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Abstract
Lower urinary tract symptoms (LUTS) including urinary frequency and nocturia are common

in aging men. Recent studies have revealed a strong association of prostatic inflammation

with LUTS. We developed an animal model of bacterial induced, isolated prostatic inflam-

mation and examined the effect of prostatic inflammation on voiding behavior in adult

C57BL/6J mice. Prostatic inflammation was induced by transurethral inoculation of uro-

pathogenic E. coli—1677. Bacterial cystitis was prevented by continuous administration of

nitrofurantoin. Hematoxylin and eosin (H&E) staining and bacterial culture were preformed

to validate our animal model. Voiding behavior was examined by metabolic cage testing on

post-instillation day 1 (PID 1), PID 4, PID 7 and PID 14 and both voiding frequency and vol-

ume per void were determined. Mice with prostatic inflammation showed significantly in-

creased voiding frequency at PID 1, 7 and 14, and decreased volume per void at all time

points, as compared to mice instilled with saline and receiving nitrofurantoin (NTF). Linked

analysis of voiding frequency and voided volumes revealed an overwhelming preponder-

ance of high frequency, low volume voiding in mice with prostatic inflammation. These ob-

servations suggest that prostatic inflammation may be causal for symptoms of urinary

frequency and nocturia.

Introduction
Lower urinary tract symptoms (LUTS) are common in aging men. They include urinary fre-
quency, urgency, nocturia, weak urinary stream, straining to void, and a sense of incomplete
emptying [1, 2]. These symptoms have historically been attributed to prostatic enlargement
and an increase in outlet resistance with secondary effects on bladder function [3–5]. However,
recent studies suggest the etiology and pathogenesis of LUTS to be multifactorial and more
complex than a simple function of prostatic enlargement. In particular, the presence of acute
and chronic inflammation in the prostate has been associated with LUTS [6–8]. In a prospec-
tive study of autopsy specimens, chronic inflammation was found (primarily in the transition
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zone) in 75% of prostates affected by BPH as compared to only 50% of prostates not affected
by BPH [9]. Prostate biopsy of 8224 men enrolled in the REduction by DUtasteride of prostate
Cancer Events (REDUCE) Trial revealed inflammation in over three quarters of the biopsies
[7]. And, evidence of inflammation on baseline biopsy in the Medical Therapies of Prostate
Symptoms (MTOPS) trial correlated with symptomatic progression, risk for urinary retention
and need for surgery [7, 10]. The basis for association of inflammation with LUTS is a subject
of considerable interest. It has been postulated that chronic inflammation may produce pros-
tatic fibrosis and that loss of compliance impairs opening of the prostate and bladder neck dur-
ing voiding—thus contributing to bladder outlet obstruction. It has also been postulated that
prostatic inflammation might influence bladder sensation and function [11–23].

The etiology of prostatic inflammation is unknown. However, urine refluxes freely into the
prostatic ducts and provides an obvious route for bacterial entry [24]. While frank bacterial
prostatitis is relatively uncommon [25] bacteria were isolated from 38% of prostate specimens
obtained surgically from patients with sterile urine preoperatively [26]. Further, a broad preva-
lence of colonization by non-culturable organisms has been suggested by PCR assays demon-
strating bacterial 16S ribosomal RNA in prostate biopsies [27]. The potential significance of
this finding is the apparent association of bacterial colonization with histologic evidence of in-
flammation [28].

Materials and Methods

Animals
This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was ap-
proved by the Institutional Animal Care and Use Committee of the University of Wisconsin-
Madison (approval number: M02448). All procedures in this study were performed with 8~12-
week old C57BL/6 male mice (Jackson lab, Bar Harbor, MA). All transurethral inoculation pro-
cedure was performed under isoflurane anesthesia and all sacrifice was performed under iso-
flurane anesthesia immediately followed by cervical dislocation. All efforts were made to
ameliorate animal suffering.

Transurethral inoculation of uropathogenic E.coli 1677 (2 x 106 per ml, 200 µl per mouse)
was performed as previously described [29]. Briefly, polyethylene tubing (I.D. .86mm O.D.
1.27mm, Clay Adams, New York, NY) is slipped over a 27G1/2 needle coated with Surgilube
(Savage Laboratories, Nelville, NY) and inserted into the urethra of male mice to reach the
prostatic urethra. Either 200ul of E. coli or PBS (control) are then injected with a 1ml syringe.

Nitrofurantoin (27.2ug/g)(Sigma-Aldrich, St. Louis, MO) was injected sc, b.i.d. beginning
one day prior to transurethral instillation and continuing until the end of the experiment.
Nitrofurantoin was prepared by dissolving 50 µg/µl of Nitofurantion in N, N-Dimethylforma-
mide (Sigma-Aldrich, St. Louis, MO) and diluting in a solution of 10% (v/v) ethanol (Sigma-
Aldrich, St. Louis, MO), 40% (v/v) PBS (Life Technologies, Carlsbad, CA), and 50% (v/v)
PEG400 (Center Valley, PA) to a final concentration of 6.8 µg/µl.

Histology
The anterior prostate (AP), dorsal lateral prostate (DLP) and ventral prostate (VP) lobes, blad-
der and seminal vesicle (SV) were harvested, rinsed in DPBS and cut saggitally. The left half
was fixed in 10% formalin (Sigma-Aldrich, St. Louis, MO), embedded in paraffin and serially
sectioned (5µm) for Hematoxylin (Thermo Scientific, Waltham, MA) & Eosin (Anatech LTD,
Battle Creek, MI) staining. Inflammatory infiltrate and other histological changes were noted.
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N = 4 mice from each group (Naïve +NTF, Saline +NTF, E.coli + NTF and E.coli only) and for
each time point (PID 2 and 14) were used (total n = 32).

