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Abstract

Effects of nicotinic receptor agonists (epibatidine and nicotine) on mechano-sensitive bladder
afferent nerve (MS-BAN) activity were studied in an 7 vitro bladder-pelvic afferent nerve
preparation. MS-BAN activity was induced by isotonic distention of the bladder at pressures of
10-40 cmH,0. The effect of epibatidine varied according to the concentration, route of
administration and the intravesical pressure stimulus. Epibatidine (300-500 nM) administered in
the perfusate to the serosal surface of the bladder decreased distension evoked afferent firing by
30%-50% depending on the bladder pressure. However these concentrations also produced an
immediate increase in tonic afferent firing in the empty bladder. Lower concentrations (50-100
nM) elicited weaker and more variable effects. The inhibitory effects were blocked by bath
application of mecamylamine (150 uM) a nicotinic receptor antagonist. Bath application of
nicotine (20 uM) elicited similar effects. Intravesical administration of epibatidine (500 nM)
significantly increased MS-BAN firing by 15-30%; while lower concentrations (200-300 nM)
were ineffective. This facilitatory effect of epibatidine was blocked by intravesical administration
of mecamylamine (250 pM). Electrical stimulation on the surface of the bladder elicited action
potentials (AP) in BAN. Bath application of epibatidine (300 nM) or nicotine (20 pM) did not
change either the voltage threshold or the area of evoked AP. These results indicate that nicotinic
agonists: (1) enhance MS-BAN activity originating at afferent receptors near the urothelium, (2)
inhibit MS-BAN activity originating at afferent receptors located at other sites in the bladder, (3)
directly excite unidentified afferents, (4) do not alter afferent axonal excitability.
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1. Introduction

Intravesical administration of nicotinic (Beckel et al., 2006; Beckel and Birder, 2012;

Kontani et al., 2009; Masuda et al., 2006) or muscarinic (Kullmann et al., 2008b; Matsumoto
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etal., 2010, 2012) cholinergic receptor agonists increases or decreases the frequency of
reflex voiding in rats depending on the concentration of the agonist and/or the type of
receptor activated (de Groat et al., 2015). These observations raise the possibility that
sensory pathways in the urinary bladder are sensitive to cholinergic modulatory
mechanisms. The modulation may occur as a result of a direct action on afferent nerves
which express nicotinic and muscarinic receptors (Kontani et al., 2009; Masuda et al., 2006;
Nandigama et al., 2010; 2013; Yu and de Groat, 2010) or indirectly via an action on
urothelial cells which also express these receptors (Beckel and Birder, 2012; Kullmann et al.,
2008a) and release neurotransmitters such as ATP, ACh and NO (Birder et al., 1998;
Ferguson et al., 1997; Hanna-Mitchell et al., 2007; Lips et al., 2007; Silva et al., 2015;
Yoshida et al., 2010) that can influence the excitability of adjacent afferent nerves (Birder
and Andersson, 2013; Cockayne et al., 2000; de Groat and Yoshimura, 2009; Ford et al.,
2015; Kullmann et al., 2008b).

In anesthetized rats intravesical administration of oxotremorine, a non-selective muscarinic
receptor agonist, reduces voiding frequency in low concentrations and increases voiding
frequency in high concentrations (Kullmann et al., 2008b). The former is suppressed by a
NOS inhibitor and the latter is partially reduced by a purinergic receptor antagonist (PPADS)
indicating that NO and ATP contribute to the inhibitory and facilitatory effects, respectively.

Intravesical administration of neuronal nicotinic receptor (NNR) agonists elicits similar
mixed effects on voiding frequency (Beckel et al., 2006). Nicotine or choline reduce voiding
frequency; an effect blocked by a specific a7 NNR antagonist (methyllycaconitine); whereas
cytisine, an a3 NNR agonist increases voiding frequency; an effect blocked by PPADS
(Beckel and Birder, 2012). Cytisine increases release of ATP from cultured urothelial cells,
whereas choline suppresses release suggesting that the effects of the NNR agonists on
voiding are mediated in part by activation of receptors in the urothelium leading to changes
in urothelial-afferent interactions and in turn changes in bladder afferent input to the spinal
cord (Beckel and Birder, 2012).

Combined immunohistochemical and RT-PCR analysis has revealed that bladder afferent
neurons in mouse lumbosacral dorsal root ganglia express multiple subtypes of NNRs
(Nandigama et al., 2013). The majority of afferent neurons express a3 NNRs which are
present in at least two distinct populations of bladder afferents: (1) mucosal high-threshold
mechanoreceptors with chemosensitivity and (2) fast-conducting mechanosensors.

