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Abstract: Bladder urothelium and suburothelium/lamina propria (LP) have prominent sensory
and transducer functions with the active participation of afferent neurons and urothelium-derived
purine mediators such as adenosine 5-triphosphate (ATP), adenosine 5’-diphosphate (ADP), and
adenosine (ADO). Effective concentrations of purines at receptor targets depend significantly on the
extracellular degradation of ATP by ectonucleotidases (ENTDs). We recently reported the regulated
release of soluble ENTDs (s-ENTDs) in the LP and the consequent degradation of ATP to ADP, AMP,
and ADO. Afferent neurons in the LP can be activated by urothelial ATP and release peptides and
other transmitters that can alter the activity of cells in their vicinity. Using a murine decentralized ex
vivo detrusor-free bladder model, 1,N®-etheno-ATP (eATP) as substrate, and sensitive HPLC-FLD
methodologies, we found that exogenous neuropeptides calcitonin gene-related peptide (CGRP),
substance P (Sub P), neurokinin A (NKA), and pituitary adenylate cyclase-activating polypeptide
[PACAP (1-38)] all increased the degradation of eATP by s-ENTDs that were released in the LP
spontaneously and/or during bladder filling. Using antagonists of neuropeptide receptors, we
observed that endogenous NKA did not modify the ATP hydrolysis by s-ENTDs, whereas endogenous
Sub P increased both the constitutive and distention-induced release of s-ENTDs. In contrast,
endogenous CGRP and PACAP (1-38) increased the distention-induced, but not the spontaneous,
release of s-ENTDs. The present study puts forward the novel idea that interactions between
peptidergic and purinergic signaling mechanisms in the LP have an impact on bladder excitability
and functions by regulating the effective concentrations of adenine purines at effector cells in the LP.

Keywords: bladder; neuropeptides; ATP; ectonucleotidases; urothelium; CGRP; substance P; PACAP;
neurokinin A; purinergic signaling

1. Introduction

The bladder urothelium is a physical barrier that protects the deep layers of the bladder
wall from direct contact with the content of the urine. The urothelium also senses disten-
tion of the bladder wall during bladder filling and releases biologically active mediators,
such as adenosine 5'-triphosphate (ATP), in both the suburothelium/lamina propria (LP)
and lumen [1]. In addition to mechanical forces [2—4], activation of membrane receptors
and ion channels, cell swelling, and pH alterations cause the release of ATP at both the
serosal/abluminal and mucosal/luminal sides of flat bladder mucosa sheets [5-7]. Released
ATP activates multiple P2X and P2Y purinergic receptors in various cell types within the
bladder wall, including urothelial cells, sensory neurons, interstitial cells, motor neurons,
and smooth muscle cells [8]. One of the major activities of urothelial ATP is proposed to
be the activation of P2X2/X3 receptors on sensory afferent termini at the LP-urothelium
interface to initiate the voiding reflexes [8,9]. To achieve its biological activities, however,
ATP must be in effective concentrations at its receptor sites. The extracellular levels of
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ATP depend on the amounts of released ATP as well as on its subsequent degradation
to adenosine 5'-diphosphate (ADP), adenosine 5'-monophosphate (AMP), and adenosine
(ADO) by a number of membrane-bound and soluble ectonucleotidases (ENTDs) [10,11].

In addition to urothelial cells, distention of the bladder wall during filling is also
detected by afferent nerve fibers that are located at different layers of the bladder wall
and are particularly dense at the LP-urothelium interface. Activation of mechanosensitive
afferent fibers generates a sensation of bladder fullness and activates micturition [9,12].
These neurons exhibit immunoreactivity for various neuropeptides, including calcitonin
gene-related peptide (CGRP), pituitary adenylate cyclase-activating polypeptide (PACAP),
vasoactive intestinal peptide (VIP), substance P (Sub P), and neurokinin A (NKA), that can
be released during bladder filling or in response to inflammation [13-16]. A single nerve
fiber can express and release multiple neuropeptides in the interstitial space, and therefore
cells in the urothelium and LP can be exposed to many neuropeptides simultaneously.

Neuropeptides exert their biological effects by binding to diverse G-protein-coupled
receptors (GPCRs) and activating several signaling pathways. They are involved in muscle
contraction, vasodilation, regulation of cell proliferation, nociception, immune and stress
responses, and neurogenic inflammation. Neuropeptides that are released in the bladder
wall appear to increase bladder afferent nerve activity and release ATP from urothelial
cells [14,15]. Subsequently, fluctuations in extracellular levels of neuropeptides would
alter the extracellular levels of ATP at its receptor sites. The levels, location, and receptor
density of neuropeptides in the lower urinary tract (LUT) may be altered in LUT dys-
functions caused by bladder inflammation or spinal cord injuries, resulting in impaired
bladder reflexes and dysfunctional voiding [15,17]. Conversely, neuropeptides that are
released /secreted in excessive amounts during pathophysiological conditions are them-
selves regarded as potent initiators of inflammation due to their influences on vascular
permeability and plasma protein extravasation [18]. Bladder inflammation and spinal
cord injuries are also associated with increased levels of ATP in the bladder wall [19,20].
At least in part, increased extracellular ATP might be caused by increased secretion of
neuropeptides.

Four families of ENTDs, including membrane-bound ectonucleoside triphosphate
diphosphohydrolases (ENTPDs), ectonucleotide pyrophosphatase/phosphodiesterases
(ENPPs), tissue-nonspecific alkaline phosphatase (TNAP), and 5'-nucleotidase (NT5E/CD73),
are involved in the extracellular degradation of ATP to ADP, AMP, and ADO [10]. We have
recently described a novel highly-regulated mechanosensitive mechanism of extracellular
degradation of ATP in the bladder LP by soluble ENTDs (s-ENTDs) that are released in
the LP spontaneously and in response to bladder wall distention during filling [11,21,22].
These specialized enzymes may be responsible for maintaining proper bladder excitability
by ceasing the excitatory effects of ATP in the LP and accumulating ADO at cell surfaces.
Distention-activated sensory afferents appear to regulate the degradation of ATP by s-
ENTDs during bladder filling [21]. It is possible, therefore, that sensory neuropeptides
regulate the effective concentrations of extracellular ATP at receptor sites not only by
influencing the release of ATP as discussed above but also by affecting its degradation. For
that reason, the present study was designed to investigate whether CGRP, Sub P, NKA,
PACAP (1-38), PACAP (1-27), and VIP affect the local degradation of extracellular ATP in
the bladder LP by s-ENTDs in nondistended or distended bladders. We also tested whether
endogenous and exogenous neuropeptides influence the release of s-ENTDs (and hence
ATP degradation) in similar or distinct manners.

