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Inositol trisphosphate-dependent Ca2+ stores and
mitochondria modulate slow wave activity arising
from the smooth muscle cells of the guinea pig
prostate gland
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Background and purpose: Changes in smooth muscle tone of the prostate gland are involved in aetiology of symptomatic
prostatic hyperplasia, however the control mechanisms of prostatic smooth muscle are not well understood. Here, we have
examined the role of internal Ca2+ compartments in regulating slow wave activity in the guinea pig prostate.
Experimental approach: Standard intracellular membrane potential recording techniques were used.
Key results: The majority (89%) of impaled cells displayed ‘slow wave’ activity. Cyclopiazonic acid (10 mmol·L-1) transiently
depolarized (3–9 mV) the membrane potential of the prostatic stroma and transiently increased slow wave frequency.
Thereafter, slow wave frequency slowly decreased over 20–30 min. Ryanodine transiently increased slow wave frequency,
although after 30 min exposure slow wave frequency and time course returned to near control values. Caffeine (1 mmol·L-1)
reduced slow wave frequency, accompanied by membrane depolarization of about 8 mV. Blockade of inositol trisphosphate
receptor (IP3R)-mediated Ca2+ release with 2-aminoethoxy-diphenylborate (60 mmol·L-1) or Xestospongin C (3 mmol·L-1) or
inhibiting phospholipase C and IP3 formation using U73122 (5 mmol·L-1) or neomycin (1 and 4 mmol·L-1) reduced slow wave
frequency, amplitude and duration. The mitochondrial uncouplers, p-trifluoromethoxy carbonyl cyanide phenyl hydrazone
(1–10 mmol·L-1), carbonyl cyanide m-chlorophenylhydrazone (1–3 mmol·L-1) or rotenone (10 mmol·L-1), depolarized the mem-
brane (8–10 mV) before abolishing electrical activity.
Conclusion and implications: These results suggest that slow wave activity was dependent on the cyclical release of Ca2+ from
IP3-controlled internal stores and mitochondria. This implies that intracellular compartments were essential in the initiation
and/or maintenance of the regenerative contractile activity in the guinea pig prostate gland.
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Introduction

We have previously reported the presence of distinct electrical
activities and cell types in the smooth muscle stroma of the
guinea pig prostate and speculated as to their functional roles
(Exintaris et al., 2002; Lang et al., 2004; Exintaris et al., 2006;
Lang et al., 2006). Overall, it is likely that a specialized group
of c-Kit immunoreactive interstitial cells (Van der Aa et al.,

2003; Shafik et al., 2005) that lie between the glandular epi-
thelium and smooth muscle stroma have a similar role to
intestinal interstitial cells of Cajal (ICC), generating the pace-
maker signal that manifests as slow wave activity and ensuing
contractility in the smooth muscle cells of the prostate (Exin-
taris et al., 2002). As changes in smooth muscle tone are
involved in the aetiology of age-dependent, prostate-specific
conditions such as benign prostatic hyperplasia (BPH), knowl-
edge of the electrical properties of these cell types and their
interactions with nerves and the effects of the hormonal
environment is of considerable medical interest. Selective
modulation of slow wave currents may well provide a differ-
ent, and perhaps more selective avenue for modulating
stromal excitability and smooth muscle tone.
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The time course of the prostatic slow wave is complex,
consisting of distinct alternating depolarizing and repolariz-
ing phases with several superimposed spike potentials (Exin-
taris et al., 2002). Investigations into the membrane channel
currents in freshly isolated smooth muscle cells of the guinea
pig prostate have revealed that the slow waves are likely to
arise from the opening and closing of L-type Ca2+ channels
and the opposing influence of a 4AP-sensitive K+ current
respectively. Tetraethyl ammonium (TEA)-sensitive large con-
ductance Ca2+-activated K+ channels (BK) and TEA-insensitive
delayed rectifier K+ channels are likely to regulate the number
and duration of these superimposed spikes (Kurokawa et al.,
1998; Oh et al., 2003; Lang et al., 2004). It is also likely that
intracellular Ca2+ stores are involved in the regulation of the
spike potentials as 10 mmol·L-1 cyclopiazonic acid (CPA)
attenuated all the transient outward K+ currents in isolated
stromal myocytes (Lang et al., 2004). Thus, as with other
hollow smooth muscle organs, intracellular calcium stores are
likely to play a significant role in facilitating electrical rhyth-
micity in the prostate gland. This is also supported by the
observation that the depolarizing transient of the slow wave is
nifedipine-insensitive but is abolished within several minutes
of Ca2+ being removed from the bathing solution (Exintaris
et al., 2002), implying the contribution of another Ca2+