In the present experiments we used an in vitro bladder-pelvic afferent nerve preparation (Yu
and de Groat, 2008) to examine the effects of nicotinic receptor agonists (epibatidine or
nicotine) and antagonists (mecamylamine or hexamethonium) on the activity of mechano-
sensitive bladder afferents induced by bladder distension. The results indicate that activation
of nicotinic receptors enhances the activity of mechano-sensitive afferents with receptors
near the urothelium, inhibits the activity of mechano-sensitive afferents with receptors at
other sites in the bladder and excites unidentified afferent nerves.
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2. Results

2.1. Effects of bath application of nicotinic receptor agonists on bladder afferent firing

Multiunit afferent activity in the pelvic nerve was induced by isotonic distension of the
bladder with Krebs solution at 10, 20, 30 and 40 cmH-,0 pressures for 30 sec at 30 sec
intervals to evaluate the pressure-response relationship of mechano-sensitive afferent nerve
activity (Fig. 1). Afferent firing reached a maximum within 5-10 sec after isotonic bladder
distention and then declined indicating some adaptation at a constant intravesical pressure.
Peak firing ranged between 20-80 spikes/sec (Fig. 1) and increased with increasing
pressures (Fig. 2A). Multiple applications of the series of pressure steps after 10-15 min
recovery periods elicited similar stimulus-response curves (Fig. 2A).

Concentrated epibatidine solutions injected into the bathing solution to produce final
concentrations ranging from 50-500 nM were tested on afferent firing induced by isotonic
distention of the bladder at pressures ranging from 10 to 40 cmH,0 (Figs. 2B-D and 3B).
High concentrations of epibatidine (300 nM, n=12, Figs 2D and 3B or 500 nM, n=4, not
shown in the figures) significantly (p<0.05) decreased firing between 30-50% depending on
the pressure stimulus (Figs. 2D and 3B), while 100 nM decreased the firing induced by 30
and 40 cmH,0 pressures but not by 10 and 20 cmH»0 pressures (n=11, Figure 2C).
Epibatidine (50 nM) did not change the afferent firing (n=5, Fig 2B, p >0.05),

The highest concentrations of epibatidine (300-500 nM) also induced tonic afferent firing
that was evident at 0 cmH,O bladder pressure between the isotonic bladder distensions (Fig.
3B and D; Fig. 4B). The tonic firing ranged from 10-30 spikes/sec in different experiments
and persisted for 5-10 min after the application of the drug. The inhibitory effects as well as
the tonic afferent firing induced by epibatidine (300 nM and 500 nM) were suppressed by
bath application of 150 uM mecamylamine, a neuronal nicotinic receptor blocking agent
(Fig. 4E and Fig 5, n=5). Application of 150 pM mecamylamine in the absence of
epibatidine did not significantly alter the afferent firing induced by isotonic distension of the
bladder at 10-40 cmH,0 pressures (Fig. 4E and Fig. 5). The inhibitory effect of epibatidine
recovered 30-40 min after washout of mecamylamine (Fig. 4F).

The effect of nicotine on bladder afferent firing was tested using a similar experimental
protocol and bladder distention at pressures of 10-40 cmH,O. Bath application of 5 yM
(n=4) or 10 uM (n=8) nicotine did not change distension evoked or basal afferent firing.
However, 20 pM nicotine (n=5) elicited an initial increase in tonic firing to 10-20 spikes/sec
within a few seconds after injection into the bath when the bladder was empty (data not
shown). This concentration of nicotine also significantly decreased by 26-31% (p<0.05,
n=5) the afferent firing induced by isotonic distention of the bladder at pressures of 20, 30
and 40 cmH,0. The peak firing at 10 cmH»0 pressure was not significantly reduced (n=5,
p>0.05). The inhibitory effects of nicotine on the bladder afferent nerve firing were
completely blocked by bath application of hexamethonium (250 pM), a neuronal nicotinic
receptor blocking agent (data not shown).