2. Results
2.1. Role of CGRP in Spontaneous and Distention-Induced Release of s-ENTDs in the LP
2.1.1. Exogenous CGRP Increases the Spontaneous but Not the Distention-Induced
Hydrolysis of eATP by s-ENTDs

To evaluate the effects of CGRP receptor activation on the degradation of eATP by
s-ENTDs in the LP, we monitored the decrease in eATP and the increase/appearance of
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its products eADP, eAMP, and eADO in cELS of nondistended and distended denuded
bladders treated with either vehicle (KBS, controls) or with 100 nM CGRP. Representative
chromatograms of samples at 60 min of reaction between substrate eATP and released
enzymes are shown in Figure 1. Thus, in both KBS (Figure 1a) and DMSO 0.2% (Figure 1b),
there was a decrease in eATP and an increase or appearance of the eATP products eADP,
eAMP, and eADO. The degradation of eATP was greater in cELS samples of nondistended
bladders than distended bladders. Compared with KBS control, exogenous CGRP (Fig-
ure 1c) increased the degradation of eATP in cELS of nondistended bladder preparations,
which resulted in eATP being similar in samples from nondistended and distended blad-
ders. Summed data shown in Figure 2 demonstrate that CGRP significantly accelerated
the decrease in eATP at 20-60 min of enzymatic reaction (Figure 2a) and the formation
of eADP (Figure 2d, 10-60 min of reaction), eAMP (Figure 2g, 10-60 min of reaction),
and eADO (Figure 2j, 30-60 min of reaction) when compared with the effects of vehicle
(KBS) in cELS of nondistended bladder preparations. The degradation of eATP in cELS of
distended preparations largely remained unchanged by CGRP (Figure 2b,e,h), with the
exception of the eADO formation, which was significantly increased at 60 min of reaction
only (Figure 2k). Similar results were obtained when the decrease in eATP and increase in
e-products were analyzed by AUC (Figure 2c¢ f,i,1). Thus, in cELS of nondistended bladders,
the AUC of eATP was significantly decreased, whereas the formation of eADP, eAMP, and
eADO was significantly increased. In cELS of distended preparations, the AUC of eATP
substrate and e-products was not significantly different from the AUC of each purine in
cELS of preparations treated with vehicle.

2.1.2. The Effect of CGRP on Spontaneous s-ENTD Release Is Mediated by Receptors
Sensitive to CGRP8-37

As shown in Figure 2a,d,g,j, the CGRP receptor antagonist CGRP8-37 (1 uM) [23]
abolished the increasing effect of CGRP (100 nM) on eATP degradation in cELS of nondis-
tended bladder preparations. Pretreatment with CGRP8-37 did not change the lack of
effect of CGRP on eATP metabolism in cELS from distended preparations (Figure 2b,eh, k).
CGRP in the presence of CGRP8-37 showed no statistically significant effects on s-ENTD
release during a 1-h time course of enzymatic reactions (Figure 2a,b,d,e,gh,j,k), which was
also seen in the AUC (Figure 2¢,f,i]) of each purine. The representative chromatograms in
Figure 1d show a lack of increased degradation of eATP by CGRP when the preparation was
pretreated with CGRP8-37 when compared with the KBS control in Figure 1a. These results
suggest that the increasing effect of CGRP on spontaneous s-ENTD release is mediated by
a CGRP8-37-sensitive CGRP receptor.

2.1.3. Inhibition of CGRP Receptors with CGRP8-37 Increased the Distention-Induced
Release of s-ENTDs but Not the Spontaneous Release of Enzymes

CGRPS8-37 alone had no significant effect on the spontaneous release of s-ENTDs, as
demonstrated by the lack of significant alterations in eATP decrease or eADP, eAMP, and
eADO increase (Figures la,e and 3a,d,g,j). However, the degradation of eATP and the
formation of its e-products eADP, eAMP, and eADO were increased in cELS of distended
preparations treated with CGRP8-37 (Figures 1a,e and 3b,e,h,k). The effects of CGRP8-
37 reached statistical significance at 20-60 min of reaction for eATP and eAMP, whereas
the increase in eADO was significantly higher at 30-60 min of reaction. The AUC of
eATP decrease and e-product increase suggested increased degradation of eATP; however,
statistical significance was not reached (Figure 3¢ fi,1).

