated defense mechanism in the female mou-
se urethra that protects the host from invad-
ing uropathogens [29]. Uropathogens stimulate
serotonin release from urethral neuroendo-
crine cells, activating urethral pacemaker cells
(interstitial cells of Cajal, ICC) that act via ANO1
receptors [28, 30], driving urethral smooth mu-
scle contractions to expel bacteria [29]. Con-
tractions in the prostatic urethra have been
linked to male LUTS and are treated with alpha
blockers, but some men remain symptomatic.
The purpose of this study was to test whether
cells mediating female urethral serotonin sig-
naling are also present in male urethra, and
to determine whether non-neuronal serotonin,
including serotonin produced by urethral neuro-
endocrine cells, is required for T+E2-induced
voiding dysfunction in adult male mice.

We used immunofluorescent staining to con-
firm the presence of serotonin-synthesizing ne-
uroendocrine cells and serotonin-receptor-pos-
itive interstitial cells of Cajal in the human and
male mouse prostatic urethra, confirming the
cross-sex relevance of the previous female ba-
sed studies [29]. We also tested if peripheral
serotonin is required for the development of
T+E2-induced voiding dysfunction by compar-
ing wild type control C57BL/6J mice to mice
lacking tryptophan hydroxylase 1 (Tph1”?), whi-
ch catalyzes the rate limiting step in serotonin
production outside of the central nervous sys-
tem. Wild type and Tphl” mice were given
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sham surgeries or given slow-release subcu-
taneous T and E2 implants in the scapular fat
pad. We assessed voiding behavior, urine-filled
bladder volume, and bladder functionality in
wild type and Tph1” mice treated with sham
and T+E2 pellets. Peripheral serotonin was re-
quired for some T+E2 driven urinary endpoints,
including increased void spot number and total
voided volume, and loss of bladder contractility
as assessed by cystometry, suggesting that
peripheral serotonin is in part required for
T+E2-mediated voiding dysfunction.

Material and methods
Mice

All experiments were conducted in strict adher-
ence to the approved protocol from the Uni-
versity of Wisconsin-Madison Animal Care and
Use Committee (ID: VO05096), following the
guidelines outlined in the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals. Mice were housed in Udel Polysulfone
microisolator cages on racks or in Innocage dis-
posable mouse cages on an Innorack (Innovive,
San Diego, CA). Room lighting was maintained
on a 12:12-h light-dark cycles, room tempera-
ture was maintained at 20.5+5°C, and humidi-
ty was 30-70%. Mice were fed no. 8604 Teklad
Rodent Diet (Harlan Laboratories, Madison,
WI), and feed and water were available ad libi-
tum. Cages contained corn cob bedding. Mice
were euthanized via CO, asphyxiation with CO,
introduced to the chamber at 3 liters/min. Cli-
nical death was confirmed with cervical dislo-
cation.

Hormone capsule preparation and implanta-
tion

Eight-week-old C57BL/6J and Tph1”- male mice
were anesthetized with isoflurane, and com-
pressed pellets of 25 mg T, 2.5 mg E2, and
22.5 mg cholesterol were implanted subcuta-
neously into the scapular fat pad (control mice
received sham surgeries) as previously des-
cribed [14, 15]. The pellets disintegrate and
dissolve slowly over time to release hormones
into the subcutaneous space, which is subse-
quently absorbed into systemic circulation.
Mice were euthanized between 12 and 14
weeks of age. Experimental group sizes for all
mouse experiments are detailed in Table 1.
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Table 1. Experimental group size (N values) for all mouse

experiments

Immunofluorescent staining

Five-micron male mouse and hu-

N values Wild Type Tph1” man ti ti d f:

Sham T+E2  Sham T+E2 . gn |ssye sections were deparaf-
Total Imolanted 1o P T finized with xylenes and rehydrated
O_a mprante through a series of ethanol dilu-
Void Spot Assay 5 4 tions. Tissue sections were then
Cystometry and Bladder Volumetrics 6 7 6 submerged in a 6.0 pH citrate buf-

Table 2. Demographic information for human tissue samples

used in Figure 1

fer and heated for 20 minutes in
a microwave to decloak epitop-
es. Tris-buffered saline containing