Additional experiments were conducted to examine the mechanisms underlying the increase
in tonic afferent firing evoked by high concentrations of epibatidine or nicotine. Nicotinic
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receptor agonists can excite autonomic ganglion cells or postganglionic nerve terminals and
thereby evoke the release of ACh or ATP that could in turn elicit bladder contractions
leading to an increase tension in the bladder wall and induce mechano-sensitive afferent
firing. This possibility was evaluated by filling the bladder with Krebs solution at the rate of
0.04 ml/min for 3 or 8 min (Fig. 6) and then measuring afferent firing and intravesical
pressure under isovolumetric conditions following bath application of 300 nM epibatidine
(Fig. 6). In some experiments (n=3) epibatidine did not induce a rise in baseline bladder
pressure or a change in the phasic bladder contractions. However afferent firing transiently
increased in these experiments (Fig. 6). In other experiments (n=6) epibatidine (300 nM)
injected into bath did increase bladder pressure and firing (Fig. 7A). In the majority of these
experiments (5 out of 6) the afferent firing increased 5-15 sec before a detectable increase in
pressure (Fig. 7A); and the firing peaked (range, 30-60 spikes/sec) and began to decline
prior to the peak in bladder pressure. On the other hand, afferent firing evoked by
spontaneous contractions (Fig. 6) in the distended bladder or evoked by isotonic distension
of the bladder (Fig. 1) correlated well with the onset and peak of the increases in pressure.

To determine the mechanism underlying the epibatidine evoked contractions and the
relationship between the contractions and afferent firing, we administered a combination of
atropine methyl nitrate (AMN, 5 uM) and PPADS (30 uM) into the bath prior to epibatidine
to block post-junctional muscarinic cholinergic and purinergic receptors that could mediate
smooth muscle contractions elicited by excitatory transmitters released from
parasympathetic postganglionic nerves. This treatment blocked the epibatidine evoked
contractions (Fig. 7B) but only reduced the afferent firing by 32.7% (p=0.03, n=5
experiments) from an average peak of 39.8 + 9.2 spikes/sec to 26.8 + 7.6 spikes/sec. These
experiments indicate that the contractions were due to release of excitatory transmitters from
efferent nerves and that only a minor component of the afferent firing was triggered by the
contractions and the rise in intravesical pressure.

After pretreatment with the combination of AMN and PPADS epibatidine (300 nM) still
depressed (maximal depression ranging from 30-70%, n=3 experiments) the afferent firing
evoked by bladder distension (10-40 cmH,O pressures).

2.2 Effects of intravesical infusion of epibatidine on bladder afferent nerve firing

Intravesical administration of 200 nM (n=5) or 300 nM (n=3) epibatidine did not alter the
afferent nerve activity elicited by isotonic distension of the bladder at 10-40 cmH,0
pressures for 30 sec at 30 sec intervals. However, intravesical administration of a higher
concentration (500 nM) of epibatidine significantly increased the firing evoked by bladder
distentions at 10-40 cmH,0 pressures (Fig 8 and Fig. 9, n=7). This concentration of
epibatidine did not induce tonic afferent firing at 0 cmH,O bladder pressure. Similar
responses to intravesical administration of 500 nM epibatidine were obtained during a
second series of isotonic distensions of the bladder at 10-40 cmH,O pressures after washout
with Krebs solution and a 30-60 min recovery period. The facilitatory effects of epibatidine
on afferent firing were completely blocked by intravesical administration of mecamylamine
(250 uM) (Fig. 8D and Fig. 9, n=6). However intravesical application of mecamylamine
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alone (n=6) in the absence of epibatidine did not significantly alter afferent firing induced by
bladder distension at 10-40 cmH,O pressures.

2.3. Effects of nicotinic receptor agonists on evoked action potentials

To determine if bladder afferent axons are directly affected by nicotinic agonists, nerves on
the serosal surface of the bladder close to the bladder neck were electrically stimulated with
bipolar electrodes after filling the bladder with Krebs solution at the rate of 0.04 ml/min for
8 min and evoked compound action potentials were recorded on the pelvic nerve. The
voltage threshold for evoked action potentials with the bladder filled with Krebs solution
was 7.3 + 0.4 V (pulse duration 0.15 ms) (n=4). Action potentials were characterized by
short and long latency components corresponding to axonal conduction velocities ranging
from 10 to 0.3 m/s at 27 C. The largest amplitude action potential in the recording occurred
at short latencies and was biphasic. Lower amplitude potentials occurred at slower
conduction velocities ranging from 1.0-0.3 m/s.