In a separate set of experiments, we examined the degradation of eATP in cELS of
bladder preparations treated with another CGRP receptor antagonist, BIBN 4096 (1 uM).
The decrease in eATP and formation of e-products were not altered by this antagonist,
neither in cELS of nondistended bladder preparations (Figure 4a) nor in cELS of distended
bladder preparations (Figure 4b).
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Figure 1. Representative original chromatograms demonstrating the degradation of eATP and
formation of eADP, eAMP, and eADO by s-ENTDs released in cELS of nondistended (red) and
distended (green) detrusor-free bladder preparations that were treated with vehicle [KBS, (a); DMSO
0.2%, (b)], exogenous neuropeptides [CGRP, 100 nM, (c); Sub P, 1 uM, (f); NKA, 100 nM, (i); and
PACAP (1-38), 100 nM, (1)], exogenous neuropeptides in the presence of receptor antagonists [CGRPS8-
37,1 uM + CGRP, 100 nM, (d); CP122721, 1 uM + Sub P, 1 uM, (g); MEN 10376, 10 uM + NKA
300 nM, (j); and PACAP (6-38), 300 nM + PACAP (1-38), 100 nM, (m)], and with antagonists of
neuropeptide receptors [CGRP8-37, 1 uM, (e); CP122721, 1 uM, (h); MEN 10376, 10 uM, (k); and
PACAP (6-38), 300 nM, (n)]. Blue, eATP substrate (no enzyme present). Note that in vehicle controls,
the decrease in eATP and increase in e-products were greater in samples of distended preparations
than in non-distended preparations. The decrease in eATP and increase in products vary in the cELS
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of bladder preparations treated with drugs. In cELS of bladder preparations treated with antagonist
plus agonist, the degradation of eATP resembled the controls. The receptor antagonists CGRPS-
37, CP122721, and PACAP (6-38) modified the degradation of eATP in cELS, suggesting that the
endogenous agonists of these receptors (i.e., CGRP, Sub P, and PACAP (1-38) alter the release of
s-ENTDs.
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Figure 2. Summed data of time courses of eATP decrease (a,b) and increase in eADP (d,e),
eAMP (g,h), and ADO (j k) in cELS of nondistended (dashed lines) and distended (solid lines)
preparations in the presence of vehicle (n = 9 nondistended, n = 8 distended), CGRP (n = 5), and
CGRP8-37 plus CGRP (n = 4). n, number of observations. Each purine is represented as a percentage
of total purines (eATP + eADP + eAMP + eADO) detected in reaction solutions at each time point.
Asterisks denote significant differences from vehicle controls. * p < 0.05, ** p < 0.01, *** p < 0.001,
% p < 0.0001; two-way ANOVA with Sidak’s multiple comparisons test. Mean area under the curve
(AUC) values for time-courses of eATP (c), eADP (f), eAMP (i), and eADO (1). Asterisks denote
significant differences from vehicle controls. ** p < 0.01; ordinary one-way ANOVA with Dunnett’s
multiple comparisons test within nondistended and distended bladder preparations.
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Figure 3. Summed data of time courses of eATP decrease (a,b) and increase in eADP (d,e), eAMP (g,h),
and ADO (j k) in cELS of nondistended (dashed lines) and distended (solid lines) preparations in the
presence of vehicle (n = 9 nondistended, n = 8 distended) and CGRP8-37 (n = 4). n, number of obser-
vations. Each purine is represented as a percentage of total purines (eATP + eADP + eAMP + eADO)
detected in reaction solutions at each time point. Asterisks denote significant differences from vehicle
controls. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; two-way ANOVA with Sidak’s multiple
comparisons test. Mean area under the curve (AUC) values for time-courses of eATP (c), eADP (f),
eAMP (i), and eADO (1). p > 0.05 from vehicle controls, unpaired t-test.
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Figure 4. eATP degradation by s-ENTDs released in cELS of nondistended (a) and distended
(b) preparations in the presence of vehicle controls (DMSO 0.2%, n = 6) or BIBN 4096 (1 uM, n = 3).
p > 0.05 from vehicle control; two-way ANOVA with Sidak’s multiple comparisons test.
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2.2. Role of the NK1 Receptor in Spontaneous and Distention-Induced Release of s-ENTDs
in the LP

2.2.1. Exogenous Substance P Increases the Spontaneous but Not the Distention-Induced
Hydrolysis of eATP by s-ENTDs

To determine whether activation of NK1 receptors in the LP regulates the release of
s-ENTDs, we examined the degradation of eATP in cELS of nondistended and distended
detrusor-free bladder preparations treated with Sub P (1 pM), an agonist of NK1 receptors.

The decrease in eATP and increase in eADP, e AMP, and eADO (Figures 1a,f and 5a,d,g,j)
were significantly increased in samples of nondistended bladders treated with Sub P.
Statistical significance was reached in eATP, eADP, and eAMP changes at 20-60 min of
reaction and at 30-60 min of reaction for eADO. However, the decrease in eATP and increase
in e-products were not modified in the cELS of distended preparations treated with Sub P
(Figures 1a,f and 5b,e h k). These observations were made in both the time-course of the
enzymatic reaction and the AUC (Figure 5c,f,i,1) of substrate decrease and product increase
during one hour of the enzymatic reaction.

The increasing effect of Sub P on the degradation of eATP in cELS of nondistended
preparations was diminished in the presence of the selective antagonist of NK1 receptors,
CP122721 (1 uM) [24] (Figures la,g and 5a,d,g,j), whereas the degradation of eATP in
cELS of distended preparations treated with CP122721 was not significantly different from
controls (Figures la,g and 5b,e,h k). Similar effects were observed when the AUC was
plotted (Figure 5¢£il).

2.2.2. The NK1 Receptor Inhibitor CP122721 Increases eATP Hydrolysis in the LP of
Nondistended and Distended Bladders

The decrease in eATP and increase in eADP, eAMP, and eADO were significantly
potentiated in cELS of nondistended (Figures 1a,h and 6a,d,g,j) bladders treated with
CP122721 (1 uM), a non-peptide antagonist of the NK1 receptor. This was observed in
both the time course of reactions and the AUC (Figure 6¢,{,i,l-left panels) of eATP, eADP,
and eAMP. The degradation of eATP and formation of eADP, eAMP, and eADO were also
increased in cELS of distended preparations treated with CP122721 (Figure 1h); however,
statistically significant effects were observed in the time course of enzymatic reactions
(Figure 6b,h,k) but not in the AUC (Figure 6¢,{,i l-right panels).

2.3. Role of the NK2 Receptor on Spontaneous and Distention-Induced Release of s-ENTDs
in the LP

2.3.1. The NK2 Receptor Agonist NKA Increases eATP Hydrolysis in the LP of
Nondistended and Distended Bladders

To determine whether the NK2 receptors are involved in the regulation of eATP
degradation by s-ENTDs in the LP, we next measured the decrease in eATP and increase
in eADP, eAMP, and ADO in cELS of nondistended and distended preparations treated
with either vehicle (KBS) or 100 nM NKA. NKA significantly increased the degradation of
eATP in both cELS of nondistended and distended bladders. Thus, the decrease in e ATP
was accelerated at 8—60 min of reaction in cELS of nondistended preparations (Figure 7a)
and at 20-60 min of reaction in cELS of distended preparations (Figure 7b). NKA treatment
also resulted in increased formation of eADP, eAMP, and eADO in cELS of nondistended
(Figure 7d,g,j) and distended (Figure 6e,h k) bladders. The enhancing effect of NKA on
eATP degradation was seen in both the time course of reactions as well as in the AUC
of individual purines. The increasing effect of exogenous NKA on eATP degradation
in cELS of nondistended and distended preparations is also illustrated in representative
chromatograms in Figure 1i when compared with KBS control (Figure 1a).