Human Prostate Specimens

0.1% Tween 20 and 5% donkey
serum was used as a blocking

Donor ID Age Ethnicity Figure reagent, and primary and second-
D21 58 White 1B ary antibodies were diluted in bl-
D32 24 Black 1A, 1C ocking reagent. Primary antibodies
BPH ID Age Ethnicity Figure and dilutions used were: mouse
BPH 239 78 Hispanic/Latino 1A anti-e-cadherin (CDH1, BD Trans-
BPH 247 Unknown Unknown 1A, 1B duction Labs, catalog #610182,
BPH 249 Unknown Unknown 1B 1:250), rabbit anti-ANO1 (Abcam,
BPH 265 66 White 1 catalog #AB64084, 1:100), mouse
BPH 274 75 White 1c anti-serotonin receptor 2B (HTR2B,

Sample sizes were modeled off previous stud-
ies that utilized the T+E2 model [15, 24, 25].

Mouse prostate

Complete lower urinary tracts of wild type male
mice, distinct from those used in the mouse
experiments described in this study, were
embedded into paraffin blocks and sectioned
for immunolabeling as previously described
[31-33].

Human prostate

Donor prostates were collected by cystoprosta-
tectomy, after the collection of transplantable
organs, at the Southwest Transplant Alliance
under Institutional Review Board STU 112014-
033. Donor families provided written consent
allowing the use of prostate tissues for research
studies in accordance with UTSW IRB. Prostate
specimens from patients seeking treatment for
LUTD were collected by simple prostatectomy
at UTSW and are referred to as “BPH” samples.
All samples were deidentified prior to distribu-
tion, and known demographic information is
detailed in Table 2. Tissue samples were trans-
ported in ice-cold saline and dissected into por-
tions for fixation in 10% formalin followed by
paraffin embedding. Blocks were then cut into
five-micron sections.
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Santa Cruz, catalog #SC-376878,
1:200), rat anti-serotonin (EMD Mi-
llipore, catalog #MAB352, 1:50), mouse anti-
smooth muscle actin alpha (ACTA2, Leica, cata-
log #ncl-sma, 1:250), rabbit anti-synaptophysin
(SYP, Invitrogen, catalog #MA5-14532, 1:200).
Secondary antibodies and dilutions used were:
donkey anti-mouse Alexa 488 (Jackson Immu-
noResearch, catalog #715-545-150, 1:250),
donkey anti-rabbit rhodamine red™-X (RRX)
(Jackson ImmunoResearch, catalog #711-295-
152, 1:250), donkey anti-rat Alexa 647 (Jack-
son ImmunoResearch, catalog #712-605-153,
1:250), and donkey anti-mouse Alexa 647
(Jackson ImmunoResearch, catalog #715-605-
150, 1:250). Antibodies were previously utilized
for cell identification in the female urethra [29],
have been validated in knockout tissue [34],
and used in LUT cell identification [35]. Tissue
sections were imaged using 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 NIS elements imaging software
(Nikon Instruments Inc.). Fluorescence was de-
tected using DAPI (2-(4-amidinophenyl)-1H-in-
dole-6-carboxamidine), FITC, Texas Red (Chro-
ma Technology Corp, Bellows Fall, VT), and CY5
filter cubes (Nikon, Melville, NY).

Void spot assay
All guidelines for reporting and performing void

spot assay (VSA) were followed [36]. Wild type
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and Tphl” mice were introduced to singly
housed caging that was equivalent to their nor-
mal housing, with ad libitum food access but no
access to water. The bottom of the cage was
fitted with Whatman grade 540 (Fisher Scien-
tific no. 057163-W) filter papers (27x16 cm). All
testing was conducted in the same quiet loca-
tion and at the same time of day. Mice were
tested in the experimental housing for four ho-
urs and then returned to their home cage. This
experiment was conducted before the implan-
tation surgery to establish a baseline for each
treatment group, and then again two weeks
after the implantation.