After bath application of epibatidine (300 nM) the threshold for evoked compound action
potentials was not significantly changed (7.3 £ 0.4 V in Krebs solution and 7.8 + 0.5 V in
300 nM epibatidine) (n=4, p>0.05). Additionally the area of action potentials including the
short and long latency potentials evoked at a submaximal stimulus intensity (80 V, 0.15 ms
duration) was not changed (5.9 + 0.5 uVems in Krebs solution and 5.6 £ 1.0 pVVems after
epibatidine). Intravesical administration of epibatidine (500 nM) also did not change the
threshold (6.4 £ 0.5 V in Krebs solution and 7.0 £ 0.2 V after 500 nM epibatidine) or the
area of the evoked action potentials (6.9 £ 0.5 pVemsec in Krebs solution and 6.2 + 0.8
uVemsec after 500 nM epibatidine, n=4, p>0.05) induced by submaximumal stimulus
intensity.

A similar study conducted with bath application of nicotine (20 uM) did not reveal any
change in the threshold for evoked action potentials (6.3 £ 0.9 V in control with Krebs
solution and 6.0 = 1.2 V, n=6, p>0.05 after nicotine) or the area of evoked action potentials
(4.9 £ 1.0 pVems in Krebs solution and 5.8 + 0.8 pVems after nicotine, n=6, p>0.05) elicited
by submaximal stimulus intensity (80 V, 0.15 msec).

3. Discussion

The present study revealed that epibatidine or nicotine, non-selective neuronal nicotinic
receptor (NNR) agonists, applied to the serosal surface of the bladder inhibit afferent firing
induced by bladder distension but also elicit firing in the undistended bladder or in the
bladder distended under isovolumetric conditions. On the other hand epibatidine applied
intravesically to the lumenal surface of the bladder enhances distension evoked afferent
firing. These results raise the possibility that cholinergic nicotinic mechanisms modulate the
activity of at least three populations of bladder afferents: (1) suburothelial mechano-sensitive
afferents that exhibit facilitatory responses to NNR agonists (designated Type 1 in this
paper), (2) mechano-sensitive afferents located in the bladder muscle or serosa that are
inhibited by NNR agonists (Type 2) and (3) unidentified afferents that are excited by NNR
agonists (Type 3). These data are consistent with previous reports based on
immunohistochemical and RT-PCR analysis of mouse bladder afferents that multiple
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populations of bladder afferents express NNR (Nandigama et al., 2013). The agonist induced
responses of all three types of afferents identified in the present experiments are abolished
by mecamylamine, a non-selective NNR channel blocker. However application of
mecamylamine alone did not alter afferent firing induced by bladder distension indicating
that the afferent modulatory functions of NNR are inactive under the conditions of our
experiments.

The effect of epibatidine to facilitate firing of Type 1 afferents and excite Type 3 afferents
could be due to a direct action on the afferent receptors because capsaicin-sensitive bladder
afferent neurons dissociated from lumbosacral dorsal root ganglia of rats exhibit an inward
current in response to nicotine (Masuda et al., 2006). Additionally the increase in voiding
frequency induced by intravesical administration of nicotine (1-10 mM) (Beckel et al.,
2006; Masuda et al., 2006) is suppressed after desensitization of TRPV1 receptors by
treating animals with capsaicin. This indicates that the facilitatory effects of nicotine on
reflex bladder activity are due to activation of capsaicin-sensitive, unmyelinated, bladder
afferents (Masuda et al., 2006).

The initiation of the NNR agonist induced firing of Type 3 afferents could occur at multiple
sites because acetylcholine and other NNR agonists are known to excite unmyelinated
afferent axons in addition to exciting afferent nerve terminals. Lang et al 2003 who used the
threshold tracking method to characterize functional NNRs in unmyelinated axons in the
human sural nerve reported that epibatidine and nicotine reduced the threshold current for
generating action potentials and that this effect was blocked by mecamylamine (Lang et al.,
2003). They also showed with immunohistochemical techniques that the NNRs in the nerves
are composed of a3, a5 and 4, but not a4, $2 or a7 subunits. In view of these results we
were surprised to find in our experiments that epibatidine did not change the electrical
threshold or the magnitude of the pelvic nerve compound action potentials evoked by
electrical stimulation of axons on the serosal surface of the bladder. These data suggest that
bladder and cutaneous afferent axons are different in their response to NNR agonists and
that the direct excitatory effects of the agonists on Type 3 bladder afferents are due to
stimulation of intramural nerve terminals and not axons on the bladder serosal surface.