The enhancing effect of NKA on eATP degradation in cELS of both nondistended
(Figures 1a,j and 7a,d,g,j) and distended (Figures 1a,j and 7b,e,h k) preparations was inhib-
ited by the specific NK2 receptor antagonist MEN 10376 [25] at a concentration of 10 uM,
suggesting that the observed effects of NKA were mediated by NK2 receptors that were
sensitive to MEN 10376.
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Figure 5. Summed data of time courses of eATP decrease (a,b) and increase in eADP (d,e),
eAMP (g,h), and ADO (j,k) in cELS of nondistended (dashed lines) and distended (solid lines)
preparations in the presence of vehicle (n = 9 nondistended, n = 8 distended), Sub P (n = 4), and
CP122721 plus Sub P (n = 4). n, number of observations. Each purine is represented as a percentage
of total purines (eATP + eADP + eAMP + eADO) detected in reaction solutions at each time point.
Asterisks denote significant differences from vehicle controls. * p < 0.05, ** p < 0.01, ** p < 0.001, **** p
< 0.0001; two-way ANOVA with Sidak’s multiple comparisons test. Mean area under the curve (AUC)
values for time-courses of eATP (c), eADP (f), eAMP (i), and eADO (1). Asterisks denote significant
differences from vehicle controls. * p < 0.05, ** p < 0.01; ordinary one-way ANOVA with Dunnett’s
multiple comparisons test within nondistended and distended bladder preparations.

2.3.2. The NK2 Receptor Antagonist MEN 10376 Does Not Affect the Spontaneous or
Distention-Induced Release of s-ENTDs in the LP

To determine whether endogenously released NKA can affect the release of s-ENTDs
in the LP, we evaluated the degradation of eATP and formation of eADP, eAMP, and eADO
in cELS of bladders treated with either MEN 10376 (10 uM) or its vehicle (DMSO 0.2%).
MEN 10376 failed to alter the degradation of eATP in cELS of nondistended (Figure 8a) or
distended (Figure 8b) bladders. This is also illustrated with representative chromatograms
in Figure 1k when compared with a vehicle (DMSO 0.2%) control (Figure 1b). These results



Int. . Mol. Sci. 2023, 24, 15650

9of22

suggest that endogenous NKA may not be involved in the regulation of s-ENTD release in

the LP.
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Figure 6. eATP degradation by s-ENTDs released in cELS of murine ex vivo detrusor-free bladder

preparations in the presence of vehicle (KBS) and CP122721 (1 uM). Summed data of time courses of

eATP decrease (a,b) and increase in eADP (d,e), eAMP (g,h), and ADO (j k) in cELS of nondistended
(dashed lines) and distended (solid lines) preparations in the presence of vehicle (KBS, n = 9 nondis-

tended, n = 8 distended) and CP122721 (n = 7). n, number of observations. Each purine is represented

as a percentage of total purines (eATP + eADP + eAMP + eADO) detected in reaction solutions at

each time point. Asterisks denote significant differences from vehicle controls. * p < 0.05, ** p < 0.01,

*** p <0.001, **** p < 0.0001; two-way ANOVA with Sidak’s multiple comparisons test. Mean area

under the curve (AUC) values for time-courses of eATP (c), eADP (f), eAMP (i), and eADO (1).

nondistended and distended bladder preparations.

*p <0.05, ** p < 0.01; ordinary one-way ANOVA with Dunnett’s multiple comparisons test within
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Figure 7. Summed data of time courses of eATP decrease (a,b) and increase in eADP (d,e),
eAMP (g,h), and ADO (j,k) in cELS of nondistended (dashed lines) and distended (solid lines) prepa-
rations in the presence of vehicle (n = 9 nondistended, n = 8 distended), NKA (n = 4), and MEN 10376
plus NKA (n = 3). n, number of observations. Each purine is represented as a percentage of total purines
(eATP + eADP + eAMP + eADO) detected in reaction solutions at each time point. Asterisks denote
significant differences from vehicle controls. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; two-way
ANOVA with Sidak’s multiple comparisons test. Mean area under the curve (AUC) values for
time-courses of eATP (c), eADP (f), eAMP (i), and eADO (1). Asterisks denote significant differences
from vehicle controls. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; ordinary one-way ANOVA
with Dunnett’s multiple comparisons test within nondistended and distended bladder preparations.
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Figure 8. eATP degradation by s-ENTDs released in cELS of nondistended (a) and distended
(b) preparations in the presence of vehicle (DMSO 0.2%, n = 6) or MEN 10376 (10 uM, n = 3). p > 0.05
from vehicle control; two-way ANOVA with Sidak’s multiple comparisons test.

2.4. Role of the PAC1 Receptor in s-ENTD Release in the LP
2.4.1. Exogenous PACAP (1-38) Increases the Distention-Induced Release of s-ENTDs but
Not the Spontaneous Release of Enzymes in the LP

To determine whether activation of PAC1 receptors with PACAP (1-38) affects the
release of s-ENTDs, we evaluated the degradation of eATP in cELS of nondistended and
distended bladders treated with 100 nM PACAP (1-38). The decrease in eATP and the
increase in eAMP and eADO were greater in cELS of nondistended preparations treated
with PACAP (1-38) than with vehicle (Figures 1a,l and 9a,g,j). The decrease in eATP and
increase in eAMP were significantly augmented at 30-60 min of reaction. eADP levels were
significantly increased only at 40 min of reaction (Figure 9d), whereas eADO formation in
cELS of PACAP (1-38)-treated bladders exceeded the e ADO formation in cELS of vehicle
(KBS)-treated bladders only at 60 min of reaction (Figure 9j). Changes in the AUC of
each purine followed the same trend as the one observed in the time-course of enzymatic
reactions and reached statistical significance for eAMP (Figure 9i). The degradation of
eATP and formation of e-products in cELS of distended bladders were not significantly
different between vehicle controls and PACAP (1-38) as demonstrated in the time courses of
enzymatic reactions (Figure 9b,e,h k), the AUC data (Figure 9¢,f,i1), and the representative
chromatograms (Figure 1a,1).

Pretreatment of bladder preparations with 300 nM of the PAC1 inhibitor, PACAP
(6-38) [26], eliminated the accelerating effect of PACAP (1-38) on eATP degradation in cELS
of nondistended preparations (Figures 1a,m and 9a,d,g,j). The degradation of eATP in cELS
of distended preparations tended to be decreased when bladders were treated with PACAP
(1-38) in the presence of PACAP (6-38), but statistical significance was not reached.