Filter papers were imaged with an Autochemi
AC1 Darkroom ultraviolet imaging cabinet (UVP,
Upland, CA) equipped with an Auto Chemi Zoom
lens 2UV and an epi-illuminator. Image capture
settings were adjusted using UVP VisonWorksLS
image acquisition software. Images were cap-
tured using an Ethidium Bromide filter set (570-
640 nm) and 365 nm epi-illumination. Expo-
sure settings were optimized to maximize sig-
nal over noise. Images were then analyzed with
VoidWhizzard, a plugin for FlJI imageJ created
to analyze void spot data [38]. Analyzed param-
eters included: total spot count, total void area
(in cm?), percent area in the center of the paper,
percent area in the corners of the paper, and
mass distribution of spots (0-0.1, 0.1-0.25,
0.25-0.5, 0.5-1, 1-2, 2-3, 3-4, and 4+ cm).

Cystometry

Cystometry was performed as previously de-
scribed [24, 38]. Mice were first anesthetized
with urethane with a weight dependent dosing
paradigm (1.43 mg/g for 0-25 g mouse, 1.4
mg/g for 25-35 g mouse, and 1.2 mg/g for >35
g mouse). An incision in the abdominal wall was
used to expose the bladder. Bladder volume
was estimated through three orthogonal mea-
surements using calipers. A purse string su-
ture was created around the apex of the blad-
der. PE-50 tubing was cut to approximately 35
mm and placed on a 1.5-in., 26-gauge syringe
needle, and one end of the tubing was melted
to create a cuff. The needle and tubing were
inserted through the apex of the bladder. After
removing the needle, the purse string sutures
were tightened, and two circumferential sutur-
es were added to secure the catheter. The inci-
sion was sutured, and mice were given 45 min-
utes to recover on a heated pad.
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The catheter was connected to a three-way
stopcock, which was then attached to an in-
fusion pump and pressure transducer. Mouse
bladders were infused with saline through the
catheter at a rate of 0.8 mL/hour. Bladder pres-
sure was continuously recorded using a Power-
Lab data collection system (AD Instruments,
Dunedin, New Zealand). Voiding was recorded
for at least 1 hour. Additional measures ob-
tained from cystometry were not analyzed due
to insufficient complete voids.

Statistics

Statistical analysis was performed using R
4.4.3 and R Studio 2024.12.1. Generally, data
was tested for normality using a Shapiro-Wilkes
test. If needed, a Boxcox test was used to iden-
tify an appropriate transformation to achieve
normality. Transformations are described in fig-
ure legends. A two-way ANOVA was used to ana-
lyze normal and transformed data, followed by
a post-hoc Tukey’s multiple comparisons test.
Categorical or binary data was analyzed with
the Fisher’s exact test. The raw data is shown in
all figures. A p-value of less than 0.05 was con-
sidered statistically significant in all analyses.

Results

The mouse and human prostatic urethra con-
tain serotonin expressing neuroendocrine cells
and serotonin receptor expressing interstitial
cells of Cajal

We used immunofluorescent staining to test for
the presence of male prostatic urethral cells
that resemble cells identified to mediate sero-
tonin-induced urethral contraction in the female
[29]. We observed rare synaptophysin, sero-
tonin, and e-cadherin triple positive cells, char-
acteristic of neuroendocrine cells [39, 40],
in male mouse and human prostatic urethra
(Figure 1A). In female urethras, serotonin bind-
ing to 5-HTR on ICCs begins an action potential
in the surrounding smooth muscle [29]. We
confirmed the presence of elongated ANO1 ce-
lls that were embedded within ACTA2-positive
smooth muscle of mouse and human prostatic
urethra (Figure 1B) and copositive for 5-HTR2B
(Figure 1C). The immunolabeled cells resemble
smooth muscle adjacent ANO1 and 5-HTR2B
positive ICCs observed in the female urethra
[29]. The presence of both serotonin positi-
ve neuroendocrine cells and 5-HTR2B positive
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Figure 1. Serotonin producing neuroendocrine cells and serotonin receptor
expressing, ANO1 positive Interstitial cells of Cajal are present in the pros-
tate and urethra of adult male mice and humans. Immunofluorescent stain-
ing was performed on paraffin-embedded lower urinary tracts of 8-10-week-
old male mice and on paraffin-embedded prostatic urethra tissue from
human donors. (A) Synaptophysin (SYP, red), Serotonin (white), E-cadherin
(CDH1, green) and 4’,6-diamidino-2-phenylindole (DAPI, blue) were used to
identify neuroendocrine cells at 20x%. (B) Anoctamin-1 (ANO1, red) and actin
alpha 2 (ACTA2, green) at 40% in mouse and 20x in human, and (C) ANO1
(red) and serotonin receptor 2b (HTR2B, white), and DAPI (blue) were used
to identify interstitial cells of Cajal at 40x. Mouse images are representative
of 3-6 individuals.

