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Abstract

Background—-Benign prostatic hyperplasia (BPH) is one of the major causes of lower urinary
tract symptoms (LUTS), including storage LUTS such as urinary frequency and urgency. Recently,
a growing number of clinical studies indicate that prostatic inflammation could be an important
pathophysiological mechanism inducing storage LUTS in BPH patients. Here we aimed to
investigate whether non-bacterial prostatic inflammation in a rat model induced by intraprostatic
formalin injection can lead to long-lasting bladder overactivity and changes in bladder afferent
neuron excitability.

Methods—Male Sprague-Dawley rats were divided into four groups (n=12 each): normal control
group, 1-week prostatic inflammation group, 4-week inflammation group and 8-week
inflammation group. Prostatic inflammation was induced by formalin (10%; 50 pl per lobe)
injection into bilateral ventral lobes of the prostate. Voiding behaviour was evaluated in metabolic
cages for each group. Ventral lobes of the prostate and the bladder were then removed for HE
staining to evaluate inflammation levels. Continuous cystometrograms (CMG) were recorded to
measure intercontraction intervals (ICI) and voided volume per micturition. Whole-cell patch
clamp recordings were performed on dissociated bladder afferent neurons labelled by fluorogold
(FG) injected into the bladder wall, to examine the electrophysiological properties.

Results—Results of metabolic cage measurements showed that formalin-treated rats exhibited
significant (P<0.05) increases in micturition episodes/12h and decrease in voided volume per
micturition at every time point post injection. Continuous CMG illustrated the significant (P<0.05)
higher number of non-voiding contractions per void and shorter ICI in formalin-treated rats
compared to normal rats. HE staining showed significant prostatic inflammation, which declined
gradually, in prostate tissues of formalin-induced rats. In patch clamp recordings, capsaicin-
sensitive bladder afferent neurons from rats with prostatic inflammation had significantly (P<0.05)
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lower thresholds for spike activation and a “multiple” firing pattern compared to control rats at
every time point post injection.

Conclusions—Formalin-induced prostatic inflammation can lead to long-lasting bladder
overactivity in association with bladder afferent neuron hyperexcitability. This long-lasting model
could be a useful tool for the study of inflammation-related aspects of male LUTS
pathophysiology.

bladder overactivity; formalin; prostatic inflammation; rat

Introduction

Benign prostatic hyperplasia (BPH) is one of the major causes of lower urinary tract
symptoms (LUTS) in elderly men. The BPH-associated LUTS can be classified as storage
and voiding symptoms, and the former includes urgency, frequency, and nocturia, which are
overlapped with overactive bladder (OAB) symptoms?. Although the aetiology of LUTS
associated with BPH is multifactorial, an increasing number of clinical studies demonstrate
that prostatic inflammation is involved in not only the development of histological BPH but
also the emergence of male LUTS24,

The REDUCE (Reduction by Dutasteride of prostate Cancer Events) trial showed that
chronic prostatic inflammation can be detected in 77% of BPH patients who underwent
prostate biopsies. A statistically significant correlation was also found between chronic
prostatic inflammation and LUTS, especially in storage LUTS2. The MTOPS (Medical
Therapy of Prostatic Symptoms) trial also demonstrated that patients with prostatic
inflammation in baseline prostate biopsied specimens were more likely to develop
symptomatic progression compared to those without inflammation. These findings suggest
that prostatic inflammation could be a potential mechanism inducing storage LUTS in BPH
patients®.

Reliable and suitable animal models of prostatic inflammation are powerful tools to
elucidate the aetio-pathogenic mechanisms and explore effective therapies for patients®. Up
to now, various animal models have been developed, including spontaneous, infectious,
immune-mediated, and hormone-mediated, chemical agent-induced or stress-induced
models’. Each model has unique features and is used in different studies according to their
research purposes. Among these models, intraprostatic injection of chemicals (such as
formalin, carrageenan, zymosan, or CFA) is a convenient and effective approach. Our
previous studies showed that a rat model of formalin-induced prostatic inflammation
developed molecular changes similar to those identified in human BPH specimens®9 and
exhibits bladder overactivity and afferent hyperexcitability at 1 week after intraprostatic
formalin injection10. Schwartz et al.11 also reported that bladder afferent pathways were
sensitized in a 4-week mouse model of prostatitis induced by intraprostatic zymosan
injection possibly due to cross-organ sensitization between the prostate and bladder.
Nevertheless, most of the previous studies focused on the basic histopathology and
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inflammatory mechanisms, and a few have evaluated the long-term effect of prostatic
inflammation on bladder function and afferent mechanisms.

