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ABSTRACT

Parasympathetic control of murine urinary bladder consists of
contractile components mediated by both muscarinic and pu-
rinergic receptors. Using intracellular recording techniques, the
purinergic component of transmission was measured as both
evoked excitatory junctional potentials (EJPs) in response to
electrical field stimulation and spontaneous events [spontane-
ous EJPs (sEJPs)]. EJPs, but not sEJPs, were abolished by the
application of the Na* channel blocker tetrodotoxin and the Ca®*
channel blocker Cd?". Both EJPs and sEJPs were abolished by
the application of the P2X, antagonist 8,8’-[carbonylbis(imino-4,1-
phenylenecarbonylimino-4,1-phenylenecarbonylimino)]bis-1,3,5-

naphthalenetrisulfonic acid hexasodium salt (NF279). Application
of phorbol dibutyrate (PDBu) increased electrically evoked EJP
amplitudes with no effect on mean sEJP amplitudes. Similar in-
creases in EJP amplitudes were produced by PDBu in the pres-
ence of either the nonselective protein kinase inhibitor staurospor-
ine or the specific protein kinase C (PKC) inhibitor 2-[1-(3-
dimethylaminopropyl)indol-3-yl]-3-(indol-3-yl) maleimide
(GF109203X). These results suggest that PDBu increases the
purinergic component of detrusor transmission through in-
creasing neurogenic ATP release via a PKC-independent
mechanism.

Introduction

The storage of urine within the urinary bladder relies on
the contraction of internal and external sphincter muscles
located in the neck of the urinary bladder in consort with
relaxation of the detrusor muscle. Conversely, urinary blad-
der voiding is mediated by contraction of the detrusor muscle
and relaxation of the sphincter muscles (Thompson, 2004).
Neuronal control of detrusor muscle function is exerted by
parasympathetic cholinergic neurons; these neurons are
known to store and release both acetylcholine (ACh) and ATP
together as cotransmitters from synaptic vesicles (Whittaker
et al., 1972; Silinsky and Hubbard, 1973; Dowdall et al.,
1974; Silinsky, 1975; Unsworth and Johnson, 1990). In most
mammalian species parasympathetic neurotransmission to
the detrusor smooth muscle consists of a purinergic P2X;
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receptor component mediated by ATP (Vial and Evans, 2000)
and a muscarinic receptor component mediated by ACh (Ken-
nedy, 2001).

The relative contributions of muscarinic and purinergic
components of neurotransmission in detrusor muscle are
both species- and age-dependent. In the mouse, neurotrans-
mission to the urinary bladder detrusor muscle consists of
almost equal muscarinic and purinergic components. In con-
trast, in healthy young adult humans it is generally believed
that neurotransmission in the detrusor muscle is mediated
primarily by the muscarinic portion of transmission. How-
ever, the purinergic portion of transmission increases with
both age and disease, for example, in patients suffering from
detrusor overactivity ( Sjogren et al., 1982; Kennedy, 2001,
Yoshida et al., 2001).

Injection of botulinum toxin A (Botox) into the detrusor
muscle has been found to be an effective treatment for de-
trusor overactivity, thus implicating the parasympathetic
nerve endings as both a potential cause of overactive bladder
and a target for therapeutic drug discovery. One major side
effect of botulinum treatment for overactive bladder is that
patients experience bladder voiding impairment (Brubaker

ABBREVIATIONS: ACh, acetylcholine; PDBu, phorbol dibutyrate; EJP, excitatory junctional potential; sEJP, spontaneous EJP; TTX, tetrodotoxin;
PKC, protein kinase C; Botox, botulinum toxin A; ANOVA, analysis of variance; NF279, 8,8’-[carbonylbis(imino-4,1-phenylenecarbonylimino-4,1-
phenylenecarbonylimino)]bis-1,3,5-naphthalenetrisulfonic acid hexasodium salt; GF109203X, 2-[1-(3-dimethylaminopropyl)indol-3-yl]-3-(indol-3-yl)

maleimide.
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et al., 2008; Shaban and Drake, 2008; Khan et al., 2009).
From these observations it seems that understanding the
mechanisms for the modulation of neurotransmission in
bladder detrusor muscle may lead to therapies that could
either offer advantages over Botox treatment or provide mit-
igation for the voiding impairment induced by Botox treat-
ment through enhancing neurotransmitter release at that
portion of nerve terminals unaffected by Botox.