ICCs supports the hypothesis that the male
prostatic urethra may generate serotonin in-
duced contractions comparable to female ure-

Exogenous T+E2 deteriorates
spontaneous voiding behavior
in wild type, but not Tph1”-
mice

To test if peripheral serotonin
is necessary for T+E2 induced
lower urinary tract dysfunction
(LUTD) in male mice, we first
established testing colonies
of wild type and Tph1” mice.
To collect a pre-surgery base-
line, we used the void spot
assay to compare spontane-
ous voiding behavior between
genotype [15, 19]. There are
no significant genotype differ-
ences for any measured me-
tric of spontaneous voiding
(total area, total number of
spots, percent in corners, per-
cent in center, number of any
size spot). One to two days
later, we performed sham sur-
gery or placed sustained-re-
lease T+E2 implants into the
scapular fat pad of mice from
both genotypes. We repeated
the void spot assay two weeks
after sham or T+E2 implant
surgery and performed a two
way repeated measures AN-
OVA to compare VSA end-
points at baseline versus two
weeks post implantation. In
wild type mice, T+E2 treat-
ment increases the number of
urine spots, the total voided
urine area, and the number of
small spots (<0.01 mm) from
genotype baseline (Figure 2).
Toh1” mice are protected
from these T+E2 mediated
voiding changes, as none of
the measured endpoints sig-
nificantly differ from zero to
two weeks in T+E2 treated,
Tph1” mice (Table 3). A shift
to smaller spots (0-0.1 cm)
indicates lower urinary dys-

function leading to incomplete voids [14]. These
results suggest that peripheral serotonin is
responsible in part for T+E2-induced changes

thra. in spontaneous voiding behaviors of male mice.
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Figure 2. Exogenous T+E2 deteriorates voiding behavior in wild type, but not Tph1”- mice. Void spot assays were
conducted on mice one to two days before implantation of T+E2 or a sham pellet, and again two weeks post im-
plantation. Representative images (A) show void spot papers from all treatment groups. Wild type mice treated
with T+E2 exhibited sever voiding dysfunction after two weeks, with (B) increased total urine area, (C) total spot
count, and (D) small spot count. Other treatment groups had no significant changes in voiding behavior. A two-way
repeated ANOVA, followed by pairwise comparisons, was used to identify significant changes across time. P-values
are represented by * and were calculated by Tukey’s multiple comparisons test between baseline and week 2 within
genotype and treatment group. *<0.05, **<0.01, ***<0.001.

Peripheral serotonin is required for T+E2-
induced bladder underactivity, but not for
T+E2 induced urinary retention in the bladder

T+E2 implants drive urinary retention in mice,
characterized by incomplete bladder emptying
and increased bladder volume [15, 41]. To eval-
uate whether peripheral serotonin contribu-
tes to this phenotype, four weeks after T+E2
implantation, mice were anesthetized, blad-
ders were exteriorized, and dimensions were
measured with a digital caliper along three
axes to estimate volume. Bladder volumes
were normalized to body weight to account
for treatment/genotype-related differences in
body size (Figure 3A). Relative bladder volume
did not significantly differ between sham-treat-

39

ed wild type and Tph1l” mice, indicating that
peripheral serotonin deficiency alone does not
affect baseline bladder volume. Bladder vol-
ume was significantly greater in T+E2-treated
mice than in sham operated mice, regardless
of genotype (Figure 3B).