Since an adequate chronic animal model is necessary for further BPH-related prostatic
inflammation studies, we aimed to investigate whether the rat model of formalin-induced
prostatic inflammation can lead to long-lasting bladder overactivity and the changes in
bladder afferent neuron excitability.

Materials and Methods

Animals and Surgery

Male Sprague-Dawley rats (220-250 g, n=48) were divided into four groups; normal control
group (n=12), 1-week prostatic inflammation group (n=12), 4-week inflammation group
(n=12) and 8-week inflammation group (n=12). Rats were housed in under a 12/12 hr
reversed light—dark cycle. In our previous studies, we utilized 5% formalin solution to
induce prostatic inflammation®-10. In this study, we increased the formalin concentration to
10% to examine whether prostatic inflammation induced by injection of 10% formalin
solution (50 pl) into each of bilateral ventral lobes of the prostate can induce the long-lasting
effects on bladder function and bladder afferent activity.

All experimental procedures were in accordance with NIH (National Institutes of Health)
guidelines and approved by the University of Pittsburgh institutional animal care and use
committee.

Experiment 1

Metabolic cage study

One third of the rats (n=4 in each group) were placed in metabolic cages and voiding
behaviour was evaluated for 12 hours during night (7 p.m. to 7 a.m., light off).

Tissue inflammation

After metabolic cage measurements, the rats were perfused transcardially with cold 0.01M
phosphate buffer saline followed by cold PFA (paraformaldehyde) (4% solution in 0.1 M
phosphate buffer). The prostate was harvested and embedded in OCT Tissue-Tek compound
(Sakura Finetek U.S.A, Torrance, CA), frozen on dry ice, and kept at —80°C until use. The
bladder was harvested, postfixed in 4% PFA overnight, then transferred to 30% glucose for
1-2 days and stored in —80°C until use. Frozen tissues were serially sectioned at 10 pm
thickness and stained with haematoxylin and eosin.

Experiment 2

Continuous CMG

Another one third of the rats (n=4 in each group) underwent continuous cystometry, and
cystometrograms (CMG) were recorded to measure intercontraction intervals (ICI) and
voided volume per micturition. Briefly, an incision was made in the lower middle abdomen
and then a polyethylene catheter (PE-50; Clay Adams, Parsippany, NJ, USA) was inserted

Prostate. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ni et al. Page 4

into the bladder through the dome. After recovery from anaesthesia, the animals were placed
in a restraining device (Natsume Seisakusho Co., Tokyo, Japan) and the cystostomy catheter
was connected to a pressure transducer and an infusion pump via a three-way stopcock.
After rats were acclimated in the restraining device for at least 2 hours, physiological saline
at room temperature was infused into the bladder at a rate of 0.04 ml/min, and parameters
including intercontraction interval (ICI) and non-voiding contractions (NVCs) were
evaluated. NVCs were defined as rises in intravesical pressure that exceeded 10 cm H,O
over the baseline without fluid elimination from the urethral orifice.

Experiment 3

Fluorogold injection

The remaining one third of the rats (n=4 in each group) were used for patch clamp
recordings. One week before sacrifice, 2.5% fluorogold (FG) were injected into the bladder
wall via a 30-gauge Hamilton syringe (4 sites, 10uL/site).

Characterization of afferent neuron excitability

At each time point, L6-S1 dorsal root ganglia (DRG) were removed as previously described
and dissociated into single neurons by enzymatic methods.12 Then, whole-cell patch clamp
recordings were performed at room temperature (20°C to 22°C) on FG-labelled bladder
afferent neurons within 24 hours after dissociation. The internal solution contained 140 mM
KCI, 1 mM CaCl2, 2 mM MgCI2, 11 mM EGTA, 10 mM HEPES and 2 mM Mg adenosine
triphosphate, adjusted to pH 7.4 with KOH. Patch electrodes had 2 to 4 MQ resistance when
filled with the internal solution. Neurons were superfused at a flow rate of 2.0 ml per minute
with an external solution containing 150 mM NaCl, 5 mM KCI, 2.5 mM CaCl2, 1 mM
MgCI2, 10 mM HEPES and 10 mM D-glucose, adjusted to pH 7.4 with NaOH. Action
potential and firing pattern were recorded first in the current clamp mode. Then, in the
voltage clamp mode, the sensitivity of neurons to capsaicin was evaluated by bath
application of capsaicin (1 uM), which evoked a transient inward current in capsaicin-
sensitive neurons, at the holding potential of —60 mV.

