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Purpose: The urinary bladder (UB) is innervated by both sensory and autonomic nerves. Recent studies have shown that sen-
sory neuropeptides induced contractions in the detrusor muscle. Therefore, in a mouse model, we investigated the presence of
interactions between the submucosal sensory nerves and the autonomic nerves that regulate the motor function of the detru-
sor muscle.

Methods: UB samples from male C57BL/6 mice were isolated, cut into strips, and mounted in an organ bath. Dose-response
curves to norepinephrine and phenylephrine were studied in UB strips with and without mucosa, and the effects of preincu-
bation with a receptor antagonist and various drugs on relaxation were also studied using tissue bath myography.

Results: Phenylephrine-induced relaxation of the UB strips showed concentration-related effects. This relaxation appeared in
both mucosa-intact and mucosa-denuded UB strips, and was significantly inhibited by lidocaine, silodosin, and guanethidine
(an adrenergic neuronal blocker). Meanwhile, phenylephrine-induced relaxation was inhibited by pretreatment with propran-
olol and calcitonin gene-related peptide (CGRP)-depletory capsaicin in UB strips with and without mucosa.

Conclusions: The present study suggests that phenylephrine activates the a-1A adrenergic receptor (AR) of the sensory nerve,
and then activates capsaicin-sensitive sensory nerves to release an unknown substance that facilitates the release of norepi-
nephrine from adrenergic nerves. Subsequently, norepinephrine stimulates B-ARs in the detrusor muscle in mice, leading to
neurogenic relaxation of the UB. Further animal and human studies are required to prove this concept and to validate its clini-
cal usefulness.
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o HIGHLIGHTS
- Present study demonstrated that the activation of CGRPergic sensory nerve may enhance the release of norepinephrine from adrenergic
nerve, and then norepinephrine directly activated the f-adrenoceptors of detrusor muscle.
- Submucosal sensory nerve may release some unknown neurotransmitter to regulate the motor function of detrusor muscle via adrenergic
nerve.
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INTRODUCTION

A previous study reported that phenylephrine induced relax-
ation in the detrusor muscle in the human bladder, and that
this effect was eliminated by propranolol [1]. Phenylephrine is a
selective a-1 adrenergic receptor (AR) agonist that does not ex-
ert a direct effect on B-ARs [2-5]. Recent studies have shown
that tachykinins, a family of neuropeptides released from cap-
saicin-sensitive afferent nerves when the bladder is distended,
modulated vesical tone by acting through tachykinin NK2 re-
ceptors [6,7]. The sensory neuropeptides neurokinin A and cal-
citonin gene-related peptide (CGRP) have been found to be
coreleased by sensory fibers after stimulation by either single-
pulse electrical field stimulation or capsaicin, which induced
contraction of the urinary bladder (UB) [8]. In addition, a-1 ARs
are functionally expressed by capsaicin-sensitive primary senso-
ry neurons of the urinary tract [9]. During bladder filling, a-1
ARs are involved in the activation of the bladder mechanosenso-
ry AJ fibers, which have been found to be inhibited by silodosin
(a selective a-1 AR antagonists), and C fibers, which have been
found to be inhibited by higher doses of silodosin [10]. These re-
sults suggest that the activation of a-1 ARs in sensory nerves in
the UB may cause the release of some neuropeptides that mod-
ulate detrusor muscle tone.

Therefore, we conducted this study to examine whether neu-
rogenic relaxation via submucosal sensory neurons takes place
in the UB, and if so, to characterize the role of a-1 ARs in this
interaction.

MATERIALS AND METHODS

Tissue Preparation

All animal experimental procedures were approved by the In-
stitutional Animal Care and Use Committee (JACUC) of Taipei
Tzu Chi Hospital (ID # 105-IACUC-015; 106-IACUC-003),
and performed in accordance with the guidelines of the Na-
tional Institutes of Health on the care and use of laboratory ani-
mals. Animals were maintained under controlled light (12-hour
light/dark cycles from 7:00 AM to 7:00 PM) and temperature
(21°C to 23°C) conditions. Male C57BL/6 mice were used in all
experiments. The male 12-month-old C57BL/6 mice were sacri-
ficed by cervical dislocation after anesthesia with urethane (500
mg/kg, intraperitoneally) and chloralose (50 mg/kg, intraperito-
neally). The UB was dissected and placed in oxygenated (95%
O and 5% CO,) Krebs solution at 4°C. The composition of the
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Krebs bicarbonate solution (in mM) was NaCl 117, NaHCOs
25, KCl 4.7, CaCl, 2.5, MgSO. 1.2, KH,PO, 1.2, glucose 11.1,
and calcium disodium ethylenediamine tetraacetate (EDTA)
0.023.