To assess functional bladder outcomes, anes-
thetized cystometry was performed on male
mice four weeks after T+E2 implantation
(Figure 4A and 4B). Six of seven T+E2-treated
wild-type mice failed to generate a voiding con-
traction despite passive leakage of fluid from
the urethral meatus, consistent with bladder
underactivity. In contrast, only two of six T+E2
treated Tph1”- mice failed to elicit a voiding con-
traction within the 1 hour monitoring period

Am J Clin Exp Urol 2026;14(1):34-44
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Table 3. Exogenous testosterone and estradiol deteriorate spontaneous voiding behaviors in wild

type, but not Tph1”- mice

Values are: Average

Wild Type Tph17
Void Spot Assay Sham T+E2 Sham T+E2
(I;/;I\ZZII‘HS;) Week 2 (BVZZZE&) Week 2 (g::z:(iri) Week 2 (E\gzzriri) Week 2

Count 73.40 40.20 37.50 401.16™" 191.6 170.40 61.67 107.33
Total Area (cm?) 21.22 32.66 15.80 84.42™" 39.49 33.14 29.15 61.53
Percent area in center 8.23 15.80 5.19 14.94 27.84 15.56 22.08 15.08
Percent area in corners 39.97 41.37 57.75 35.09 27.77 26.97 50.69 41.25
Spots of a certain size (cm?)

0-0.1 54.60 27.80 26.67 249.67"" 93.83 84.00 27.75 71.33

4+ 1.40 3.40 1.00 2.00 1.17 1.40 1.67 3.67

P-values are represented by * and were calculated by Tukey’s multiple comparisons test between baseline and week 2 within genotype and treat-

ment group. **<0.01, ***<0.001.

A B p=0.0003 peripheral serotonin is at least
p=0.004 p=0.00003 in part required for T+E2 in-

@ p:;mﬁ gso °M’f RER000% duced urinary voiding dysfun-
o r § 40 ction in adult male mice. Spe-
§ 30 3 ¥ . 2‘130 HormoneTx .0|f|ca||y,_ peripheral sgrotonln
s . - % m Sham is required for T+E2 induced
z 520 small volume voiding, increa-
g 1 510 - i sed voiding frequency (Table
. = - K N o 3), and bladder underactivity

i T L c— T I L (Figure 4), as Tph1” mice re-

Sham TE2 Sham TE2 Sham TE2

Genotype p=0.00003 Genotype p=0.368

Sham

TE2
tained baseline voiding beha-

T+E2 treatment p= 0.837
Interaction p= 0.172

T+E2 treatment p= 0.0000001
Interaction p= 0.368

Figure 3. Peripheral serotonin is not required for testosterone and estradiol
mediated urinary retention in male mice. Mice were treated as described in
methods. Before cystometry, (A) mice were weighed and (B) bladders were
externalized and measured with a digital caliper to calculate volume. Blad-
der volumes were then divided by overall body mass. Body masses and rela-
tive bladder volumes were compared using a two-way ANOVA followed by
a Tukey’'s multiple comparisons test. Body masses were normalized using
the reciprocal function when analyzed in A. Significant differences in body
weights and bladder volumes are indicated with p values included on the

viors and bladder activity. Uri-
nary retention occurred rega-
rdless of genotype (Figure 3),
indicating it is not serotonin
dependent. The T+E2 induc-
ed urinary voiding dysfunction
observed in wild type mice
closely mirrors that reported
by aging men: frequent small

graph. Solid lines indicate mean value; points represent individual mice.

(Figure 4C). These findings indicate that periph-
eral serotonin plays a role in T+E2-induced
bladder underactivity.

Discussion

The current study confirmed the presence of
serotonin-positive neuroendocrine cells and
serotonin receptor-positive ICCs in the male
human and mouse prostatic urethra (Figure 1),
suggesting this region has the potential to pro-
duce serotonin induced contractions previously
reported in female urethra [29]. We found that
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volume voids and incomplete
bladder emptying. The pro-
gression of LUTD slowed in
Toh1” mice, leading to a milder phenotype,
indicating that serotonin could be an important
target when considering treatment options to
minimize LUTD. Reducing serotonin-induced
contractions in symptomatic men could lead to
improved voiding and quality of life without sur-
gical intervention.