Statistical Analysis

Data are presented as mean + SD. One-way ANOVA followed by LSD was used for
statistical analysis through IBM SPSS 22 software. P-values less than 0.05 were considered
statistically significant. Graphs were drawn by GraphPad Prism Software.

Results

Metabolic cage study

As shown in Figure 1 and Table 1, formalin-treated rats exhibited a significant (P<0.05)
increase in micturition episodes/12h and a decrease in voided volume per micturition at each
time point (micturition episodes/12h: 14.2 + 1.7 [1 week], 14.5 + 1.9 [4 weeks], and 13.8 £
1.5 [8 weeks] vs. 8.5 £ 1.0 [control]; voided volume per micturition: 0.49 + 0.10 mL, 0.33 £
0.03 mL, and 0.32 £ 0.04 mL vs. 0.32 + 0.03 mL). Meanwhile, formalin-treated rats showed
no difference in total voided volume compared to normal rats. These results indicate that this
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prostatic inflammation model has long-term bladder overactivity, which was maintained for
at least 8 weeks.

Continuous CMG

Compared to control rats, formalin-treated rats exhibited a significantly (P<0.05) higher
number of NVCs per void (4.2 £ 1.2 [1 week], 5.3 £ 1.0 [4 weeks], and 6.2 = 1.5 [8 weeks]
vs. 0.5 = 0.5 [control]) and shorter ICI (998.3 + 71.4 ms [1 week], 943.3 £ 40.3 ms [4
weeks], and 1123.4 £ 53.5 ms [8 weeks] vs. 1486.7 £+ 43.2 ms [control]) (Figure 2). These
results illustrated that prostatic inflammation in our model can induce long-lasting bladder
overactivity for at least 8 weeks.

Tissue inflammation

Haematoxylin and eosin staining (Figure 3) showed that there were regular shaped acini and
intact epithelial membrane in prostate tissues of control rats whereas inflammatory cell
infiltration in stroma and irregular shaped acini were found in prostate tissues of formalin-
induced rats. The inflammation responses characterized by inflammatory cell infiltration and
thicken stromal area continued up to 8 weeks after formalin injection although the degree of
inflammatory changes was reduced gradually with time and become less obvious at 8 weeks.
In contrast, inflammation such as inflammatory cell accumulation or epithelium layer
changes, was not found in the bladder sections from any of the four groups.

Bladder afferent neuron excitability

Figure 4 and Table 2 showed representative recordings and parameters of action potentials in
capsaicin-sensitive bladder afferent neurons from the four groups of animals. The resting
membrane potential of capsaicin-sensitive bladder afferent neurons did not differ between
control and prostatic inflammation rats. However, the spike threshold for eliciting action
potentials, peak membrane potentials and spike duration in bladder afferent neurons from
prostatic inflammation rats were significantly lower than those in bladder afferent neurons
from normal rats. In addition, the number of action potentials during an 800-ms membrane
depolarization in capsaicin-sensitive bladder afferent neurons from prostatic inflammation
rats was significantly higher than that in neurons from normal rats, when the current
intensity was set to the value just above the threshold for inducing spike activation with a
50-ms pulse. These results demonstrated that the prostatic inflammation induced long-term
bladder afferent neuron hyperexcitability up to 8weeks.

Discussion

The results of the present study, indicated that: (1) formalin-induced prostatic inflammation
can result in long-lasting bladder overactivity as evidenced by increased number of voiding
episodes and reduced voided volume per micturition and intercontraction interval (ICI); (2)
intraprostatic injection of formalin can induce chronic inflammation in the prostate without
affecting the bladder and (3) prostatic inflammation can induce long-lasting
hyperexcitability of capsaicin-sensitive C-fiber bladder afferent neurons. Thus, it is assumed
that intraprostatic injection of formalin induces chronic prostatic inflammation leading to
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bladder overactivity via sensitization of capsaicin-sensitive C-fiber bladder afferent
pathways.