Tissue-Bath Wire Myography for the Urinary Bladder
The UBs were dissected and cleaned of surrounding tissue un-
der a dissecting microscope, and then mounted on a stainless-
steel rod and a platinum wire in a tissue bath containing 20 mL
of Krebs solution that was equilibrated with 95% O, and 5%
CO; and maintained at 37°C. The mucosa was removed by tis-
sue forceps from to form urothelium-denuded bladder strips.
Tension changes were measured by an isometric transducer
(FT03C; Grass) and recorded on a Powerlab polygraph (Lab-
Chart 7, v7.1. ADInstruments Pty Ltd., Castle Hill, Australia).
These UB strips were equilibrated in the Krebs solution for 60
minutes and mechanically stretched to a resting tension of 5
mN Step 1: After equilibration, the resting muscle tone of the
UB strips was changed by cumulative applications of phenyl-
ephrine (0.001-10 uM). Step 2: After washing, the resting mus-
cle tone of the UB strips was changed by cumulative applica-
tions of acetylcholine (0.001-10 puM). Between steps 1 and 2,
the UB strips were washed for 45 minutes with Krebs solution.
Step 3: After the washes were completed, capsaicin (a CGRP
depletor, 10 uM), silodosin (0.1 uM), lidocaine (0.1 mM), gua-
nethidine (10 pM), or propranolol (10 pM) was added 15 min-
utes before phenylephrine administration (0.001-10 uM), after
which the relaxation effects were recorded. Step 4: Maximal
contraction of the UB strip was induced by KCI (70 mM). Only
1 isolated UB strip per animal was used in the myography study.
Changes in muscle contraction tone were estimated as per-
centages of the KCI (70 mM)-induced maximum contraction.

Chemical Denervation With Capsaicin and Effects of
Phenylephrine on Bladder Strips With or Without
Urothelium

In the denuded UB strips, the mucosa was removed by tissue
forceps under a dissecting microscope. To deplete CGRP in
CGRP-containing sensory nerves in the UB, after removing the
mucosa, bladder strip segments were incubated in Krebs solu-
tion (37°C) containing capsaicin (a CGRP depletor, 10 uM) for
20 minutes and then rinsed for 60 minutes in capsaicin-free
Krebs solution [9,11]. After washout for 60 minutes, relaxation
of the bladder strips with or without mucosa in the absence of
active muscle tone was induced by cumulative applications of
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phenylephrine (0.001-10 (M).

Drugs Used and Statistical Analysis

The following chemicals were used: NaCl, NaHCOs, KCl,
CaCl,, MgCl,, glucose, NaH,POs, EDTA, acetylcholine, capsa-
icin, guanethidine, lidocaine, propranolol, silodosin, phenyl-
ephrine, and norepinephrine (all from Sigma-Aldrich, St. Louis,
MO, USA). All values are presented as mean + standard error of
the mean. The paired t-test was used to compare differences in
the same strip. P-values of <0.05 were considered to indicate
statistical significance. Analysis of variance followed by post hoc
testing (Bonferroni) was used to compare differences between
strips. The Bonferroni test sets the cutoff for significance at a/n
(a=0.05, n=number of groups). Thus, P-values of <0.025 (0.05
of2) and <0.0167 (0.05 of 3) are statistically significant findings
in analyses with 2 and 3 pairs of subjects, respectively.
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RESULTS

Effects of Phenylephrine on the Relaxation of Bladder
Strips With and Without Urothelium

A representative tracing in Fig. 1A shows that in the absence of
active muscle tone, the bladder strips with (+) or without (-)
urothelium relaxed upon application of phenylephrine (0.001-
10 uM). This phenylephrine-induced relaxation was statistically
significantly greater in the urothelium-intact bladder strips
than in the urothelium-denuded bladder strips (Fig. 1B, n=5;
P <0.005).

Effects of Silodosin, Lidocaine, and Propranolol on
Phenylephrine-Induced Relaxation

In the absence of active muscle tone, the UB strips with mucosa
relaxed upon the application of phenylephrine (0.001-10 (M)
and norepinephrine (0.001-10 uM) in a concentration-depen-
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Fig. 1. Phenylephrine (PE)-induced relaxation in urinary bladder strips without (A) upper panel and with urothelium (A) lower panel,
showing a concentration-related effect (PE, 0.001-10 pM). The phenylephrine-induced relaxation was significantly greater in urotheli-
um-intact bladder strips than in urothelium-denuded bladder strips (B) n=5, *P<0.005 vs. urothelium [-]. Values are mean + standard
error of the mean. n, number of experiments.
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Fig. 2. Phenylephrine (PE)-induced relaxation in urinary bladder strips with (A) and without (B) urothelium was inhibited by silodo-
sin (0.1 pM), and lidocaine (0.1 mM). *P < 0.005 vs. control. “P <0.005 vs. control.
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Fig. 3. Phenylephrine (PE)-induced relaxation in urinary bladder strips with (A) and without (B) urothelium was inhibited by gua-