Bacterial count
The right half of the sagittal tissue section was dissected to isolate the AP, DLP, VP, bladder
and SV. These tissues were weighed and then homogenized in DPBS and cultured on Levine
Eosin Methylene Blue Agar plates (BD, Sparks, MD). Eosin Methylene Blue Agar plates have
been utilized to selectively detect gram-negative bacterial as previously described [30]. Bacterial
colonies on the plates were counted and a number of bacteria per mg of tissue calculated. N = 4
mice from each group (Naïve +NTF, Saline +NTF, E.coli + NTF and E.coli only) and for each
time point (PID 2 and 14) were used (total n = 32).

Metabolic Cage Tests
We used metabolic cages to analyze the micturition pattern of infected and control mice. Mice
were placed individually in a metabolic cage and allowed to acclimate for one hour. Micturition
was monitored over the next 4 hours by placing laminated paper (Advantec, Japan) under each
metabolic cage and noting the number, volume and pattern of micturition. Laminated paper
(Filter Paper Qualitative Advantec 240mm, Tokyo Roshi Kaisha, Ltd, Japan) was changed at
40 minutes, then 1 hour 20 minutes later providing collection times of 40 minutes, 1 hour
20 minutes and 2 hours, for a total of collection time of four hours with the three papers. These
collection times were determined by preliminary observational studies as optimal to prevent
overlap of void stains on the paper. Water was withheld beginning with the acclimation period
and throughout the experiment. The collected papers were scanned and imaged under UV
light by Foto/Analyst Investigator Eclipse (Fotodyne Incorporated, Hartland, WI) to visualize
urine stain. Micturition patterns were analyzed using two different categories; voiding frequen-
cy and volume per void. Data were collected by a blinded observer.

This analysis was based on the Voided Stain On Paper (VSOP) method previously described
[31]. Laminated paper is placed under the wire mesh bottom of each metabolic cage. Urine
stains on the paper are analyzed to determine voiding behavior and voided volumes. We estab-
lished three distinct standard curves for circle, oval and corner shaped stains using known vol-
umes of mouse urine. Volumes of 20 µl, 40 µl, 80 µl and 160 µl (n = 3 per volume) mouse urine
were spotted on control laminated paper in circle, oval and corner shapes to mimic general
voiding patterns of mice. A total number of 36 stains were used to establish the three standard
formulas. The area of voided stains in the metabolic cage tests was measured by Image J. The
area was then converted into a volume based on one of the three different standard formulas
for circle, oval or corner shaped void. (Circle shape: y = 6.457x1.1166, R2 = 0.99904, Oval shape:
y = 8.0653x1.0727, R2 = 0.99992, Corner shape: 9.8004x1.08, R2 = 0.99987)

Statistics
Comparison between E.coli + NTF and Saline + NTF mice were performed by the paired t-test.
We employed ANOVA with multiple comparisons using Fisher’s protected least significant
difference test. Prior to analysis, all values were rank-transformed in order to better meet the
assumptions of ANOVA. Comparison percentiles of mice showing LVHF void between
E.coli + NTF and Saline + NTF mice were performed by Fisher’s exact test. P-values less than
0.05 were considered as significant. All analysis was performed using SAS statistical software
version 9.1 and 9.2 (SAS Institute Inc., Cary, NC).

Prostatic Inflammation Induces Urinary Frequency in Adult Mice

PLOS ONE | DOI:10.1371/journal.pone.0116827 February 3, 2015 3 / 12



Results

Development of an animal model of isolated prostatic and seminal
vesicle inflammation
We previously developed a mouse model of prostatic inflammation induced by trans-urethral
instillation of uropathogenic E.coli 1677 into adult male mice [29, 32, 33]. Prostatic infection is
generally accompanied by bacterial cystitis. To prevent bacterial cystitis mice were adminis-
tered nitrofurantoin (NTF) daily beginning one day prior to bacterial instillation. NTF is con-
centrated in the urine but does not accumulate in tissues to a significant degree [34, 35]. The
result is effective urinary prophylaxis that does not interfere with prostatic infection. Studies
were performed to confirm that inoculation of E. coli with daily NTF administration produced
prostatic inflammation without evidence of bacterial cystitis (Figs. 1, 2, Table 1).

The prostate and bladder were harvested frommice at post-instillation day 2 (PID 2) and 14
(PID 14) and examined for evidence of inflammation and tissue injury. As expected, saline-
instilled mice treated with NTF exhibited no inflammation in either prostate or bladder (Fig. 2).
In mice instilled with E.coli and receiving NTF there was robust inflammation in all prostate
lobes but no evidence of bladder inflammation. Seminal vesicle inflammation was present at
PID 14 (data not shown). Mice instilled with E.coliwithout NTF exhibited diffuse epithelial inju-
ry and an intense inflammatory infiltrate in the bladder in addition to inflammation of the pros-
tate lobes (data not shown). The contrast with absence of bladder inflammation in the
E.coli + NTF treated animals is striking.