2.4.2. Inhibition of the PAC1 Receptor with PACAP (6-38) Increased the Distention-Induced
Release of s-ENTDs but Not the Spontaneous Release of s-ENTDs in the LP

To assess whether activation of the PACI receptor with endogenous neuropeptides
regulates the release of s-ENTDs in the LP, we determined the decrease in eATP and increase
in e-products in cELS of nondistended and distended preparations treated with the PAC1
inhibitor PACAP (6-38). The degradation of eATP in cELS of nondistended preparations
remained unchecked in the presence of PACAP (6-38) (time course Figure 10a,d,g,j; AUC
Figure 10c,f,i,l-left panels). However, the degradation of eATP in cELS of distended bladders
treated with PACAP (6-38) was augmented at 20-60 min of reaction for eATP and eAMP
and at 40-60 min of reaction for eADO (Figure 10b,c,h,i). Representative chromatograms
demonstrate that PACAP (6-38) increased the degradation of eATP in cELS of distended
but not of nondistended preparations (Figure 1a,n).

The peptides of the PACAP family, PACAP (1-27) 100 nM (Figure 11a,b) and VIP
100 nM (Figure 11¢,d), and the VPAC2 receptor agonist BAY55-9837 100 nM (Figure 11e,f),
had no effect on the spontaneous or distention-induced release of s-ENTDs.
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Figure 9. eATP degradation by s-ENTDs released in cELS of murine ex vivo detrusor-free bladder
preparations in the presence of vehicle (KBS), PACAP (1-38) (100 nM), and PACAP (6-38) (300 nM)
plus PACAP (1-38) (100 nM). Summed data of time courses of eATP decrease (a,b) and increase
in eADP (d,e), eAMP (g,h), and ADO (j k) in cELS of nondistended (dashed lines) and distended
(solid lines) preparations in the presence of vehicle (KBS, n = 9 nondistended, n = 8 distended),
PACAP (1-38) (n = 5), and PACAP (6-38) plus PACAP (1-38) (n = 3). n, number of observations. Each
purine is represented as a percentage of total purines (eATP + eADP + eAMP + eADO) detected in
reaction solutions at each time point. Asterisks denote significant differences from vehicle controls.
*p <0.05,** p <0.01, *** p < 0.0001; two-way ANOVA with Sidak’s multiple comparisons test. Mean
area under the curve (AUC) values for time-courses of eATP (c), eADP (f), eAMP (i), and eADO (1).
* p < 0.05; ordinary one-way ANOVA with Dunnett’s multiple comparisons test within nondistended
and distended bladder preparations.
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Figure 10. Summed data of time courses of eATP decrease (a,b) and increase in eADP (d,e),
eAMP (g/h), and ADO (j,k) in cELS of nondistended (dashed lines) and distended (solid lines)
preparations in the presence of vehicle (KBS, n = 9 nondistended, n = 8 distended) and PACAP

(6-38) (n = 5). n, number of observations. Each purine is represented as a percentage of total purines
(eATP + eADP + eAMP + eADO) detected in reaction solutions at each time point. Asterisks denote
significant differences from vehicle controls. * p < 0.05, ** p < 0.01, *** p < 0.0001; two-way ANOVA
with Sidak’s multiple comparisons test. Mean area under the curve (AUC) values for time-courses of
eATP (c), eADP (f), eAMP (i), and eADO (1). Asterisks denote significant differences from vehicle
controls. * p < 0.05; ordinary one-way ANOVA with Dunnett’s multiple comparisons test within

nondistended and distended bladder preparations.
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Figure 11. eATP degradation by s-ENTDs released in cELS of nondistended (dashed lines) and
distended (solid lines) preparations in the presence of vehicle (KBS, n = 9 nondistended, n = 8
distended bladders) or PACAP (1-27) (100 nM, n = 3) (a,b), VIP (100 nM, n = 3) (c,d), and BAY
55-9837 (200 nM, n = 4) (e,f). p > 0.05 from vehicle control; two-way ANOVA with Sidak’s multiple
comparisons test.

3. Discussion

ATP is a primary regulator of bladder excitability due to its role in cell-to-cell commu-
nication and intracellular energy transfer. Once released from cells in the urothelium into
the LP, ATP activates receptors on cell surfaces and stimulates afferent neurons and other
cell types deep in the bladder wall. Subsequent ATP hydrolysis by ENTDs either terminates
the ATP action or reassigns its biological activity to metabolites (e.g., ADP and ADO) that
activate their own receptors on cell membranes. We have previously published that a part
of extracellular ATP hydrolysis is performed by s-ENTDs released in the LP at rest and
during bladder filling [11]. Inhibition of neural activity with tetrodotoxin or o-conotoxin
GVIA increased the distention-induced release but not the spontaneous release of s-ENTDs
in the mouse bladder LP [21], suggesting possible regulation of s-ENTD release by sensory
neuropeptides that might be secreted in the LP at rest or during bladder distention. There-
fore, in the present study, we investigated the influences of a number of neuropeptides that
are known to be present in the bladder wall as well as neuropeptide receptor antagonists on
the hydrolysis of ATP by released s-ENTDs in the LP. We found that (1) multiple neuropep-
tides regulate the release of s-ENTDs, hence the extracellular ATP degradation in the LP,
(2) the spontaneous and distention-induced release of s-ENTDs are not uniformly regulated
by neuropeptides, (3) the release of s-ENTDs is affected differentially by endogenous and
exogenous neuropeptides, (4) CGRP and PACAP (1-38) are putative endogenous mediators
that restrain s-ENTD release, preventing potential excessive degradation of ATP at the end
of bladder filling, and (5) endogenous Sub P likely participates in the fine regulation of
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bladder excitability by limiting the extracellular degradation of ATP to preserve proper
purine concentrations at effector sites in both nondistended and distended bladders.