We know of no previous studies that have exploited the
temporal and quantal resolution that might be achieved
through the application of electrophysiological techniques to
the study of prejunctional modulation of nerve-evoked neu-
rotransmission purinergic component of evoked transmitter
release in murine detrusor muscle.

Phorbol esters are known to cause rapid increases in evoked
neurotransmitter release at a wide range of loci, at both central
and peripheral nerve endings either through protein kinase C
(PKC)-dependent pathways (Wardell and Cunnane, 1994) or
PKC-independent pathways, which are generally thought to be
mediated by Muncl3 (Betz et al., 1998; Searl and Silinsky,
1998; Rhee et al., 2002; Silinsky and Searl, 2003). Munc13 is a
nerve terminal protein containing the C1 phorbol binding do-
main that through interaction with syntaxin, a critical member
of the secretory apparatus, promotes transmitter release either
by increases in the numbers of vesicles available for release
(Searl and Silinsky, 2008; Chang et al., 2010) or effects on the
probability of release (Basu et al., 2007). At a number of syn-
apses both PKC-dependent and PKC-independent pathways
have been identified as mechanisms by which phorbol esters
promote neurotransmitter release (Wierda et al., 2007; Lou et
al., 2008).

In addition to the PKC-dependent postjunctional effects of
phorbol esters on bladder smooth muscle contraction (Wang
et al., 2012), phorbol esters have been found to exert prejunc-
tional effects. Thus, phorbol esters were found to increase
[**C]ACh overflow in the rat urinary bladder through a M,
muscarinic receptor-dependent PKC pathway, with the ef-
fects of phorbol esters inhibited by both PKC inhibitors and
atropine (Somogyi et al.,1997). In contrast to these findings,
contraction studies in murine detrusor muscle have found
that the application of phorbol esters selectively increases
the purinergic component of neurotransmitter release through
a PKC-dependent effect on P/Q-type Ca®* channels (Liu and
Lin-Shiau, 2000).

The principal aims of this study were 3-fold: 1) to test the
feasibility and utility of applying electrophysiological tech-
niques for the measurement of quantal neurotransmitter
release in the murine detrusor muscle, 2) to determine the
effects of the application of a phorbol ester on the electro-
physiological correlate of purinergic transmission in the de-
trusor muscle, and 3) to determine whether the acute effects
of phorbol dibutyrate on neurotransmitter release in the
murine detrusor are mediated through PKC-dependent or
PKC-independent mechanisms.

Materials and Methods

General. The methods used for anesthesia and exsanguinations
are in accordance with guidelines laid down by our institutional
animal welfare committee and the National Institutes of Health
(Institute of Laboratory Animal Resources, 1996). Specifically, mice
(B6129F2J, 20-30 g in weight), were anesthetized with 5% isoflu-

313

rane for 3 to 5 min, until unresponsive to touch, and this was
followed by cervical dislocation and exsanguination. The urinary
bladder was removed and placed in physiological solution containing
137 mM NaCl, 5 mM KCl, 2 mM CaCl,, 2 mM MgCl,, 30 mM
HEPES, 24 mM NaH,CO;, 1 mM NaH,PO,, and 11 mM dextrose, pH
7.2 to 7.4 gassed with O,, in a Sylgard (silicone elastomer; Dow
Corning, Midland, MI)-lined chamber (volume, approximately 4 ml).
The bladder was dissected along the ventral wall with a longitudinal
incision, from the bladder neck (posterior) to the top of the dome
(anterior), and the bladder was opened and pinned flat, interior
surface uppermost. The urothelium and suburothelium were re-
moved with careful dissection. The detrusor muscle was then re-
pined, outside surface uppermost, and muscle cuts were made along
the craniocaudal axis to isolate muscle contractions. Silver wire
electrodes were placed on the surface of the muscle sheet. The cham-
ber was mounted on the heated stage (Dagan, Minneapolis, MN) of
an inverted microscope (Nikon, Tokyo, Japan) and maintained at 36
to 37°C by superfusion with warmed physiological saline solution at
a constant flow rate (12 ml - min~!). Unless otherwise stated, exper-
iments were performed in the combined presence of 10 to 15 pM
nifedipine to block the postjunctional L-type Ca®" channels, thus
revealing the underlying excitatory junctional potential, 100 nM
atropine to block muscarinic-mediated contractions of the muscle,
and 300 wM hexamethonium to block ganglionic nicotinic receptors.
Electrically evoked responses were elicited by using field stimulation
of the preparation (0.5-ms duration at a frequency of 0.1 Hz), with
the bath electrode located to minimize the stimulus artifact. Intra-
cellular recordings were made from the smooth muscle cells with
glass capillary microelectrodes, filled with 0.5 M KCl (tip resistance,
60-100 MQ)) with a high input impedance amplifier (Axoclamp-2A;
Molecular Devices, Sunnyvale, CA). Signals were filtered (5-kHz low
pass), amplified, and digitized at 1 kHz (Digidata 1200 A/D con-
verter; Molecular Devices). Signals were recorded directly to the
computer by using winEDR software and analyzed by using winEDR
and winWCP programs (Professor J. Dempster, Strathclyde Univer-
sity, Glasgow, UK). Data were aggregated by using Microsoft (Red-
mond, WA) Excel, Corel (Mountain View, CA) Quattro Pro, and Sigma
Plot and Sigma Stat software packages (SPSS Inc., Chicago, IL). All
drugs were from Sigma-Aldrich (St. Louis, MO) except 8,8'-[carbonyl-
bis(imino-4,1-phenylenecarbonylimino-4,1-phenylenecarbonylimino)]
bis-1,3,5-naphthalenetrisulfonic acid hexasodium salt (NF279) was
from Tocris Bioscience (Ellisville, MO), and tetrodotoxin (TTX) was a
gift from Dr. W Marszalec (Dagan, Minneapolis, MN).