Fig 1. Experimental design to study the effects of isolated prostatic inflammation on voiding
behavior. For mice receiving NTF, NTF was injected sc, twice daily, beginning one day prior to transurethral
instillation and continuing until the end of the experiment. Either saline or uropathogenic E.coli 1677 (2 x 106

per ml), 200 µl per mouse, was instilled transurethral. (A) Histologic analysis and tissue culture was
performed at the time points indicated for mice in the Naïve + NTF, Saline + NTF, E.coli + NTF and E.coli only
groups. (B) Voiding behavior of mice in Saline + NTF and E.coli + NTF groups was determined by metabolic
cage tests at PID 1, 4, 7 and 14.

doi:10.1371/journal.pone.0116827.g001
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The efficacy of NTF prophylaxis was confirmed by bacterial culture (Table 1). Culture of
bladder and prostate tissues from naive mice or saline-instilled mice treated with NTF revealed
no evidence of infection. Culture of prostate tissue from mice inoculated with E.coli with or
without NTF revealed robust infection in both at PID 2. Bacterial counts were diminished at
PID 14, consistent with previous studies showing that bacterial counts peak at PID 5 and then
decrease [29]. Bladders from E.coli-instilled mice without NTF exhibited a large number of col-
onies at PID 2 (3300 colonies/mg of tissue) consistent with bacterial cystitis shown in histology;
the bacterial count at PID 14 was zero, suggesting a spontaneous resolution of the infection.
Bladders from E.coli-instilled mice receiving NTF exhibited an extremely small number of col-
onies at PID 2 (9 colonies/mg of tissue) and none at PID 14. The presence of a small number of
colonies in the bladder of E. coli + NTF treated mice is best explained that bacterial drainage
from the prostatic ducts to the bladder during/after transurethral instillation procedure does
not result in active infection of the bladder. Taken together, the histological analysis and

Fig 2. E.coli 1677-induced prostatic inflammation.Representative H&E stained sections of the DLP (A, C,
E, G) and bladder (B, D, F, H) of mice in the Saline + NTF and E.coli + NTF groups at PID 2 and PID
14, respectively.

doi:10.1371/journal.pone.0116827.g002
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determination of bacterial titer demonstrate that NTF effectively prevents bladder infection
and inflammation.

Voiding Behavior: Frequency and Volume per Void
Voiding behavior was compared between mice instilled with either saline (n = 13) or E.coli
(n = 12) and treated with NTF. Four time points over a 14 day period post-instillation were se-
lected for comparison that correspond to initiation (PID 1), peak (PID 4) and resolving (PID 7,
14) stages of prostatic infection and inflammation [29]. Voiding frequency and volume per
void were determined over a 4-hour period as described in the materials and methods. E.coli-
instilled mice exhibited a significantly higher voiding frequency than controls at PID 1, 7 and
14 (Fig. 3, p< 0.05). Voiding frequency was also increased at PID 4 but the difference was not
statistically significant. E.coli-instilled mice also exhibited a significantly reduced volume per
void at all time points tested (Fig. 3, p< 0.05). Total voided volume was significantly decreased
in E.coli-instilled mice on PID 1 and increased on PID 7 (data not shown). These fluctuations,
likely resulting from physiologic fluid shifts associated with the acute and resolution phases of
inflammation, do not explain the observed changes in voiding frequency and volume per void.

Given the general inverse relationship between voiding frequency and voided volume, the
best analysis of effects on voiding behavior would take into account both parameters.

When we plotted voiding frequency and volume per void for each mouse in each group at
each time point on 2-D graph (Fig. 4), multivariate analysis (MANOVA) revealed significant
differences at PID 1, 7 and 14. We predicted that prostatic inflammation would be associated

Table 1. Bacterial titer of the bladder and prostate.

Post-instillation Day 2 Post-instillation Day 14

Bladder Prostate Bladder Prostate

Naïve + NTF 0 0 0 0

Saline + NTF 0 0 0 0

E.coli + NTF 8.81 55573.89 0 195.71

E.coli only 3317.26 61211.94 0 40.96

Number of colonies per mg of tissue of the bladder and prostate of mice in the Naïve + NTF, Saline + NTF, E.coli + NTF and E.coli only groups at PID 2

and 14 (total n = 32, n = 4 for each group at each time-point).

doi:10.1371/journal.pone.0116827.t001

Fig 3. Voiding behavior of mice in the Saline + NTF and E.coli + NTF groups. (A) Voiding frequency (number) at PID 1, 4, 7 and 14. (B) Volume per void
(μl) at PID 1, 4, 7 and 14 (B). n = 13 of Saline + NTF (gray bar), n = 12 of E.coli + NTF (black bar).

doi:10.1371/journal.pone.0116827.g003
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with a preponderance of low volume and high frequency (LVHF) voiding (Fig. 5, A). To specif-
ically examine this prediction, we established cut-off points for high voiding frequency and low
average voided volume based on 90th, 75th, 50th, 25th and 10th percentiles of mice in the group
of Naïve + NTF. The 90th, 75th, 50th, 25th and 10th percentiles for high urinary frequency were
>5,>4,>3,>2, and>1. The 90th, 75th, 50th, 25th and 10th percentiles for low average volume
per void were< 108.80,< 199.35,< 275.87,< 348.00 and>424.24 microliters, respectively.
We then determined the percentage of E.coli-instilled mice satisfying the 90th percentile for
both high frequency and low volume. We then determined the percentage satisfying the 75th

percentile for both, and then the 50th, 25th and 10th percentiles for both. The same was done for
the saline controls (Table 2). It is readily apparent from comparison of the 50th, 75th and 90th

percentiles that LVHF voiding is found almost exclusively in the E.coli-instilled mice.