Intraprostatic formalin injection has been recognized as a convenient and qualified method
establish non-bacteria prostatic inflammation. Previous studies including ours showed that a
single intraprostatic injection of 5% or 10% formalin could induce prostatic inflammation
and result in bladder overactivity for up to 4 weeks®913, as well as bladder afferent
hyperexcitability at 1 week after formalin injection19. Our current study further confirmed
that formalin-treated rats exhibit bladder overactivity that lasts for 8 weeks using metabolic
cage measurements and continuous CMG recordings. Moreover, we found a gradual decline
in the prostatic inflammation at 4 weeks and 8 weeks, which indicates that the bladder
overactivity symptoms can still exist even when the prostatic inflammation is partially
recovered. In this study, we used 10% formalin solution to induce prostatic inflammation,
which was a higher concentration than that in our previous studies®. This is because a
higher dose of chemical reagent could induce more consistent tissue inflammation. For
example, intraprostatic injection of capsaicin was found to induce prostatic inflammation in
a dose-dependent fashion!4. The present study confirmed that intraprostatic injection of 10%
formalin solution can induce long-lasting prostatic inflammation up to 8 weeks in
association with bladder overactivity and afferent hyperexcitability.

In addition, our histological results showed that intraprostatic injection of formalin can only
induce inflammation in the prostate, but not in the bladder. Recently, cross-organ
sensitization among pelvic organs such as bladder, colon and rectum has been proposed as a
potential mechanism for overlapped afferent sensitization of different visceral sensory
systems. For example, local rectal anesthesia can promptly improve pelvic pain and
discomfort in patients with irritable bowel syndrome (IBS) 15:16, Previous studies in rodents
also documented that bidirectional colon-bladder cross-organ sensitization can be induced
by colon or bladder inflammation1’-18, These neural cross-talks have also been found
between the prostate and the bladder. Dual neural retrograde tracing studies showed the
convergence of the prostate and bladder afferent pathways by labelling neurons in the
lumbosacral DRG10:19, |shigooka et al. also reported that capsaicin-induced bladder and
prostate inflammation can lead to an increased expression of c-fos, a functional marker of
nociceptive cell activation, at similar region of L6 and S1 spinal cord levels20. Schwartz et
al.11 also found that prostatic inflammation significantly increased urinary frequency, along
with hypersensitivity to bladder distension due to sensitized bladder afferents. Our recent
study also revealed that bladder overactivity and nerve growth factor (NGF) overexpression
in the bladder in rats with formalin-induced prostatic inflammation is dependent on
activation of primary afferents in the pelvic nerve, which contain dichotomized afferents
innervating the bladder and the prostate, because the transection of the pelvic nerve
prevented these prostatic inflammation-induced bladder pathophysiologyZ°.

Accordingly, in our recent study, we combined retrograde tracing technique and patch clamp
recordings to examine the neuron excitability of C-fiber bladder afferent neurons in rats with
prostatic inflammation, and found that C-fiber bladder afferent neurons of these rats
exhibited cell hyperexcitability, evident as lower spike thresholds and a multiple firing
pattern in rats with 1-week prostatic inflammation compared to normal rats1?. In the current
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study, the afferent hyperexcitability continued for 8 weeks without any decline along with
the consistent bladder overactivity although there was a gradual decrease of inflammatory
responses in the prostate. Thus, our data supports the cross-organ sensitization from the
prostate to the bladder is one of the main underlying mechanisms for bladder overactivity
after prostatic inflammation. These findings may explain the fact that approximately 20—
50% of BPH/LUTS patients still have persistent OAB symptoms after transurethral resection
of the prostate (TURP)ZL,

Moreover, it has been shown that increased release of proinflammatory neuropeptides and
cytokines contributes to cross-organ sensitization in pelvic organs. Pan et al. reported that
experimental colitis could lead to up-regulations in gene and protein expression of substance
P (SP) and calcitonin gene-related peptide (CGRP) in DRG neurons, and thus influence the
function of the urinary bladder via activation of TRPV1 signaling pathways?2. Previous
studies including ours also showed a significant up-regulation of NGF in the prostate and/or
the bladder'®11, In addition, Mizoguchi et al. reported an increase of TRPA1 receptor in the
bladder mucosa in rats with 4-weeks prostatic inflammation. NGF has been shown to be
involved in pathological changes in C-fiber bladder sensory pathways and a crucial factor in
neurogenic detrusor overactivity (DO)23 as well as colitis-induced bladder overactivity24. It
has been demonstrated that bladder afferent nerves take up NGF and transport it to DRG,
where it alters the expression of ion channels and receptors and induces hyperexcitability of
C-fiber bladder afferent neurons, which finally leads to neurogenic bladder dysfunction12:25,
Taken together, it is reasonable to assume that C-fiber bladder afferent hyperexcitability after
prostate inflammation can promote release of neural factors and upregulate the expression of
specific receptors, leading to cross-organ sensitization and afferent hypersensitivity.