Because of the nonlinear summation of EJP, increases in EJP
amplitude are likely to be underestimated. We therefore also provide
estimates of EJP and sEJP amplitudes corrected according to the
equation of Stevens (1976), corrected to a membrane potential of 50
mV; namely, v’ = 50.In [E/(E — v)], where E is the resting membrane
potential; v is the measured (s)EJP amplitude; and v’ is the corrected
(s)EJP amplitude, assuming a reversal potential for the EJP conduc-
tance of O mV (Evans et al., 1996). The accuracy of this correction
depends on the capacitance and resistance properties of the detrusor
smooth muscle electrical syncytium.

Statistical Methods. Comparisons were made by either para-
metric [Student’s paired ¢ test or analysis of variance (ANOVA)] or
nonparametric (Wilcoxon signed rank test) statistics (Glantz, 1992).
For the purpose of discussion of the results, differences between
groups were considered significant when p < 0.05. Unless otherwise
stated, n represents the number of single experiments carried out at
single intracellular impalements on individual preparations. Data
are presented as means = 1 S.E.M.

Results

General Observations. In the absence of any blocking
drugs, detrusor muscle preparations contracted both sponta-
neously and in response to electrical field stimulation of the
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tissue. Both spontaneous and evoked action potentials could
be recorded from detrusor muscle preparations, but these
events were usually accompanied by contractions and loss of
the intracellular muscle impalement. Coapplication of the
L-type Ca®* channel blocker nifedipine (10—15 uM) and the
muscarinic antagonist atropine (100 nM) resulted in a rapid
abolition of spontaneous contractile activity and a slower
abolition of electrically evoked contractions in all prepara-
tions. In the combined presence of the ganglionic blocker
hexamethonium, atropine, and nifedipine, membrane poten-
tials were quiescent.

Under conditions in which all cholinergic activity and mus-
cle contractions were blocked, intracellular membrane poten-
tials ranged from —32 to —58 mV with an average potential
of —42.7 = 1.7mV (n = 41). Electrically evoked EJPs could be
readily recorded in response to field stimulation of the prep-
aration (Fig. 1) as well as sEJPs (Fig. 1A). The neurogenic
origin of these electrically evoked EJPs was tested with the
Na™ channel blocker TTX. As shown in Fig. 1A, application of
2 pM TTX resulted in a rapid abolition of the evoked re-
sponse (n = 6), whereas sEJPs persisted in the presence of
TTX. The effect of TTX on EJPs was reversible on wash. As
shown in Fig. 1B, application of the Ca®" channel blocker
Cd?" (200 uM) resulted in rapid abolition of the electrically
evoked response (n = 5). The purinergic nature of the EJPs
was tested by the applications of the P2X; competitive an-
tagonist NF279 (10-20 M) and the desensitizing P2X ago-
nist o,3-methylene ATP. Application of NF279 caused a grad-
ual reduction and eventual abolition of both EJPs and sEJPs
(n = 6; see Fig. 1C) with no effect on membrane potentials. In
contrast, application of a,3-methylene ATP caused an initial
immediate depolarization (10-15 mV) followed by a slow-
developing (5—-15 min) repolarization that was accompanied
by an abolition of both evoked EJPs and sEJPs (n = 5; data
not shown). Taken in combination, these results confirm both
the purinergic and neurogenic origin of the evoked EJPs