Discussion
The purpose of this study was to test the hypothesis that prostatic inflammation could induce
changes in voiding behavior. Prostatic inflammation was induced by transurethral instillation
of adult male mice with uropathogenic E. coli 1677. To prevent cystitis, we administered the an-
tibiotic NTF (Macrodantin,1-[[[5-nitro-2 furanyl]methylene]amino]- 2,4-imidazolidinedione),
an agent that does not reach significant tissue levels but is highly concentrated in the urine [34,
35]. Controls included naïve animals treated with NTF and animal inoculated with saline vehi-
cle and treated with NTF. Mice inoculated with E. coli and maintained on NTF exhibited

Fig 4. 2D plot of voiding frequency and volume per void. Distribution of voiding frequency (number) and average volume per void (μl) for each mouse
mice in the Saline + NTF (gray circle) and E.coli + NTF (black square) groups at (A) PID 1, (B) PID 4, (C) PID 7 and (D) PID 14. P-values were calculated by
Multivariate Analysis (MANOVA). * statistically significant.

doi:10.1371/journal.pone.0116827.g004
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persistent prostate infection and inflammation without evidence of either inflammation or in-
fection of the bladder. Histologic examination of the seminal vesicle in each group (n = 4) at
PID 2 showed no evidence of inflammation (data not shown). Examination at PID 14 showed
seminal vesicle inflammation in both the E. coli and E. coli + NTF groups (n = 4). Metabolic
cage testing 1, 4, 7 and 14 days after inoculation showed increased voiding frequency and de-
creased voided volumes in mice instilled with E.coli and receiving NTF. Since significant
changes in voiding behavior occurred as early as PID 1, we attribute the changes to the effect of
prostatic inflammation—recognizing that we cannot rule out a contributory effect of seminal
vesicle inflammation at later time points. The effect of prostate inflammation was even more

Fig 5. Combined analysis of voiding frequency and average voided volumes. (A) When average voided volume and voiding frequency are plotted
together, the upper left hand corner is the domain of low frequency high volume (LVHF) voiding. The limits of this domain can be defined by percentile cut-
points. (B) Plot of voiding frequency and average volume per void (μl) for each mouse mice in the Saline + NTF (gray circle) and E.coli + NTF (black square)
groups at PID 14 with the LVHF domain defined by the 50th percentile of frequency and volume.

doi:10.1371/journal.pone.0116827.g005

Table 2. LVHF voiding among mice in the Saline + NTF and E.coli + NTF groups.

Group PID 1 PID 4 PID 7 PID 14

Five Different Cut Points 10% Saline + NTF 38.5 30.8 46.2 69.2

E.coli + NTF 75 75 * 91.7 * 91.7

25% Saline + NTF 23.1 30.8 15.4 15.4

E.coli + NTF 58.3 66.7 83.3 * 66.7 *

50% Saline + NTF 0 7.7 7.7 0

E.coli + NTF 58.3 * 50 * 58.3 * 58.3 *

75% Saline + NTF 0 0 7.7 0

E.coli + NTF 50 * 41.7 * 58.3 * 50 *

90% Saline + NTF 0 0 0 0

E.coli + NTF 8.3 33.3 * 33.3 * 8.3

Table 2. Cut points were varied from the 10th to 90th percentile for both voiding frequency and average voided volume: 10th percentile = 1 < voiding

frequency, volume per void < 108.80; 25th percentile = 2 < voiding frequency, volume per void < 199.35; 50th percentile = 3 < voiding frequency, volume

per void < 275.87; 75th percentile = 4 < voiding frequency, volume per void < 348.00; 90th percentile = 5 < voiding frequency, volume per void < 424.24).

Note the preponderance of low volume and high frequency (LVHF) voiding among mice in the E.coli + NTF group at cut points at the 50th percentile

and above.* statistically significant.

doi:10.1371/journal.pone.0116827.t002
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striking when we examined voiding frequency and voided volumes in tandem (Table 2). This
revealed a clear-cut preponderance of LVHF voiding in this group.

Previous animal studies have shown an inverse relationship between voiding frequency and
volume per void [36, 37], however, the two parameters are not perfectly correlated since the
rate of urine production is variable. Voiding frequency will increase or decrease as a function
of urine output if bladder capacity is unchanged, but bladder capacity and voided volumes may
simultaneously be affected by the rate of bladder filling or changes in bladder sensation [38].
For this reason, we examined both voiding frequency and voided volumes in our analysis.
When voiding frequency and voided volumes were plotted together (Fig. 4), we did not observe
inverse relationship between voiding frequency and voided volume in the control group. This
is most likely due to the relatively low average frequency of voiding during the 4-hour observa-
tion period. On the other hand, the inverse relationship was clearly evidence in the mice in-
stilled with E.coli and treated with NTF. It is striking that over half these mice exceeded the
50th percentile for high urinary frequency and low average voided volume at each time point.
In contrast, less than 10% of the control mice exhibited this measure of volume/high frequency
voiding. The advantage of analyzing voiding frequency and voided volume in tandem comes
from negating the effect of variable urine output. The power of this approach is evidenced by
the observation that analysis of frequency alone did not reveal significant differences at PID 4,
whereas analysis of voiding frequency and voided volume in tandem revealed significant differ-
ences at multiple cut points.

Prostatic inflammation has been postulated to affect voiding by two different mechanisms
—inducing fibrosis that impairs opening of the bladder neck and prostate during voiding and
producing changes on bladder sensation and function by neural cross-talk [11–23]. We have
shown that bacterial-induced inflammation does produce fibrosis of the mouse prostate but
that significant fibrosis does not occur before 2 days post-inoculation [39]. Therefore, the
change in voiding behavior observed here as early as one day post-inoculation cannot be attrib-
uted to fibrosis. There are three ways in which prostate inflammation could induce changes in
bladder sensation and function. Release of inflammatory mediators such as prostaglandin, se-
rotonin, ATP, histamine, bradykinin, and neurotropic factors such as NGF could exert collater-
al effects on bladder afferents [40–44]. Bladder behavior may be affected by neural crosstalk
between the bladder and prostate. There is strong experimental evidence for neural cross-talk
among the pelvic organs [11–21] and our laboratory has recently performed dual-label nerve
tracing studies showing convergent of the prostate and bladder by neurons in the lumbosacral
dorsal root ganglia (manuscript in preparation). Finally, hyper-sensitization of the pelvic affer-
ents as a result of inflammation could increase sensitivity to bladder filling and changes in
voiding behavior [45, 46]. It is quite likely that more than one and possibly all three mecha-
nisms contribute to the observed increase in LVHF voiding associated with
prostate inflammation.