nethidine (10 uM). *P <0.005 vs. control. P <0.001 vs. control.
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Fig. 4. Phenylephrine (PE)-induced relaxation in urinary bladder strips with (A) and without (B) urothelium was inhibited by pro-
pranolol (10 uM). Values are mean + standard error of the mean. n, number of experiments. *P < 0.005 vs. control. “P < 0.001 vs. control.
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Fig. 5. With pretreatment of capsaicin and washout, phenylephrine (PE) did not relax urinary bladder strips with (A) and without (B)
urothelium. Values are mean + standard error of the mean. n, number of experiments. *P <0.001 vs. control. “P < 0.001 vs. control.

dent manner (data not shown). The UB strips with (Fig. 2A,
n=>5) or without (Fig. 2B, n=3) mucosa relaxed upon applica-
tion of phenylephrine (0.001-10 uM). This phenylephrine-in-
duced relaxation was significantly inhibited by silodosin (0.1
uM, P <0.005, Fig. 2A, B) and lidocaine (0.1 mM, P <0.005,
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Fig. 2A, B). Guanethidine (10 uM), a known adrenergic neuro-
nal blocker, also inhibited phenylephrine (0.001-10 uM)-
induced relaxation in the UB strips with (n=5, P <0.005, Fig.
3A) or without (n=3, P<0.001, Fig. 3B) mucosa. Phenyleph-

rine-induced relaxation was likewise significantly impaired by
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propranolol (10 uM) in UB strips with (n=5, P <0.005, Fig. 4A)
or without (n=3, P <0.001, Fig. 4B) mucosa.

Effects of Capsaicin-Mediated Depletion of Neuronal CGRP
on Phenylephrine-Induced Relaxation

After pretreatment and washout of capsaicin, phenylephrine
failed to induce concentration-dependent relaxation in UB strips
with (n=5, P<0.001, Fig. 5A) and without (n=3, P <0.001, Fig.
5B) mucosa.

DISCUSSION

Interaction between the submucosal sensory and adrenergic
nerves may exist in the UB of mice. Although phenylephrine is
a a-1 AR agonist, it relaxed strips of detrusor muscle with and
without mucosa (Fig. 1). It is well known that the urothelium
secretes many signaling molecules that modulate detrusor
muscle relaxation and contraction [12,13]. Phenylephrine may
act on the a-1 ARs of urothelium [14,15], and then release
some unknown neurotransmitters to facilitate detrusor relax-
ation. During the process of removing the bladder mucosa,
some submucosal nerves may be removed at the same time.
The relaxation effect of phenylephrine could thereby be re-
duced. Both these mechanisms might reduce the ability of
phenylephrine to induce relaxation in detrusor muscle without
urothelium. However, the role of urothelium in phenylephrine-
induced detrusor relaxation seemed to be minor because such
effects persisted even after removing the bladder mucosa. The
current results suggest that phenylephrine may induce detrusor
relaxation via submucosal nerve fibers (Fig. 2).

Phenylephrine-induced detrusor relaxation was found to be
related to submucosal CGRPergic nerves, because this relax-
ation effect was abolished by pretreatment and washout of cap-
saicin in UB strips with or without mucosa (Fig. 5). The tran-
sient receptor potential vanilloid 1 receptor (a capsaicin recep-
tor) has been identified in the urothelium [16]. Capsaicin
evoked ATP release from cultured urothelial cells [16] and mu-
cosa-intact UB strips [17], and stimulated afferent nerve activi-
ty, which is abolished if capsaicin receptors are absent. After re-
moving the bladder mucosa, phenylephrine still induced relax-
ation in UB strips, which was also prevented by pretreatment
and washout of capsaicin (Fig. 5B). These findings further
proved that phenylephrine had a direct effect on CGRPergic
nerves, thereby indirectly inducing relaxation in the detrusor
muscle.