Control
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Control NF 279 100 ms

Fig. 1. Properties of electrically evoked EJPs recorded from mouse de-
trusor muscle. A, the effect of 2 puM TTX on electrically evoked responses
recorded from detrusor muscle. SEJPs (indicated by *) were still present
after abolition of the evoked response by TTX. B, the effect of the inor-
ganic voltage-dependent Ca®* channel blocker Cd?* (200 nM) on electri-
cally evoked responses. Cd*>* produced a rapid abolition of the evoked
response, indicating the calcium dependence of the evoked EJP. C, the
effect of the P2X, receptor antagonist NF279 (15 uM) on electrically
evoked responses. Application of NF279 abolishes the evoked response,
indicating the purinergic nature of these responses.

recorded from the detrusor muscle preparation and further
suggest that these responses may be measured with a quan-
tal-level resolution with these techniques.

The Effects of Phorbol Dibutyrate on EJPs Recorded
from the Murine Detrusor Muscle. Application of 100 nM
phorbol dibutyrate caused a rapid (3- to 8-min onset) aug-
mentation of the electrically evoked EJPs (Figs. 2A and 3A).
The mean EJP amplitude was 12.1 = 3.7 mV in control
versus 22.4 = 5.5 mV in PDBu (p = 0.018; n = 6; Student’s
paired ¢ test). In addition, as shown in Fig. 3A, the ampli-
tudes of sSEJPs were unaffected. Specifically, the mean sEJP
amplitude was 5.7 = 1.5 mV in control versus 6.7 = 2.5 mV
in PDBu. (After application of Stevens’ correction for nonlin-
ear summation, EJP amplitudes were 15.5 = 5.8 mV in
control versus 35.3 = 11.7 mV in PDBu; sEJP amplitudes
were 6.11 = 1.7 mV in control versus 7.47 = 3.0 in PDBu.)

Because both PKC-dependent and PKC-independent path-
ways have been implicated in the effects of phorbol esters on
evoked neurotransmitter output, we investigated the abili-
ties of two PKC inhibitors to inhibit the PDBu-mediated
increase in ATP release. For this study, we chose to use both
staurosporine, a nonselective kinase inhibitor, and the more
selective PKC inhibitor 2-[1-(3-dimethylaminopropyl)indol-3-yl]-
3-(indol-3-yl) maleimide (GF109203X) (10 uM), both of which
act on the C3 domain (ATP binding site) of PKC (Newton,
1995). As shown in Fig. 3, B and C, these agents had no
detectable effect on the evoked response themselves or the
increases in evoked response resulting from the application
of 100 nM phorbol dibutyrate (Figs. 2, B and C and 3, B and
C). Mean EJP amplitudes were 12.5 = 3.8 mV in control

A
__|1omv
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Control PDBu

J10mV

100 ms
Staurosporine Staurosporine
+ PDBu
10 mV
100 ms
GF109 203X GF109 203X
+ PDBu

Fig. 2. The effect of PKC inhibitors on PDBu-mediated increases in
electrically evoked EJP amplitudes. A, superimposed evoked responses
before and after the application of 100 nM PDBu on evoked EJPs. B, the
effects of 100 nM PDBu on evoked EJPs in the presence of 1 wM stauro-
sporine. C, the effects of 100 nM PDBu on evoked EJPs in the presence of
10 pM GF109203X. As shown in B and C, the PDBu-evoked increase of
EJP amplitude was also accompanied by an increased rate of repolariza-
tion of the membrane potential. It seems likely that this increased rate of
repolarization results from the activation of K* channels and may serve
to limit the measured increase in EJP amplitude in these experiments. In
support of this suggestion, it has been reported that both BK and SK
K", channels act to limit bladder smooth muscle responses to nerve
stimulation in mouse (Herrera et al., 2005; Werner et al., 2007) and
human urinary bladder in vitro (Darblade et al., 2006).
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Fig. 3. The effects of PDBu and PKC inhibitors on EJP and sEJP amplitudes. A, after application of PDBu EJP amplitudes were increased to 197 +
16% of control, and sEJP amplitudes were 110% *+ 10% of control (n = 6 experiments). B, application of PDBu in the presence of staurosporine resulted
in an increase in EJP amplitude to 177 *= 16% of the amplitude measured in staurosporine alone. The sEJP amplitudes were 102 = 7.5% of the
amplitudes measured in staurosporine alone (n = 6 experiments). C, after application of PDBu in the presence of GF109203X EJP amplitudes were
increased to 170 = 14% of the amplitudes measured in GF109203X alone, and sEJP amplitudes were 101 + 11% of the amplitudes measured in