Our model of bacterial-induced inflammation was developed with the support of the
NIDDK as a tractable model to study the effects of inflammation on the prostate and lower uri-
nary tract function. It utilizes inoculation with a uropathogenic strain of E. coli to produce in-
fection and a robust inflammatory response. Both the acute and chronic inflammatory
processes have been described, the leukocytic and inflammatory cytokine profiles characterized
and the molecular signaling mechanisms involved in reactive epithelial hyperplasia identified
[29, 33, 47]. Although acute and chronic inflammation in the human prostate cannot generally
be attributed to a robust uropathogenic infection this model has proven valuable to provide
proof of principle that both acute inflammation (1—and 4-days post-inoculation) and chronic
inflammation (7—and 14-days post-inoculation) induce high frequency/low volume voiding.
Further studies may be pursued using this model to determine if the induced changes are
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reversible with treatment and resolution of infection and inflammation or can be mitigated by
administration of agents that blunt the inflammatory response or its neural-mediated effects.

Acknowledgments
We gratefully acknowledge the assistance of Dr. Glen Leverson in the Department of Surgery
and Chee Paul Lin in the Department of Urology at the University of Wisconsin-Madison in
statistical analysis, Dr. Denise Ney in the Department of Nutritional Sciences at the University
of Wisconsin-Madison for generous supports with metabolic cages and Dr. Hiromitsu Negoro
in the Department of Urology at Kyoto University for a support with laminated papers.

Author Contributions
Conceived and designed the experiments: SL WB. Performed the experiments: SL GY. Ana-
lyzed the data: SL GYWB. Contributed reagents/materials/analysis tools: SL GYWB. Wrote
the paper: SL GYWB.

References
1. Abrams P, Cardozo L, Fall M, Griffiths D, Rosier P, et al. (2003) The standardisation of terminology in

lower urinary tract function: report from the standardisation sub-committee of the International Conti-
nence Society. Urology 61: 37–49. doi: 10.1016/S0090-4295(02)02243-4

2. Chapple CR, Roehrborn CG (2006) A shifted paradigm for the further understanding, evaluation, and
treatment of lower urinary tract symptoms in men: focus on the bladder. Eur Urol 49: 651–658. doi: 10.
1016/j.eururo.2006.02.018

3. Knutson T, Edlund C, Fall M, Dahlstrand C (2001) BPH with coexisting overactive bladder dysfunction
—an everyday urological dilemma. Neurourol Urodyn 20: 237–247. doi: 10.1002/nau.1001 PMID:
11385690

4. Mirone V, Imbimbo C, Longo N, Fusco F (2007) The detrusor muscle: an innocent victim of bladder out-
let obstruction. Eur Urol 51: 57–66. doi: 10.1016/j.eururo.2006.07.050 PMID: 16979287

5. Dmochowski R (2006) Antimuscarinic therapy in men with lower urinary tract symptoms: what is the evi-
dence? Curr Urol Rep 7: 462–467. doi: 10.1007/s11934-006-0055-4 PMID: 17052442

6. St Sauver JL, Jacobson DJ, McGree ME, Girman CJ, Lieber MM, et al. (2008) Longitudinal association
between prostatitis and development of benign prostatic hyperplasia. Urology 71: 475–479; discussion
479. doi: 10.1016/j.urology.2007.11.155 PMID: 18342190

7. Nickel JC, Roehrborn CG, O0Leary MP, Bostwick DG, Somerville MC, et al. (2008) The relationship be-
tween prostate inflammation and lower urinary tract symptoms: examination of baseline data from the
REDUCE trial. Eur Urol 54: 1379–1384. doi: 10.1016/j.eururo.2007.11.026 PMID: 18036719

8. Burris MB, Cathro HP, Kowalik CG, Jensen D, Culp SH, et al. (2014) Lower urinary tract symptom im-
provement after radical prostatectomy correlates with degree of prostatic inflammation. Urology 83:
186–190. doi: 10.1016/j.urology.2013.07.080 PMID: 24246320

9. Delongchamps NB, de la Roza G, Chandan V, Jones R, Sunheimer R, et al. (2008) Evaluation of pros-
tatitis in autopsied prostates—is chronic inflammation more associated with benign prostatic hyperpla-
sia or cancer? J Urol 179: 1736–1740. doi: 10.1016/j.juro.2008.01.034 PMID: 18343414

10. Bautista OM, Kusek JW, Nyberg LM, McConnell JD, Bain RP, et al. (2003) Study design of the Medical
Therapy of Prostatic Symptoms (MTOPS) trial. Control Clin Trials 24: 224–243. doi: 10.1016/S0197-
2456(02)00263-5 PMID: 12689743

11. Qin C, Malykhina AP, Akbarali HI, Foreman RD (2005) Cross-organ sensitization of lumbosacral spinal
neurons receiving urinary bladder input in rats with inflamed colon. Gastroenterology 129: 1967–1978.
doi: 10.1053/j.gastro.2005.09.013 PMID: 16344065