The current study has some limitations. First, we only labelled bladder afferent neurons and
examined their neuronal excitability. Excitability of double-labelling dichotomized afferent
neurons innervating both bladder and prostate needs to be examined for further confirmation
of the prostate-to-bladder cross-organ sensitization theory although we recently reported that
dichotomized DRG neurons innervating both prostate and bladder from rats with 1-week
prostatic inflammation exhibited neuronal hyperexcitability10. Secondly, we did not examine
the molecular change in DRG of our 8-weeks prostatic inflammation model. Further studies
are anticipated to find out which types of ion channels or receptors are the crucial factors in
the long-term cross-organ sensitization process.

Conclusions

Formalin-induced prostatic inflammation can induce long-lasting bladder overactivity in rats
evident as frequent micturition and increased non-voiding contractions in association of
bladder afferent neuron hyperexcitability. Clinically, chronic prostatic inflammation might
contribute to storage LUTS in BPH patients. Thus, our long-lasting model of prostatic
inflammation would be useful for the study of inflammation-related aspects of male LUTS
pathophysiology.
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Metabolic cage study of voiding behaviour. Formalin-treated rats exhibited an increase in
micturition episodes/12h and a decrease in voided volume per micturition at each time point
compared to control rats whereas total voiding volume was not altered among groups.
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Figure2.
Representative cystometrograms (A) and comparison of cystometric parameters (B).

Compared to control rats, formalin-treated rats with prostatic inflammation exhibited a
significantly (P<0.05) higher number of non-voiding contractions per void and shorter
intercontraction intervals.
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Prostate

Figure 3.
Haematoxylin and eosin (HE) staining of the prostate and the bladder. HE staining showed

that there were regular shaped acini and intact basement membrane in the prostate tissue of
normal control rats (NC), whereas stromal infiltration of mast cells and lymphocytes and
irregular shaped acini were found in prostate tissues of formalin-treated rats. The
inflammation responses continued up to 8 weeks after formalin injection although the degree
of inflammatory changes is reduced gradually with time and become weak at 8 weeks.
Bladder tissues from any of four groups did not show inflammatory cell accumulation or
epithelium layer changes.
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Figure 4.

Patch clamp recordings of bladder afferent neurons. In patch clamp recordings, capsaicin-
sensitive bladder afferent neurons from rats with prostatic inflammation had lower
thresholds for spike activation compared to control rats. The number of action potentials of
bladder afferent neurons during an 800 ms depolarizing pulse was increased after prostatic
inflammation at every time point compared to control rats.
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Metabolic cage parameters.

Table 1.

control 1 week
Total voiding volume/12h 406+041 4.67+053

A . .
Micturition episodes/12h 85+1.0 142+17

Voided volume per void (ml)  0.49+£0.1

4 weeks 8 weeks
4.6+0.67 4.48 £ 0.65

* *
145+19 13.8+15

* * *
0.33+0.03 0.32+0.04 0.32%0.03

Results showed that PRO rats have higher number of void per 12 hour and lower voided volume per void than normal rats.

*

, p<0.05.
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Table 2.

Electrophysiological properties of capsaicin sensitive bladder afferent neurons.

No. of neurons/rats

Diameter (um)
Input capacitance (pF)

Resting membrane potentials (mV)
Spike threshold

Peak membrane potential (mV)
Spike durations (ms)

Number of spikes (800-ms depolarization)

control
8/4
248+1.7

243+20

-499+04
-11.0+23

-512+26

41+0.2

15+038

1 week
9/4

*
276+23
273+28

-49.7+1.0
*
-193+18
*
-458+23
*
35%0.3

*

5014

4 weeks
8/4

*
285+21

*
28.3+3.1
-494+13

*
-222+17
*
-47.7+22
*
3.3%0.2

*

6.8+1.9

8 weeks
714

*
28.3+22

*
285+3.3
-49.7+0.9

*
-21.0+18
*
-473+26
*
35%0.2

*

57+1.2

*
, p<0.05 vs control.
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