Epibatidine and nicotine could also influence afferent activity indirectly by modulating the
release of neurotransmitters in the bladder because NNRs are expressed at various sites in
the bladder-pelvic nerve preparation including efferent nerve terminals, urothelial cells and
autonomic ganglion cells located in the extrinsic nerves innervating the bladder (Birder and
Andersson, 2013; Birder et al., 2014; de Groat and Yoshimura, 2009; de Groat et al., 2015;
Hisayama et al., 1988; Shinkai et al., 1991; Somogyi and de Groat, 1992). Indirect effects on
afferent excitability due to stimulation of efferent pathways and release of acetylcholine or
ATP were examined because in the majority of experiments bath application of epibatidine
elicited bladder contractions. These contractions must have been mediated by release of
transmitters from parasympathetic efferent nerves because they were blocked by a
combination of a muscarinic receptor antagonist (atropine methyl nitrate) and a non-
selective but not universal P, purinergic receptor blocking agent (PPADS) (Ralevic and
Burnstock, 1998) (Fig. 7B). However it is unlikely that the increase in intravesical pressure
produced by the contractions is the major factor underlying the epibatidine induced firing of

Brain Res. Author manuscript; available in PMC 2017 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 7

Type 3 afferents because the firing preceded the rise in intravesical pressure (Fig. 7A) and
was reduced by only 32.7% by the combination of muscarinic and purinergic receptor
antagonists that blocked the evoked contractions (Fig. 7B). Additionally the antagonists did
not alter the epibatidine inhibition of distension evoked afferent firing, thus eliminating the
contribution of certain efferent neurotransmitter mechanisms. However, it is still possible
that other transmitters released by efferent nerves (e.g., nitric oxide and norepinephrine) that
are known to suppress afferent nerve excitability (Aizawa et al., 2012; 2015a; Ozawa et al.,
1999; Yoshimura et al., 2001; Yu and de Groat, 2013) might contribute to the NNR agonist
induced inhibition of Type 2 afferent firing.

The enhancement of distension evoked firing of suburothelial Type 1 afferents by
intravesical administration of epibatidine could also be due to direct effects or indirect
effects on the afferents mediated by the release of chemical mediators from the urothelium.
Various NNRs are expressed in the urothelium (Beckel et al., 2006) and stimulation of
urothelial a3 NNR with cytisine releases ATP (Beckel and Birder, 2012) which has an
excitatory effect on bladder afferents (Ralevic and Burnstock, 1998; Yu and de Groat, 2008).
In anesthetized rats intravesical administration of cytisine facilitates reflex micturition, an
effect suppressed by PPADS, a purinergic receptor antagonist, suggesting that activation of
NNRs near the lumenal surface of the bladder sensitizes afferents in part via an indirect
purinergic mechanism (Beckel et al., 2006; Beckel and Birder, 2012). Previous studies
(Aizawa et al., 2015b; Kullmann et al., 2008b; Yu and de Groat, 2010) revealed that
intravesical administration of a muscarinic receptor agonist also enhances the firing of
unmyelinated bladder afferents and facilitates reflex bladder activity by releasing ATP in the
bladder.

The high intravesical concentration (500 nM) of epibatidine required to facilitate type 1
afferent firing however, raises questions about the role of urothelial a3 NNR and urothelial
ATP release in afferent facilitation. Epibatidine is an ultrapotent agonist at a3 type NNR
(ECsq, 10 nM) (Gerzanich et al., 1995) and therefore should be effective in a low
concentration to stimulate NNR in superficial urothelial cells when administered
intravesically. The high concentration (500 nM) of epibatidine required to facilitate afferent
firing suggests that it does not act directly on a3 type NNR in umbrella cells at the lumenal
surface of the bladder but rather may activate a subtype of NNR on the urothelial cells that is
relatively insensitive to a3 agonists or may diffuse through the urothelial barrier to act on
targets below the barrier, i.e. basal/intermediate urothelial cells or suburothelial afferents.
One of these mechanisms could account for the low potency of epibatidine in enhancing the
distension evoked firing of Type 1 bladder afferents.

When administered to the serosal surface of the bladder, epibatidine was effective at a
considerably lower concentration (100 nM) to suppress distension evoked Type 2 afferent
firing. Nicotine elicited a similar inhibitory effect but was less potent (threshold
concentration: 20 uM). The different effect of epibatidine when administered to the serosal
and lumenal surfaces of the bladder suggests that when administered at these two sites the
drug targets different populations of afferents and different subtypes of NNR,. For example
bath application of the NNR agonists might target a population of mechano-sensitive
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afferent nerves in the muscle layer located close to the serosal surface that are not accessible
to the drug administered intravesically.