The general distribution of afferent fibers in rodent bladders has been commonly
studied using CGRP-immunohistochemical staining along with classic fluorescence mi-
croscopy [12,27]. Afferent nerve fibers are distributed in both the LP and the detrusor
muscle of the bladder wall. In the murine bladder LP, in particular, afferent nerve fibers
are distributed throughout the entire LP, with the highest concentration of nerves, nerve
branching, and end points at the interface between the LP and the urothelium [28]. Af-
ferent nerves located in the LP detect information about the bladder filling status as well
as pain signals and convey this information through the spinal cord to the responsible
areas in the brain, affirming the role of the LP as a signal transducer and communication
center [29]. Bladder afferents contain neuropeptides that can be released upon activation
by physiological stimuli such as bladder wall distention or in response to mechanical
injury, antigens, and bacterial or viral infection [15,30,31]. Peptides are also released from
the urothelium into the LP [32]. A change in the local balance of peptides and other
mediators (e.g., ATP), as it may occur as a result of neural or bladder mucosa injury or
urinary bladder inflammation [16,31,33,34], can change bladder excitability to a hyper- or
hypo-activity state.

To eliminate potential influences of the CNS or the systemic circulation on local mech-
anisms in the bladder LP and to gain direct access to the LP, we performed the present
study in a decentralized ex vivo murine bladder model with intact urothelium and LP
but no detrusor muscle [1,11,21,22]. As in our previous studies, we used eATP as a sub-
strate because it has greater fluorescence properties than ATP, enabling small changes in
substrate and product concentrations to be detected without assessing the endogenous
adenyl purines. In agreement with our previous work [11,21,22], physiological filling of
the detrusor-free bladder was accompanied by an increasing release of s-ENTDs in the
LP. Consequently, the degradation of eATP in cELS of distended preparations exceeded
the degradation of eATP in cELS of nondistended preparations. The degradation of e ATP
by spontaneously released s-ENTDs in the bladder LP was significantly increased in the
presence of exogenous CGRP, Sub P, and NKA but not of exogenous PACAP (1-38), whereas
the distention-induced release of s-ENTDs was increased by NKA and PACAP (1-38) but
not by CGRP and Sub P. Therefore, neuropeptides differentially alter the constitutive and
mechanosensitive release of s-ENTDs. All changes in s-ENTD release by exogenous neu-
ropeptides were mediated by specific neuropeptide receptors. Thus, the effect of CGRP was
inhibited by the competitive CGRP antagonist CGRP8-37 [23], which is an N-terminally
truncated peptide that, like the agonist CGRP, has the highest binding affinity for the
CGRP1 receptor. The latter is the result of heterodimerization of the calcitonin-like receptor
(CLR) and the receptor activity-modifying protein 1 (RAMP1), CRL-RAMP1 [35,36]. The
non-peptide CGRP receptor antagonist BIBN 4096 [37], however, failed to influence the
degradation of eATP by s-ENTDs, likely because it acted on receptors that differ from
those sensitive to CGRP8-37. Alternatively, it could be because BIBN 4096 has significantly
greater affinity for human CGRP receptors than for rodent CGRP receptors [38]. The effects
of Sub P on the degradation of eATP by spontaneously released s-ENTDs were inhibited
by the non-competitive NK1 receptor inhibitor CP 122721 [24], whereas the NK2 receptor
inhibitor MEN 10376 [25] diminished the effect of NKA on the distention-induced release of
s-ENTDs. Finally, the PAC1 receptor antagonist PACAP (6-38) [26] inhibited the increasing
effect of exogenous PACAP (1-38) on the degradation of ATP by spontaneously released
s-ENTDs.

It has been shown that PAC1 receptors are selective for PACAP (1-38) and PACAP
(1-27), whereas VPAC1 and VPAC2 receptors respond to both VIP and PACAP (1-38) with
high affinity [39]. Notably, VIP binds primarily to VPAC receptors, as it has about one
thousand times lower affinity for the PAC1 receptor than PACAP [40]. In the present study,
exogenous PACAP (1-27), VIP, and the VPAC2 receptor agonist Bay 55-9837 [41] all failed
to affect the spontaneous or distention-induced release of s-ENTDs and the consequent
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ATP degradation. These results, together with the data with PACAP (1-38) and PACAP
(6-38), suggest that PAC1 but not VPAC1 or VPAC2 receptors are likely involved in the
regulation of s-ENTD release in the mouse bladder LP. PAC1 receptors are expressed in
bladder nerve fibers, urothelium, and the detrusor [42,43]. Involvement of PAC1 receptors
in the modulation of s-ENTD release in the LP was also suggested by our earlier study
using the same bladder model [21]. PACAP (1-27) is a C-terminal truncated isoform of
PACAP (1-38) that can stimulate PAC1 and VPAC receptors. However, of the two PACAP
isoforms, PACAP (1-38) is the predominant form in most tissues and organ systems [39].
This may be the reason why, in the present study, PACAP (1-38) but not PACAP (1-27) had
an effect on the distention-induced release of s-ENTDs.

In aggregate, the results of the present study suggest that the activation of CGRP, NK1,
NK?2, and PAC1 receptors by exogenous neuropeptides affects in different ways the sponta-
neous and distention-induced release of s-ENTDs in the bladder LP. Thus, CGRP and NK1
receptors appeared to be involved in the regulation of the spontaneous release of s-ENTDs,
the PAC1 receptor appeared to be involved in the regulation of the distention-induced
release of s-ENTDs, and NK2 receptors seemed to be involved in the regulation of both the
spontaneous and the distention-induced release of s-ENTDs upon exogenous application of
peptides. Such mechanisms might be particularly important during bladder inflammation
or spinal cord injuries when high amounts of neuropeptides or upregulation of neuropep-
tide receptors in the bladder wall occur [14,31,34,44,45]. Moreover, inflammation causes
increased stretch-activated release of ATP by bladder urothelium, suggesting augmented
purinergic signaling in the inflamed bladder [46,47]. Therefore, the facilitated degradation
of extracellular ATP in response to increased activation of neuropeptide receptors might
be an attempt at compensatory mechanisms to counteract the elevated extracellular ATP
in response to pathophysiological stimuli. Employing redundant reactions and controls
would ensure the proper excitability of target cells.