GF109203X alone (n = 5 experiments).

versus 12.1+ 2.5 mV in staurosporine versus 19.3 = 2.5 mV
in staurosporine + PDBu (p = 0.031, Student’s paired ¢ test;
p < 0.05, Dunnet’s method, repeated-measures ANOVA; n =
6). Mean sEJP amplitudes were 4.3 = 0.5 mV in control
versus 4.9 = 0.4 mV in staurosporine versus 5.0 = 0.6 mV in
staurosporine + PDBu. (Applying Stevens’ correction for
nonlinear summation, EJP amplitudes were 16.3 = 4.1 mV in
control, 14.6 = 2.9 mV in staurosporine, and 26.2 + 2.9 mV
in staurosporine and PDBu. sEJP amplitudes were 5.2 + 0.1
mV in control, 5.5 = 0.5 mV in staurosporine, and 5.5 = 0.25
mV in staurosporine and PDBu.) For GF109203X experi-
ments mean EJP amplitudes were 10.7 = 4.2 mV in control
versus 11.9 + 3.4 mV in GF109203X versus 20.0 = 5.3 mV in
GF109203X + PDBu (p = 0.036; n = 5; p < 0.05, determined
by Dunnet’s method, repeated-measures ANOVA). Mean
sEJP amplitudes were 4.8 = 1.2 mV in control versus 4.9 =
0.9 mV in GF109203X versus 4.4 = 0.8 mV in GF109203X +
PDBu (n = 5). (Applying Stevens’ correction for nonlinear
summation, EJP amplitudes were 14.8 = 6.8 mV in control,
16.6 = 5.8 mV in GF109203X, and 37.3 * 13.8 mV in
GF109203X and PDBu. sEJP amplitudes were 5.4 = 1.5 mV
in control, 5.4 £ 1.3 mV in GF109203X, and 5.0 = 1.2 mV in
GF109203X and PDBu.) Comparing EJP amplitudes re-
corded in PDBu alone with those in staurosporine + PDBu
and GF109203X + PDBu there was no significant difference
in ANOVA: PDBu alone versus staurosporine + PDBu, p =
0.39; Wilcoxon signed rank test; PDBu alone versus EJP am-
plitudes recorded in GF109203X + PDBu, p = 0.5; Wilcoxon
signed rank test.

Discussion

Historically, the first recordings of purinergic EJPs were
made by Burnstock and Holman (1960) from guinea-pig vas
deferens. It was later found that responses to locally applied
ATP both mimicked the nerve-evoked EJP, and both the EJP
and responses to ATP were abolished by o,3-methylene ATP
in this preparation (Sneddon and Burnstock, 1984). Record-
ings of electrically evoked EJPs from smooth muscle cells of

the rabbit urinary bladder detrusor muscle (using both mi-
croelectrode and sucrose gap methods) were first published
by Creed et al., (1983). Later work demonstrated that the
atropine-resistant EJPs recorded in the bladders of rabbits,
guinea-pigs, and pigs were inhibited by desensitization of the
ATP receptor with «,B-methylene ATP (Hoyle and Burn-
stock, 1985; Hashitani and Suzuki, 1995; Fujii, 1988; Brad-
ing and Mostwin, 1989; Bramich and Brading, 1996). In
other studies, high concentrations of the purinergic antago-
nist suramin were found to reduce the amplitude of EJPs
recorded by the sucrose gap method in rabbit and guinea-pig
bladder (Creed et al., 1994). The purinergic component of
detrusor muscle neurotransmission was further supported by
experiments with whole-cell patch-clamped smooth muscle
cells isolated from guinea-pig bladder in which concentration
jump applications of ATP closely mimicked the time course of
response predicted from recordings of the EJP (Inoue and
Brading, 1990).