Anatomical and physiological responses to
T+E2 in the current study resemble those de-
scribed in previous studies [13-15, 24]. Long
term exposure to T+E2 is known to cause blad-
der inactivity, as detrusor muscles become

Am J Clin Exp Urol 2026;14(1):34-44
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Figure 4. Peripheral serotonin is required for testosterone and estradiol me-
diated impairment of bladder contractility. Adult male wild type and Tph1”
mice were then sham operated (control) or implanted with T+E2 pellets at
8-10 weeks of age. Mice were then anesthetized and evaluated by cystom-
etry four weeks after implantation. Representative cystometry images show
(A) successful voiding events, indicated by peaks in voiding pressure, in a
wild type sham mouse and (B) no voiding events in a wild type T+E2 treated
mouse. Cystometrograms include 15 minutes of the one-hour monitoring pe-
riod. Vertical lines indicate the completion of a void. (C) Wild type T+E2 mice
were significantly less likely to produce a successful voiding event, while
Tph1”- T+E2 mice retained the ability to void. A Fisher’s exact test was used
to calculate overall significance of genotype and treatment on cystometric
outcomes.

of euthanized mice is reduced
to nearly half the size of sham
operated control mice [15].
Estrogen is likely the key me-
diator of this growth, as re-
moval of estrogen receptor al-
pha prevents LUTD [14]. Estro-
gen can also mediate seroto-
nin production, reuptake, and
receptor availability [42-44].
Because the Tph1” mice were
protected from severe LUTD in
the current study, future stud-
ies should examine the influ-
ence of 17B-estradiol on se-
rotonin biosynthesis (Tph1 ab-
undance), serotonin reupta-
ke (Slc6a4 abundance), and
serotonin receptor expression
in the urethra.

Previous studies in female
mice support a model in which
inflammation stimulates sero-
tonin release from neuroendo-
crine cells, activating urethral
contractions. Lipopolysaccha-
ride (LPS), a component of
gram-negative bacterial cell
walls, triggered urethral con-
tractions ex vivo in a dose
dependent manner, even in
the presence of nerve block-
ing agents [29]. A similar mo-
del has been proposed in the
lung and bowel, where sero-
tonin controls smooth mus-
cle contractions [45-47]. To-
gether, these studies indicate
that a trigger, like inflamma-
tion, causes the release
of serotonin which initiates
smooth muscle contractility,
and that the severity of inflam-
mation may dictate the degree
of contraction. Inflammation
is part of the sequalae of mo-
lecular and histological chang-

overworked and fail [24]. Four months of expo- es induced by T+E2 in mouse prostate and ure-
sure to exogenous T+E2 increases mouse pros- thra and includes diffuse inflammation of all
tate wet weight by 21%, mimicking the physical prostatic lobes characterized by the presence
obstruction seen with BPH. The prostate of macrophages and increased collagen fiber
invades the urethral lumen, and the luminal density [22, 23]. Although inflammatory pro-
area detected from histological serial sections teins are significantly increased after as little
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as three weeks of T+E2 treatment [17], inflam-
mation does not peak until six weeks of T+E2
treatment [17, 22, 23]; two weeks after we
completed the final cystometric measure-
ments in T+E2 treated mice in the current
study. Although the loss of peripheral serotonin
synthesis protected against some T+E2 medi-
ated endpoints, it did not protect against all
of them. It would be useful for future studies
to test if there is a similar requirement of pe-
ripheral serotonin in mouse models with more
severe prostate inflammation than the T+E2
treated mouse.

Conclusion

This study indicates that serotonin plays a cru-
cial role in the development of T+E2 induced
LUTD. Mechanisms of male voiding dysfunc-
tion, particularly in the T+E2 treated model,
have long been debated. A change in smooth
muscle dynamics, mediated in part by sero-
tonin secretion from neuroendocrine cells, may
play a role. Further studies will need to investi-
gate the triggers of these contractions and
seek to identify potential serotonin mediated
therapeutic targets for men who are impacted
by LUTS.
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