Of particular interest in the present study is the observation that, in a number of in-
stances, the degradation of eATP was potentiated not only by exogenous neuropeptides but
also by specific antagonists of neuropeptide receptors. Such results suggested that certain
endogenous and exogenous neuropeptides likely have opposite effects on the release of e-
ENTDs and the consequent degradation of ATP in the LP. For example, inhibition of CGRP
receptors with CGRP8-37 and of PAC1 receptors with PACAP (6-38) both increased the
distention-induced, but not the spontaneous, release of s-ENTDs, suggesting that endoge-
nous CGRP and PACAP (1-38) might accomplish “controlled inhibition” of ATP hydrolysis
at the end of bladder filling [21]. Inhibition of NK1 receptors with CP122721 increased both
the spontaneous and distention-induced release of s-ENTDs in the LP, suggesting that Sub
P (or other specific agonists of CP122721-sensitive receptors) is likely secreted in the LP
spontaneously and during bladder filling and restrains the release of s-ENTDs and the
extracellular hydrolysis of ATP. Unlike antagonists of CGRP, PAC1, and NK1 receptors, the
NK2 inhibitor MEN 10376 had no effect on the degradation of extracellular ATP, although it
inhibited the effects of exogenous NKA (Figure 6). These results suggest that NK2 receptors
are likely present in the LP/urothelium of the mouse bladder, but endogenous activators
of these receptors do not participate in the regulation of s-ENTD release in the LP. The
discrepancy between the effects of exogenous and endogenous neuropeptides might be due
to the activation of different receptor populations (e.g., junctional vs. extrajunctional recep-
tors) by the corresponding agonists. Thus, the effect of endogenous neuropeptides is likely
mediated by receptors that are located in close proximity to the site of release of neuropep-
tides (e.g., neuroeffector junction), whereas exogenously applied peptides likely stimulate
a broader range of receptors that might also be located outside of the effector junction. It is
also possible that the concentrations of endogenous and exogenous peptides at receptor
sites differ, which might trigger different intracellular cascade mechanisms that depend
on the strength of receptor activation. Although the mechanisms of regulated release of
s-ENTDs in the bladder LP remain to be elucidated, it is possible that s-ENTDs are released
by cell membrane/ectodomain shedding that might be regulated differently by diverse
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signaling pathways [48]. The type of ENTDs that are affected by individual neuropeptides
cannot be determined at present due to the complexity of extracellular ATP metabolism by
multiple s-ENTDs that are released simultaneously in the bladder LP during filling (e.g.,
ENTPD1 > ENTPD3 >> ENPP3 > ENPP1 = ENTPD2 = NT5E >> ENTPDS8 = TNAP [11])
and frequently demonstrate overlapping substrate specificity [10].

The majority of neuropeptide receptors are coupled to Goas-, Goy-, Gerg/11, and/or
Guayp/13 proteins [49-51], and therefore, multiple signaling pathways (e.g., phospholi-
pase C-, adenylyl cyclase-, phospholipase A2-, and extracellular signal-regulated kinase
1/2 (ERK1/2)-activated) could be triggered. The presence, absence, or abundance of differ-
ent neuropeptide receptors and their endogenous agonists may result in multiple outcomes
and physiological and pathological consequences. Usually, the resultant predominant
signaling is dependent on the relative expression levels and active conformation of the G
proteins [52]. In some cases, when the neuropeptide binds to the corresponding receptor
(e.g., PACAP binding to PAC1), the receptor is internalized through endocytosis, and endo-
somal signaling leads to diverse downstream effects [53,54]. The most studied intracellular
signaling pathway in neuropeptide actions seems to be the activation of adenylyl cyclase
and the generation of cAMP [35,54]. Clearly, however, activation of this pathway is not
uniformly involved in the regulation of s-ENTD release. Further studies are warranted to
unravel the signal transduction pathways that underlie the regulation of s-ENTD release in
the bladder LP by neuropeptides.

In summary, the present study reinforces the notion that the effective concentrations of
ATP and bioactive metabolites in the bladder LP are under intricate regulation. Release of
s-ENTDs and ATP hydrolysis are increased during bladder filling, while mechanisms that
restrain further release of s-ENTDs as the bladder filling progresses avert excessive degra-
dation of ATP. The present study puts forward the novel idea that sensory neuropeptides
play a role in the complex regulation of bladder excitability by controlling the extracellular
degradation of ATP and the formation of bioactive purines deep in the bladder wall. Stim-
ulation of neuropeptide receptors can generate various second messengers that can trigger
a range of effector mechanisms, resulting in increased release of s-ENTDs in the bladder
LP. Further studies are warranted to understand the interdependence of peptidergic and
purinergic signaling mechanisms in the regulation of bladder function.

4. Materials and Methods
4.1. Animals

The Institutional Animal Care and Use Committee at the University of Nevada, Reno,
approved all animal procedures in this study in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. C57BL/6 mice (Jackson
Laboratory, Bar Harbor, ME, USA; JAX stock# 000664) were housed and maintained in
rooms with controlled temperature and humidity under 12-h light-dark cycles. Animals
were provided with water and food ad libitum. When the animals reached 12-18 weeks of
age, they were anesthetized with isoflurane and euthanized by cervical dislocation. The
urinary bladders were quickly removed and placed in a cold Krebs bicarbonate solution
(KBS) with the following composition (mM): 118.5 NaCl, 4.2 KCl, 1.2 MgCl,, 23.8 NaHCO;3,
1.2 KH,POy, 11.0 dextrose, and 1.8 CaCl, (pH 7.4).

4.2. Ex Vivo Detrusor-Free Bladder Preparation

After harvesting the bladder, the detrusor muscle was removed as previously de-
scribed [1,11,55]. Briefly, the bladder was placed in a Sylgard-covered dish filled with
oxygenated cold KBS. The tissue was carefully pinned through the ureters, urethra, and
apex of the serosa to the dissecting dish. The connective and fat tissues surrounding the
bladder were removed using fine forceps and surgical scissors. Then, the detrusor was gen-
tly cut and separated from the suburothelium without pulling until the suburothelium/LP
was completely exposed. The preparation was catheterized through the urethra using a
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PE-20 short tube, and the maximum capacity of the bladder was determined by filling the
bladder through the catheter with a syringe filled with KBS.