Further detailed analysis of intracellularly recorded EJPs
recorded in the guinea-pig bladder (Bramich and Brading,
1996; Hashitani et al., 2000) found that electrically evoked
EJPs varied greatly in amplitude and time course, even when
recorded from cells at similar distances from the stimulating
electrodes. As the stimulation strength was reduced, the
amplitude of EJPs was decreased in two or three discreet
steps, suggesting that these EJPs are composed of more than
one conductance and the variation in EJP amplitude may be
related to the low degree of coupling between smooth muscle
cells in and between muscle bundles. Meng et al. (2008) and
Young et al. (2008) found that in murine detrusor muscle
sEJPs led to the production of spontaneous L-type action
potentials.

As reported here, in addition to the sEJPs previously re-
corded from the murine detrusor muscle, electrical field stim-
ulation of the detrusor muscle in the presence of nifedipine
results in the production of EJPs. These electrically evoked
responses (but not the sEJPs) are reversibly blocked by TTX,
indicating the dependence of the evoked EJPs on neuronal
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Na* channels. In addition, the evoked EJPs (but not the
sEJPs) are abolished by Cd?", indicating the dependence of
the evoked events on Ca®?" channels. Finally, both the evoked
EJPs and sEJPs are reversibly blocked by the P2X; antago-
nist NF279, indicating the dependence of these events on
P2X, receptor gated channels.

Initial reports on the effects of phorbol esters on neu-
rotransmitter release often assumed that these effects were
mediated through actions on protein kinase C. However, the
discovery of homologous C1 binding domains in proteins
other than PKC, such as Munc13, led to a reevaluation of the
mechanisms underlying the modulatory effects of phorbols
on neurotransmitter release at a variety of synapses (Silin-
sky and Searl, 2003). The relative magnitude of the putative
roles of the PKC- and non-PKC-dependent actions of phorbol
esters in enhancing neurotransmitter release seems to differ
from synapse to synapse. Thus at the frog neuromuscular
junction PKC inhibitors failed to demonstrate any role of
PKC in the acute affects of phorbol esters (Searl and Silinsky,
1998). In the experiments presented here, application of the
phorbol ester PDBu resulted in a significant increase in
mean EJP amplitudes with no measurable effect on the am-
plitudes of sEJPs, thus indicating that the enhancement of
the evoked response by PDBu is mediated through increases
in the number of quanta released in response to nerve stim-
ulation. Preapplication of either 1 M staurosporine (which
has been found to produce complete inhibition of PKC activ-
ity in isolated neuronal preparations at a concentration of
200 nM; Considine et al., 1992) or 10 pM GF109203X, (which
has a reported IC;, of 10 nM; Gordge and Ryves, 1994) failed
to have any effect on the increases in transmitter release in
response to the acute application of phorbol esters. This
suggests that in the detrusor muscle enhancement of the
purinergic component of neurotransmission by phorbol esters
is mediated by a non-PKC-dependent process, i.e., Munc-13.

Previously, on the basis of radioactively labeled acetylcho-
line overflow experiments, the enhancement of detrusor neu-
rotransmission by phorbol esters was attributed to the
prejunctional actions of PKC (Somogyi et al., 1997). There
are several notable points of difference between our study
and those previous reports that might in part account for the
difference. First, the effects previously reported pertained to
the cholinergic component of neurotransmission that may
be under different prejunctional control than the puriner-
gic component of transmission in detrusor muscle (e.g.,
Waterman, 1996 but see Lawrence et al., 2010). In addition,
the PKC-dependent effect found previously was mediated
through an action on L-type Ca®?" channels. One shortcoming
of our approach is the necessary presence of the L-type Ca®*
channel blocker nifedipine throughout, which may mask any
prejunctional effect that is exerted through the enhancement
of L-type Ca®" channel function. In addition, the previous
report used both lower concentrations of phorbol ester ap-
plied over a much longer time course than we were regularly
able to achieve with electrophysiological techniques. Never-
theless, despite these limitations, our results demonstrate a
clear prejunctional enhancement of electrically evoked neu-
romuscular transmission by a phorbol ester that is mediated
through a PKC-independent pathway.

In conclusion, the application of electrophysiological re-
cording techniques to the detrusor muscle of the mouse al-
lows the study of neuromodulation with a degree of resolu-

tion not easily attainable with other techniques. In addition,
application of the phorbol ester PDBu results in a PKC-
independent increase in neurotransmitter release as deter-
mined by the amplitudes of electrically evoked responses. It
is likely that the effects of PDBu are mediated through the
activation of Muncl3, a presynaptic protein that contains a
phorbol ester binding domain and is thought to enhance
release through the promotion of synaptic vesicle priming
(Betz et al., 1998; Rhee et al., 2002; Silinsky and Searl, 2003).
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