Activation of another NNR subtype (a7) in the urothelium has been implicated in the
inhibition of reflex bladder activity by NNR agonists. Activation of a7 receptors in cultured
urothelial cells with choline suppresses ATP release; and intravesical administration of
choline in anesthetized rats decreases the frequency of reflex voiding presumably by
decreasing afferent excitability (Beckel et al., 2006; Beckel and Birder, 2012; de Groat et al.,
2015). These effects are reduced by administration of a selective a 7 antagonist
(methyllcaconitine, MLA). Although the present experiments revealed inhibitory effects of
NNR agonists on Type 2 afferent firing it did not provide any evidence for inhibition
mediated by a7 NNR receptors because a3 NNR antagonists (mecamylamine or
hexamethonium) blocked both the inhibitory and excitatory responses. Furthermore,
suppression of the facilitatory effects of intravesical epibatidine with mecamylamine did not
unmask inhibitory effects that might have been obscured by more prominent facilitatory
effects that occurred with the high concentration of epibatidine used in our experiments.
Thus we would not expect the effect of epibatidine on afferent firing to be altered by MLA.

In conclusion these results indicate that activation of nicotinic receptors in the bladder: (1)
facilitates the firing of mechano-sensitive afferents with terminals located near the bladder
lumen, (2) inhibits the firing of mechano-sensitive afferents located near the serosal surface
or in the muscle layers of the bladder, (3) excites unidentified- afferents, (4) does not alter
afferent axonal excitability. To determine the mechanism of epibatidine induced inhibition of
bladder afferent firing, it will be important in future experiments to test the effect of a7 and
a3 receptor antagonists on the inhibitory and excitatory effects, respectively, of epibatidine.
However, based on the present data showing that mecamylamine, a non-selective NNR
antagonist, with 10 fold greater affinity for a3 than a7 receptors (Papke et al., 2001) is
equally effective in suppressing the excitatory and inhibitory effects of epibatidine on
distension evoked bladder afferent firing it is possible that both effects are mediated by an
a3 NNR subtype.

4. Experimental Procedures

4.1. Animals and surgical procedures

The urinary bladder, urethra, prostate gland, seminal vesicles and innervation including the
pelvic nerves and the major pelvic ganglia were removed from ketamine (50 mg/kg, i.m.)
anesthetized male Sprague Dawley rats (n=64, body weight 100-170g) and placed in a 20
ml bath that was perfused (1 ml/min) with Krebs solution at a temperature of 27°C and
continuously bubbled with 95% O, and 5% CO,. A temperature below body temperature
was used to prolong the survival of the in vitro preparation. The Krebs solution had the
following composition (mM): NaCl 128, KCI 1.8, NaHCO3 22, KH,PO,4 1.5, MgS0,4 1.3,
glucose 10, CaCl,.2H,0 0.4 and H,0, 0.4 at pH 7.4. A catheter (PE50) was inserted into the
bladder through the urethra and then connected to an infusion pump to infuse solutions
intravesically and to a pressure transducer to monitor bladder activity. The duration of the
experiments ranged from 4 to 7 hours.
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4.2. Nerve stimulation and recording

4.3. Drugs

The pelvic nerve on one side was placed in an adjacent chamber filled with paraffin oil and
positioned on silver bipolar electrodes (inter-electrode distance: approximately 3 mm) for
recording multiunit afferent nerve activity. Standard electrophysiological methods were used
to amplify and analyze the afferent nerve activity (Yu and de Groat, 2008). Afferent firing
was elicited by intravesical infusion of Krebs solution at the rate of 0.04 ml/min for 8 min
which also evoked rhythmic contractions of the bladder smooth muscle. After bladder filling
was stopped multiunit afferent activity was measured (spikes/sec) for 10 min using a pulse
height discriminator rate meter and displayed on a rectilinear paper recorder and also
recorded on a VCR and a digital computer for later off-line analysis. Afferent activity was
also evoked by isotonic distension of the bladder with Krebs solution for 30 sec periods at
pressures of 10, 20, 30 and 40 cmH»0. Nicotinic agonists (epibatidine or nicotine) or
antagonists (mecamylamine or hexamethonium) were administered to the serosal surface of
the bladder by injection into the bath solution or to the lumenal surface of the bladder by
intravesical infusion. Reversibility of drug effects was evaluated by flushing the bath or
bladder with Krebs solution and repeatability was tested by additional applications at
intervals of 30 to 60 min.