12. Rudick CN, Chen MC, Mongiu AK, Klumpp DJ (2007) Organ cross talk modulates pelvic pain. Am J
Physiol Regul Integr Comp Physiol 293: R1191–1198. doi: 10.1152/ajpregu.00411.2007 PMID:
17626130

13. Christianson JA, Liang R, Ustinova EE, Davis BM, Fraser MO, et al. (2007) Convergence of bladder
and colon sensory innervation occurs at the primary afferent level. Pain 128: 235–243. doi: 10.1016/j.
pain.2006.09.023 PMID: 17070995

Prostatic Inflammation Induces Urinary Frequency in Adult Mice

PLOS ONE | DOI:10.1371/journal.pone.0116827 February 3, 2015 10 / 12

http://dx.doi.org/10.1016/S0090-4295(02)02243-4
http://dx.doi.org/10.1016/j.eururo.2006.02.018
http://dx.doi.org/10.1016/j.eururo.2006.02.018
http://dx.doi.org/10.1002/nau.1001
http://www.ncbi.nlm.nih.gov/pubmed/11385690
http://dx.doi.org/10.1016/j.eururo.2006.07.050
http://www.ncbi.nlm.nih.gov/pubmed/16979287
http://dx.doi.org/10.1007/s11934-006-0055-4
http://www.ncbi.nlm.nih.gov/pubmed/17052442
http://dx.doi.org/10.1016/j.urology.2007.11.155
http://www.ncbi.nlm.nih.gov/pubmed/18342190
http://dx.doi.org/10.1016/j.eururo.2007.11.026
http://www.ncbi.nlm.nih.gov/pubmed/18036719
http://dx.doi.org/10.1016/j.urology.2013.07.080
http://www.ncbi.nlm.nih.gov/pubmed/24246320
http://dx.doi.org/10.1016/j.juro.2008.01.034
http://www.ncbi.nlm.nih.gov/pubmed/18343414
http://dx.doi.org/10.1016/S0197-2456(02)00263-5
http://dx.doi.org/10.1016/S0197-2456(02)00263-5
http://www.ncbi.nlm.nih.gov/pubmed/12689743
http://dx.doi.org/10.1053/j.gastro.2005.09.013
http://www.ncbi.nlm.nih.gov/pubmed/16344065
http://dx.doi.org/10.1152/ajpregu.00411.2007
http://www.ncbi.nlm.nih.gov/pubmed/17626130
http://dx.doi.org/10.1016/j.pain.2006.09.023
http://dx.doi.org/10.1016/j.pain.2006.09.023
http://www.ncbi.nlm.nih.gov/pubmed/17070995


14. Ustinova EE, Fraser MO, Pezzone MA (2006) Colonic irritation in the rat sensitizes urinary bladder af-
ferents to mechanical and chemical stimuli: an afferent origin of pelvic organ cross-sensitization. Am J
Physiol Renal Physiol 290: F1478–1487. doi: 10.1152/ajprenal.00395.2005 PMID: 16403832

15. Keast JR, De Groat WC (1992) Segmental distribution and peptide content of primary afferent neurons
innervating the urogenital organs and colon of male rats. J Comp Neurol 319: 615–623. doi: 10.1002/
cne.903190411 PMID: 1619047

16. Pezzone MA, Liang R, Fraser MO (2005) A model of neural cross-talk and irritation in the pelvis: impli-
cations for the overlap of chronic pelvic pain disorders. Gastroenterology 128: 1953–1964. doi: 10.
1053/j.gastro.2005.03.008 PMID: 15940629

17. Malykhina AP, Qin C, Greenwood-van Meerveld B, Foreman RD, Lupu F, et al. (2006) Hyperexcitability
of convergent colon and bladder dorsal root ganglion neurons after colonic inflammation: mechanism
for pelvic organ cross-talk. Neurogastroenterol Motil 18: 936–948. doi: 10.1111/j.1365-2982.2006.
00807.x PMID: 16961697

18. Malykhina AP, Qin C, Foreman RD, Akbarali HI (2004) Colonic inflammation increases Na+ currents in
bladder sensory neurons. Neuroreport 15: 2601–2605. doi: 10.1097/00001756-200412030-00008
PMID: 15570160

19. Pan XQ, Gonzalez JA, Chang S, Chacko S, Wein AJ, et al. (2010) Experimental colitis triggers the re-
lease of substance P and calcitonin gene-related peptide in the urinary bladder via TRPV1 signaling
pathways. Exp Neurol 225: 262–273. doi: 10.1016/j.expneurol.2010.05.012 PMID: 20501335

20. Bielefeldt K, Lamb K, Gebhart GF (2006) Convergence of sensory pathways in the development of so-
matic and visceral hypersensitivity. Am J Physiol Gastrointest Liver Physiol 291: G658–665. doi: 10.
1152/ajpgi.00585.2005 PMID: 16500917

21. Ustinova EE, Gutkin DW, Pezzone MA (2007) Sensitization of pelvic nerve afferents and mast cell infil-
tration in the urinary bladder following chronic colonic irritation is mediated by neuropeptides. Am J Phy-
siol Renal Physiol 292: F123–130. doi: 10.1152/ajprenal.00162.2006 PMID: 16926445

22. Guerios SD, Wang ZY, Bjorling DE (2006) Nerve growth factor mediates peripheral mechanical hyper-
sensitivity that accompanies experimental cystitis in mice. Neurosci Lett 392: 193–197. doi: 10.1016/j.
neulet.2005.09.026 PMID: 16203088

23. Guerios SD, Wang ZY, Boldon K, BushmanW, Bjorling DE (2008) Blockade of NGF and trk receptors
inhibits increased peripheral mechanical sensitivity accompanying cystitis in rats. Am J Physiol Regul
Integr Comp Physiol 295: R111–122. doi: 10.1152/ajpregu.00728.2007 PMID: 18448607