4.3. Collection of Extraluminal Solutions Containing s-ENTDs

Detrusor-free bladder preparations were placed in 3 mL water-jacketed chambers
containing KBS with either vehicle or drug, when appropriate. The solution in the chamber
containing the bladder was oxygenated at all times with a gaseous mixture of 95% O, /5%
CO; and maintained at pH 7.4. The preparation was equilibrated for 20 min, after which
the solution in the chamber was replaced with a fresh solution. Then, the bladder was
left empty (nondistended condition) for a time equivalent to reaching voiding pressure,
as determined at the time of bladder dissection. Next, 2.9 mL of the bath solution (called
“extraluminal solution”, ELS) were collected and transferred to an Amicon centrifugal tube
with a 10 kDa molecular weight cut-off (MWCO) pore size (Millipore Sigma, Burlington,
MA, USA) for further processing as described in Section 2.4. Then, the chamber was filled
with a fresh solution containing a drug or vehicle, and the bladder was filled through the
catheter at a rate of 15 uL./min with KBS using a syringe pump (Kent Scientific, Torrington,
CT, USA) to ~85-90% of its maximum capacity (distended condition). At the end of bladder
filling, 2.9 mL of ELS were collected and processed the same way as the ELS obtained from
nondistended preparations (see Section 2.4).

Bladder preparations were treated with solutions containing receptor antagonists
during dissection, equilibration, and the actual experiment to ensure inhibition of receptor
targets. Agonists were absent from the solutions used for tissue dissection and equilibration
of bladder preparations to avoid unnecessary desensitization due to prolonged contact
between tissue and receptor agonists.

4.4. Preparation of Reaction Solutions Containing Released s-ENTDs

The ELS samples that were obtained from nondistended and distended bladder prepa-
rations and placed in the ultra-centrifugal filter units were concentrated to a final volume
of 80-100 pL at 4000x g for 25 min at 4 °C using a SorvallST 40R centrifuge (Thermofisher,
Langenselbold, Germany). After centrifugation, the volume of the concentrated ELS (cELS)
was transferred to a 0.6 mL Eppendorf tube and adjusted to a 200 pL reaction volume with
oxygenated fresh KBS [11,21,22].

4.5. Time-Course of eATP Hydrolysis by s-ENTDs in cELS from Nondistended and Distended
Bladder Preparations

To assess s-ENTD activities, the substrate 1,N°-etheno-ATP (eATP, final concentration
2 uM) was added to the reaction tube containing s-ENTDs. The reaction tube was kept at
37°C in a water bath, and following the start of the reaction, 20 uL samples were taken
at10”,2’,4’,6', 8,107, 20°, 30", 40", and 60" and transferred to HPLC polyethylene inserts
prefilled with 180 pL cold citric buffer to stop the enzymatic reactions, preserve the purines
from spontaneous degradation, and dilute the samples 10-fold. The inserts were placed in
HPLC glass vials and stored at —20 °C until further processing using HPLC methodology
with fluorescence detection (HPLC-FLD) [11,55].

4.6. Chemical Synthesis of the 1,N°-Etheno-ATP (eATP) Substrate

eATP has approximately 1,000,000-fold higher fluorescence than authentic ATP [56].
The eATP substrate was prepared as described previously [1,11]. Citrate phosphate buffer
was added to 0.2 mM ATP (Sigma-Aldrich, St. Louis, MO, USA) to acidify the medium
to pH 4.0. Then, 2-Chloroacetaldehyde (1 M) was added to the solution, which was
subsequently heated to 80°C for 40 min to synthesize 1,N°®-etheno-ATP [56,57].

4.7. HPLC Analysis of 1,N®-Etheno-Nucleotides and 1,N°-Etheno-Nucleosides

The levels of the substrate eATP and its metabolites 1,N°-etheno-ADP (eADP), 1,N°-
etheno-AMP (eAMP), and 1,N°-etheno-adenosine (eADO) in samples obtained from cELS
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from nondistended and distended preparations were measured using a reverse-phased
gradient Agilent Technologies 1200 liquid chromatography system equipped with a fluo-
rescence detector (Agilent Technologies, Wilmington, DE, USA) as described [1,11,56]. The
areas of the peaks corresponding to etheno-purines were calculated and calibrated using
standards containing known concentrations of eATP, eADP, eAMP, and eADO.

4.8. Drugs

From Tocris (Bio-Techne, Minneapolis, MN, USA): His-Ser-Asp-Ala-Val-Phe-Thr-Asp-
Asn-Tyr-Thr-Arg-Leu-Arg-Lys-GIn-Val-Ala-Ala-Lys-Lys-Tyr-Leu-Gln-Ser-Ile-Lys-Asn-Lys-
Arg-Tyr-NH2 (Bay 55-9837), 1-[3,5-Dibromo-N-[[4-(1,4-dihydro-2-ox0-3(2H)-quinazolinyl)-
1-piperidinyl]carbonyl]-D-tyrosyl-L-lysyl]-4-(4-pyridinyl)-piperazine (BIBN 4096),
CGRP, CGRP8-37, (25,35)-N-[[2-Methoxy-5-(trifluoromethoxy)phenyl]methyl]-2-phenyl-3-
piperidinamine dihydrochloride (CP 122721), Asp-Tyr-{d-Trp}-Val-{d-Trp}-{d-Trp}-Lys-NH2
(MEN 10376), NKA, PACAP (1-38), PACAP (6-38), Sub P, and VIP. From Sigma-Aldrich (St.
Louis, MO, USA): ATP, ADP, AMP, adenosine, and DMSO.

4.9. Statistical Analyses of the Results

Each chromatography peak was assessed by measuring the area under the peak
and plotted against a standard curve. Data analyses were performed using Excel (Mi-
crosoft Corporation, Redmond, WA, USA) and GraphPad Prism v.8.4.2 (GraphPad Soft-
ware, Inc., San Diego, CA, USA) software. Values are expressed as the mean + SD. Data
were considered statistically significant when comparisons yielded p values < 0.05. As-
terisks were used to indicate statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. A two-way analysis of variance (ANOVA) with Sidak’s post hoc analysis was
used for multiple comparisons between time courses of enzymatic reactions. In addition,
the area under the curve (AUC) for each experiment was calculated using GraphPad Prism
as an integrated measurement, which computes the area using the trapezoid rule. AUC
values ranged between 0 and 1, as both the fraction of total purines and time in hours
ranged from 0 to 1. AUC values from two groups or more were compared by an unpaired
t-test or an ordinary one-way ANOVA, respectively. A probability value less than 0.05 was
considered statistically significant. Note that this is an exploratory study [58], hence the
calculated p-values are descriptive.
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