Multiunit compound action potentials were also elicited by electrical stimulation (0.15 ms
pulse duration) using a pair of silver wire electrodes (diameter: 0.25 mm, inter-electrode
distance: 2-3 mm) positioned on the serosal surface close to the neck of the bladder (Yu and
de Groat, 2008). Individual responses were averaged with a computer (Lab View program,
National Instrument Company). Based on the latencies of evoked action potentials in the
pelvic nerve and the distance between stimulus and recording sites the conduction velocities
of the afferent nerves were calculated. The distance between stimulating and recording
electrodes ranged between 11-13 mm. Changes in the electrically evoked action potentials
were studied after intravesical administration or bath application of epibatidine or nicotine.

Stock solutions of epibatidine dihydrochloride (0.1 mM) mecamylamine hydrochloride (5
mM), nicotine tartrate (10 mM) and hexamethonium chloride (50 mM) atropine methyl
nitrate, pyridoxal-phosphate-6-azophenyl-2’,4’-disulfonate were prepared in distilled water
and diluted in Krebs solution prior to application to the preparation. All drugs were obtained
from Sigma Aldrich Inc. Mecamylamine (150 uM) and hexamethonium (250 uM) were
applied in concentrations shown to block nicotinic receptors in other tissues or isolated cells
(Imamura et al., 2015; Ren et al., 2015; Suzuki and Volle, 1979).

4.4. Statistics

Analysis of Data: Multiunit recordings of afferent activity are presented as peak firing
frequency in spikes/sec recorded under isovolumetric or isotonic conditions. The Lab View
program (National Instrument Company) was used to analyze the area of evoked action
potentials. All data are expressed as mean + SE. Results were evaluated using two-way
ANOVA followed by Bonferroni post tests using Prism 4 program (GraphPad software Inc,
San Diego, CA).
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Abbreviations

ACh acetylcholine

AMN atropine methyl nitrate

AP action potential

EPI epibatidine

BAN bladder afferent nerve

MEC mecamylamine

NNR neuronal nicotinic receptors

NO nitric oxide

NOS nitric oxide synthase

PPADS pyridoxal-phosphate-6-azophenyl-2/,4’-disulfonate
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Highlights

Nicotinic agonists modulate firing of mechano-sensitive bladder afferent nerves
(BAN)

Agonists applied to the bladder lumen enhance mechano-sensitive BAN firing
Agonists applied to the bladder serosal surface suppress mechano-sensitive BAN
firing

Agonists applied to the bladder serosal surface also elicit BAN firing

Mecamylamine, a nicotinic antagonist blocks the effects of agonists
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Figure 1.
Increases in bladder afferent firing evoked by 10, 20, 30 and 40 cm H,O intravesical

pressures applied for 30 sec at 30 sec intervals. Top trace: intravesical pressure (cm H»0),
middle trace afferent firing (1V), bottom trace rate meter recording of afferent firing
(Spikes/S). Horizontal calibration bar represents 30 sec.
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Effects of bath application of epibatidine (EPI, 50, 100 and 300 nM) on peak bladder
afferent nerve firing (Spikes/S) induced by isotonic distention of the bladder at 10, 20, 30,
and 40 cmH,O for 30 sec at 30 sec intervals. A: Two trials of bladder distention elicit
reproducible responses (n=4 preparations). B: EPI (50 nM) does not alter afferent firing
(p>0.05, n=7). C: EPI (100 nM) does not alter afferent firing elicited by 10 and 20 cmH,0
bladder pressures, however significantly decreases afferent firing (* p<0.05, n=11) elicited
by 30 and 40 cmH,0 bladder pressures. D: EPI (300 nM) significantly decreases afferent
firing (* p<0.05, *** p<0.001, n=12) elicited by 10-40 cmH,0O bladder pressures.
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Figure 3.

Bath application of epibatidine (EPI, 300 nM at arrows) suppresses bladder afferent firing
evoked by increases in bladder pressure (10-40 cm H,0) (A-C) applied for 30 sec at 30 sec
intervals. Top trace: intravesical pressure (cm H,0), middle trace afferent firing (uV),
bottom trace rate meter recording of afferent firing (Spikes/S). A: Control. B: EPI suppresses
afferent firing. Note EPI also elicits a small increase in tonic firing between bladder
distensions. C: Recovery of firing after washout (arrow) of EPI for 30 min. D: With the
bladder empty bath application of EPI (300 nM, at arrow) increases afferent firing. All
records are from one preparation. Horizontal calibration bar represents 1 min.
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Figure 4.