24. Kirby RS, Lowe D, Bultitude MI, Shuttleworth KE (1982) Intra-prostatic urinary reflux: an aetiological
factor in abacterial prostatitis. Br J Urol 54: 729–731. doi: 10.1111/j.1464-410X.1982.tb13635.x PMID:
7150931

25. Andreu A, Stapleton AE, Fennell C, Lockman HA, Xercavins M, et al. (1997) Urovirulence determinants
in Escherichia coli strains causing prostatitis. J Infect Dis 176: 464–469. doi: 10.1086/514065 PMID:
9237713

26. Weiss J, Wein A, Jacobs J, Hanno P (1983) Use of nitrofurantoin macrocrystals after transurethral pros-
tatectomy. J Urol 130: 479–480. PMID: 6350615

27. Krieger JN, Riley DE (2002) Prostatitis: what is the role of infection. Int J Antimicrob Agents 19: 475–479.
doi: 10.1016/S0924-8579(02)00086-9 PMID: 12135836

28. Hochreiter WW, Duncan JL, Schaeffer AJ (2000) Evaluation of the bacterial flora of the prostate using a
16S rRNA gene based polymerase chain reaction. J Urol 163: 127–130. doi: 10.1097/00005392-
200001000-00030 PMID: 10604329

29. Boehm BJ, Colopy SA, Jerde TJ, Loftus CJ, BushmanW (2012) Acute bacterial inflammation of the
mouse prostate. Prostate 72: 307–317. doi: 10.1002/pros.21433 PMID: 21681776

30. Levine M (1943) The Effect of Concentration of Dyes on Differentiation of Enteric Bacteria on Eosin-
Methylene-Blue Agar. J Bacteriol 45: 471–475. PMID: 16560656

31. Sugino Y, Kanematsu A, Hayashi Y, Haga H, Yoshimura N, et al. (2008) Voided stain on paper method
for analysis of mouse urination. Neurourol Urodyn 27: 548–552. doi: 10.1002/nau.20552 PMID:
18551561

32. Bjorling DE, Wang ZY, BushmanW (2011) Models of inflammation of the lower urinary tract. Neurourol
Urodyn 30: 673–682. doi: 10.1002/nau.21078 PMID: 21661012

33. Elkahwaji JE, ZhongW, HopkinsWJ, BushmanW (2007) Chronic bacterial infection and inflammation
incite reactive hyperplasia in a mouse model of chronic prostatitis. Prostate 67: 14–21. doi: 10.1002/
pros.20445 PMID: 17075821

34. Buzard JA, Conklin JD, O0Keefe E, Paul MF (1961) Studies on the absorption, distribution and elimina-
tion of nitrofurantoin in the rat. J Pharmacol Exp Ther 131: 38–43. PMID: 13689519

Prostatic Inflammation Induces Urinary Frequency in Adult Mice

PLOS ONE | DOI:10.1371/journal.pone.0116827 February 3, 2015 11 / 12

http://dx.doi.org/10.1152/ajprenal.00395.2005
http://www.ncbi.nlm.nih.gov/pubmed/16403832
http://dx.doi.org/10.1002/cne.903190411
http://dx.doi.org/10.1002/cne.903190411
http://www.ncbi.nlm.nih.gov/pubmed/1619047
http://dx.doi.org/10.1053/j.gastro.2005.03.008
http://dx.doi.org/10.1053/j.gastro.2005.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15940629
http://dx.doi.org/10.1111/j.1365-2982.2006.00807.x
http://dx.doi.org/10.1111/j.1365-2982.2006.00807.x
http://www.ncbi.nlm.nih.gov/pubmed/16961697
http://dx.doi.org/10.1097/00001756-200412030-00008
http://www.ncbi.nlm.nih.gov/pubmed/15570160
http://dx.doi.org/10.1016/j.expneurol.2010.05.012
http://www.ncbi.nlm.nih.gov/pubmed/20501335
http://dx.doi.org/10.1152/ajpgi.00585.2005
http://dx.doi.org/10.1152/ajpgi.00585.2005
http://www.ncbi.nlm.nih.gov/pubmed/16500917
http://dx.doi.org/10.1152/ajprenal.00162.2006
http://www.ncbi.nlm.nih.gov/pubmed/16926445
http://dx.doi.org/10.1016/j.neulet.2005.09.026
http://dx.doi.org/10.1016/j.neulet.2005.09.026
http://www.ncbi.nlm.nih.gov/pubmed/16203088
http://dx.doi.org/10.1152/ajpregu.00728.2007
http://www.ncbi.nlm.nih.gov/pubmed/18448607
http://dx.doi.org/10.1111/j.1464-410X.1982.tb13635.x
http://www.ncbi.nlm.nih.gov/pubmed/7150931
http://dx.doi.org/10.1086/514065
http://www.ncbi.nlm.nih.gov/pubmed/9237713
http://www.ncbi.nlm.nih.gov/pubmed/6350615
http://dx.doi.org/10.1016/S0924-8579(02)00086-9
http://www.ncbi.nlm.nih.gov/pubmed/12135836
http://dx.doi.org/10.1097/00005392-200001000-00030
http://dx.doi.org/10.1097/00005392-200001000-00030
http://www.ncbi.nlm.nih.gov/pubmed/10604329
http://dx.doi.org/10.1002/pros.21433
http://www.ncbi.nlm.nih.gov/pubmed/21681776
http://www.ncbi.nlm.nih.gov/pubmed/16560656
http://dx.doi.org/10.1002/nau.20552
http://www.ncbi.nlm.nih.gov/pubmed/18551561
http://dx.doi.org/10.1002/nau.21078
http://www.ncbi.nlm.nih.gov/pubmed/21661012
http://dx.doi.org/10.1002/pros.20445
http://dx.doi.org/10.1002/pros.20445
http://www.ncbi.nlm.nih.gov/pubmed/17075821
http://www.ncbi.nlm.nih.gov/pubmed/13689519