Int Neurourol J 2018;22:83-89

Phenylephrine-induced relaxation took place via (was asso-
ciated with) a neurogenic response because both norepineph-
rine and phenylephrine act on B-ARs to relax the detrusor
muscle. As expected, lidocaine blocked the relaxation effects of
phenylephrine (Fig. 2) because it is a sodium channel blocker
that inhibits both afferent and efferent nerve activities [18]. This
suggests that neurogenic activity may play a role in modulating
phenylephrine-induced relaxation. The fact that phenyleph-
rine-induced bladder relaxation was inhibited by guanethidine
(Fig. 3) suggests that the relaxation effect of phenylephrine was
exerted through enhancement of adrenergic nerve activity.
Phenylephrine can be concluded to have induced detrusor re-
laxation via -ARs because the relaxation effect was abolished
by propranolol, a nonselective 3-AR blocker (Fig. 4). In the cur-
rent study, phenylephrine did not induce contraction in UB
strips. However, in the presence of propranolol, phenylephrine
induced weak detrusor contractions. This result suggests that
phenylephrine may activate a-1A ARs in both sensory nerves
and parasympathetic nerves, and could cause norepinephrine
and acetylcholine release form the nerve terminal [19,20]. Final-
ly, the effects of p-ARs overcame those of muscarinic receptors,
resulting in detrusor relaxation. Since phenylephrine does not
have 3-AR activity, it may indirectly activate adrenergic nerves to
release norepinephrine, which does exert B-AR activity.

We (for the first time, we) demonstrated that inhibition of
a-1A ARs may prevent relaxation of the detrusor muscle.
Phenylephrine-induced relaxation was inhibited by silodosin, a
selective a-1A adrenergic blocker, in UB strips with or without
mucosa (Fig. 2). These results suggest that the relaxation effect
of phenylephrine occurs through neuronal modification via
a-1A AR activity. The a-1 ARs mediate prejunctional facilita-
tion to release acetylcholine [19,20] or norepinephrine [19]
from nerve fibers. Three subtypes of a-1 ARs are present in pe-
ripheral tissues: a-1A, a-1B, and a-1D [13]. These subtypes are
expressed in different locations of the UB. a-1D ARs are ex-
pressed in the detrusor muscle in rats with hypertension, blad-
der outlet obstruction, and advanced age [21], but the pattern
of expression is unclear in mice, and a-1B ARs may be not ex-
pressed in the detrusor muscle [22,23]. These different a-1 ARs
mediate relaxation of the detrusor in response to phenylephrine
and norepinephrine. Nonselective a-1 adrenergic agonists, such
as pseudoephedrine and phenylephrine, may induce relaxation
of the bladder dome and contraction of the bladder neck and
prostate, thereby increasing the risk of urinary retention [24].
Nonselective a-1 adrenergic blockers may inhibit detrusor con-
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Fig. 6. Schematic illustration of how phenylephrine (PE) induces neurogenic relaxation in the urinary bladder of mice. PE may activate
a-1A adrenergic receptors (ARs) of sensory nerves, and then activate capsaicin-sensitive sensory nerves, causing them to release an
unknown substance that facilitates the release of norepinephrine inside adrenergic nerves. Subsequently, norepinephrine stimulates
B-ARs in the detrusor muscle, leading to relaxation of the urinary bladder. CGRP, calcitonin gene-related peptide; NE, norepinephrine;

ACh, acetylcholine; M, Muscarinic acetylcholine receptor.

traction, which may hamper bladder emptying in cases of de-
trusor underactivity, while selective a-1A adrenergic blockers
may inhibit detrusor relaxation and could ameliorate bladder
contraction at voiding. Further clinical studies are required to
conclusively determine whether a-1A adrenergic blockers may
be a better choice for men with bladder outlet obstruction and
detrusor underactivity.

Fig. 6 summarizes the results of the present study. Phenyl-
ephrine may activate the a-1A ARs of sensory nerves, and then
activate capsaicin-sensitive sensory nerves, causing them to re-
lease some unknown substance to facilitate the release of nor-
epinephrine inside adrenergic nerves. Subsequently, norepi-
nephrine stimulates B-ARs in the detrusor muscle, leading to
relaxation of the UB. Depletion of CGRPs by capsaicin and
a-1A adrenergic blockers prevented detrusor relaxation in-
duced by phenylephrine.

This study has several limitations. The number of subjects
was small, and all findings were in vitro, which may weaken the
results presented herein. Further studies with a larger number
of subjects and both in vitro and in vivo experiments are re-
quired to prove the mechanism proposed in the current study.
The current data showing that depletion of CGRPs by capsaicin
and a-1A adrenergic blockers prevented phenylephrine-in-
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duced detrusor relaxation provide indirect evidence suggesting
a possible mechanism of detrusor relaxation involving a-1A
ARs. Direct immunohistochemical staining of the detrusor
muscle should be used to identify CGRP/capsaicin receptors.
More studies of the direct effects of various a-1A adrenergic
blockers on detrusor function are required to prove or disprove
the mechanism we have proposed.

In conclusion, this study demonstrated that sensory nerves
might indirectly modulate detrusor motor function though
a-1A ARs. Further animal and human studies are required to
prove this concept and to validate its clinical usefulness.
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