Bath application of epibatidine (EPI, 300 nM, at arrows) evokes tonic firing and suppresses
bladder afferent nerve firing induced by isotonic distention of the bladder at 10-40 cmH,0.
All records are from one preparation. Top traces are intravesical pressure in cmH,0; middle
traces show afferent nerve firing and bottom traces represent rate meter recording of afferent
firing. A: Afferent firing evoked by distention of the bladder before application of EPI. B:
Bath application of EPI (300 nM) elicits tonic firing and decreases bladder distension
evoked afferent firing. C: The inhibitory effect persists for 20 min in the presence of EPI at a
time when the EPI evoked tonic firing is markedly reduced. Time between records B and C
is 20 min. D: After washout of EPI the distension evoked afferent firing returned to control.
E: Inhibitory effect of EPI on distension evoked afferent firing and the tonic firing induced
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by EPI is blocked by bath administration of mecamylamine (150 M) a nicotinic receptor
antagonist. Time between D and E is 15 min. F; 30 min after washout of mecamylamine,
EPI induced tonic firing and inhibition of distension evoked afferent firing partially recovers.
Horizontal calibration represents 1 min.
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Figure 5.
Summary of the effect of bath application of epibatidine (EPI, 300 nM) on bladder afferent

firing (Spikes/S) induced by isotonic distention of the bladder at pressures of 10-40 cmH-0.
EPI decrease in afferent firing (n=5 experiments, ***p<0.001, * p<0.05) is reversed 30 min

after washout and is blocked by 150 uM mecamylamine (MEC) (n=5). MEC alone does not
alter bladder afferent firing.

Brain Res. Author manuscript; available in PMC 2017 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yu et al.

Page 20

%3

0

cmH,0

0

400~

-400-

>
1=

Spikes/S

fi
Ly
M / M W" 13,.' ‘~. ‘ -'/‘VM_« w’w_’

T |
1min
Start Stop 300nM EPI

Figure 6.
Effects of bath application of epibatidine (EPI, 300 nM) on bladder afferent nerve firing

induced by intravesical infusion of Krebs solution at the rate of 0.04 ml/min for 8 min. The
top traces represent bladder contractile activity measured as intravesical pressure in cmH0,
the middle traces represent afferent nerve firing (uV) and the bottom traces represent rate
meter recording of afferent firing (Spikes/S). Arrows represent start and stop of infusion of
Krebs solution and bath application of EPI. Bladder distension induces rhythmic bladder
contractions (recorded under isovolumetric conditions) that are accompanied by bursts of
afferent activity. EPI induces an initial increase in tonic afferent firing and a later occurring
decrease in the firing associated with bladder contractions. Horizontal calibration represents

1 min.
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Figure 7.

Effects of bath application of epibatidine (EPI, 300 nM) on bladder activity induced by
intravesical infusion of Krebs solution at 0.04 ml/min for 8 min. Arrows indicate start and
stop of the infusion. Records A and B are from the same preparation. A: Under
isovolumetric conditions EPI induces a bladder contraction, an increase in bladder pressure
(top trace) and afferent firing (bottom trace). The dotted line shows the afferent firing
increases before a detectable increase in bladder pressure. EP1 was washed out of the bath
during the time (30 min) between records A and B. B: After application of atropine methyl
nitrate (AMN, 5 uM) and PPADS (30 pM) to block muscarinic and purinergic receptors bath
application of EPI (300 nM) still increases afferent firing but does not elicit a bladder
contraction and an increase in bladder pressure. Horizontal calibration represents 1 min.
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Figure 8.
Intravesical infusion of epibatidine (EPI, 500 nM) increases bladder afferent nerve firing

induced by isotonic distention of the bladder at 10, 20, 30, and 40 cmH,O. Top traces are
intravesical pressure in cmH»O; middle traces show afferent nerve firing and bottom traces
represent rate meter recording of afferent firing. A: Distention of the bladder with Krebs
solution. B: Intravesical administration of EPI increases distension evoked afferent firing. C:
Afferent firing returns to control 30 min after washing EPI out of the bladder with Krebs
solution. D: The facilitatory effect of EPI on afferent firing is suppressed by intravesical
administration of mecamylamine (MEC, 250 uM). Horizontal calibration represents 1 min.
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Figure 9.
Summary of the effects of intravesical administration of epibatidine (EPI, 500 nM) on

bladder afferent nerve firing induced by isotonic distention of the bladder with Krebs
solution at 10 to 40 cmH,O0 intravesical pressures. EPI increased afferent firing (n=7, **
p<0.01, * p<0.05). The facilitatory effect of EPI is blocked by intravesical administration of
mecamylamine (MEC, 250 uM).
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