35. Cunha BA (1988) Nitrofurantoin—current concepts. Urology 32: 67–71. doi: 10.1016/0090-4295(88)
90460-8 PMID: 3291373

36. Smith AL, Leung J, Kun S, Zhang R, Karagiannides I, et al. (2011) The effects of acute and chronic psy-
chological stress on bladder function in a rodent model. Urology 78: 967 e961–967.

37. Nomiya M, Yamaguchi O, Andersson KE, Sagawa K, Aikawa K, et al. (2012) The effect of atherosclero-
sis-induced chronic bladder ischemia on bladder function in the rat. Neurourol Urodyn 31: 195–200.
doi: 10.1002/nau.21073 PMID: 21905085

38. DeWachter SG, Heeringa R, van Koeveringe GA, Gillespie JI (2011) On the nature of bladder sensa-
tion: the concept of sensory modulation. Neurourol Urodyn 30: 1220–1226. PMID: 21661031

39. Wong L, Hutson PR, BushmanW (2014) Prostatic inflammation induces fibrosis in a mouse model of
chronic bacterial infection. PLoS One 9: e100770. doi: 10.1371/journal.pone.0100770 PMID:
24950301

40. Birder LA (2013) Nervous network for lower urinary tract function. Int J Urol 20: 4–12. doi: 10.1111/j.
1442-2042.2012.03210.x PMID: 23088378

41. de Groat WC, Yoshimura N (2009) Afferent nerve regulation of bladder function in health and disease.
Handb Exp Pharmacol: 91–138. doi: 10.1007/978-3-540-79090-7_4 PMID: 19655106

42. Cervero F (1994) Sensory innervation of the viscera: peripheral basis of visceral pain. Physiol Rev 74:
95–138. PMID: 8295936

43. Nazif O, Teichman JM, Gebhart GF (2007) Neural upregulation in interstitial cystitis. Urology 69: 24–33.
doi: 10.1016/j.urology.2006.08.1108 PMID: 17462476

44. Pang X, Marchand J, Sant GR, Kream RM, Theoharides TC (1995) Increased number of substance P
positive nerve fibres in interstitial cystitis. Br J Urol 75: 744–750. doi: 10.1111/j.1464-410X.1995.
tb07384.x PMID: 7542136

45. Kanasaki K, YuW, von Bodungen M, Larigakis JD, Kanasaki M, et al. (2013) Loss of beta1-integrin
from urothelium results in overactive bladder and incontinence in mice: a mechanosensory rather than
structural phenotype. FASEB J 27: 1950–1961. doi: 10.1096/fj.12-223404 PMID: 23395910

46. Schnegelsberg B, Sun TT, Cain G, Bhattacharya A, Nunn PA, et al. (2010) Overexpression of NGF in
mouse urothelium leads to neuronal hyperinnervation, pelvic sensitivity, and changes in urinary bladder
function. Am J Physiol Regul Integr Comp Physiol 298: R534–547. doi: 10.1152/ajpregu.00367.2009
PMID: 20032263

47. Jerde TJ, BushmanW (2009) IL-1 induces IGF-dependent epithelial proliferation in prostate develop-
ment and reactive hyperplasia. Sci Signal 2: ra49. doi: 10.1126/scisignal.2000338 PMID: 19724062

Prostatic Inflammation Induces Urinary Frequency in Adult Mice

PLOS ONE | DOI:10.1371/journal.pone.0116827 February 3, 2015 12 / 12

http://dx.doi.org/10.1016/0090-4295(88)90460-8
http://dx.doi.org/10.1016/0090-4295(88)90460-8
http://www.ncbi.nlm.nih.gov/pubmed/3291373
http://dx.doi.org/10.1002/nau.21073
http://www.ncbi.nlm.nih.gov/pubmed/21905085
http://www.ncbi.nlm.nih.gov/pubmed/21661031
http://dx.doi.org/10.1371/journal.pone.0100770
http://www.ncbi.nlm.nih.gov/pubmed/24950301
http://dx.doi.org/10.1111/j.1442-2042.2012.03210.x
http://dx.doi.org/10.1111/j.1442-2042.2012.03210.x
http://www.ncbi.nlm.nih.gov/pubmed/23088378
http://dx.doi.org/10.1007/978-3-540-79090-7_4
http://www.ncbi.nlm.nih.gov/pubmed/19655106
http://www.ncbi.nlm.nih.gov/pubmed/8295936
http://dx.doi.org/10.1016/j.urology.2006.08.1108
http://www.ncbi.nlm.nih.gov/pubmed/17462476
http://dx.doi.org/10.1111/j.1464-410X.1995.tb07384.x
http://dx.doi.org/10.1111/j.1464-410X.1995.tb07384.x
http://www.ncbi.nlm.nih.gov/pubmed/7542136
http://dx.doi.org/10.1096/fj.12-223404
http://www.ncbi.nlm.nih.gov/pubmed/23395910
http://dx.doi.org/10.1152/ajpregu.00367.2009
http://www.ncbi.nlm.nih.gov/pubmed/20032263
http://dx.doi.org/10.1126/scisignal.2000338
http://www.ncbi.nlm.nih.gov/pubmed/19724062