source, possibly through receptor-activated mechanisms or
the cycling of Ca2+ through various intracellular compart-
ments. Accordingly, in this report we have investigated the
specific contribution of various intracellular compartments in
determining the frequency or time course of slow waves in
the guinea pig prostate. Specifically, we have considered the
roles of mitochondrial Ca2+ release, ryanodine receptor (RyR)-
dependent Ca2+ release and inositol trisphosphate receptor
(IP3R)-dependent release of Ca2+ from intracellular stores.

Methods

All animal care and experimental procedures were approved
by the Victorian College of Pharmacy Animal Ethics Com-
mittee at Monash University. Immature guinea pigs (250–
400 g; provided by Monash University Animal Services) were
killed by stunning and exsanguination and the dorsal pros-
tate glands removed through an abdominal incision. In the
electrophysiological experiments, individual glands (5 mm ¥
5 mm) of the dorsal lobe were pinned firmly to the bottom of
an organ bath (volume 1 mL) mounted on the stage of an
inverted microscope and superfused at 3–4 mL min-1 with
physiological saline solution (composition (in mmol·L-1):
NaCl 120, KCl 5, CaCl2 2.5, MgCl2 1, NaH2PO4 1, NaHCO3 25
and glucose 11, bubbled with a 95% O2: 5% CO2 gas mixture
to establish a pH of 7.3–7.4) at 37°C. Recordings of mem-
brane potential were made from the prostate stroma using a
standard unity-gain pre-amplifier and microelectrodes with
resistances of 60–80 MW when filled with 2 mol·L-1 KCl.
Changes in the membrane potential were digitized and
stored using a TL1 DMA analogue-to-digital interface (Axon
Instruments), Axotape 6 software (Axon Instruments) and a
personal computer.

In tension experiments, each gland was divided longitudi-
nally in half to provide four preparations in total. The prepa-

rations were placed into 2.5 mL organ baths filled with
physiological saline solution. Each tissue was tied between a
Perspex tissue holder and a transducer and placed under 1 g
tension. Tissues were immersed in Krebs-Henseleit solution
(composed of (mmol·L-1): NaCl 118, KCl 4.7, MgSO4.7H20 1.1,
KH2PO4 1.18, NaHCO3 25.0, glucose 11.66 and CaCl2.2H20
2.5) at 37°C and bubbled with 95% O2, 5% CO2. During the
60 min equilibration period, tissues were electrically field
stimulated using trains of 20 pulses at 10 Hz every 50 s and
0.5 ms pulse duration at 60 V. Responses were recorded iso-
metrically with Grass FT.03 tension transducers using a Pow-
erlab system (AD Instruments, Castle Hill, NSW, Australia).

Experimental protocol
After equilibration, phenylephrine (100 mmol·L-1) was applied
to the bath, serving as an internal standard. After 2 min, the
tissue was then washed with Krebs-Henseleit solution for
2 min. This solution was then replaced with Ca2+-free Krebs,
composed of (mmol·L-1): NaCl 120, KCl 4.7, MgSO4.7H20 1.1,
KH2PO4 1.18, NaHCO3 25.0, glucose 11.66 and EDTA 1. The
tissue was left to rest for 30 min before phenylephrine was
again added to the bath for 2 min. After 2 min of washing,
Krebs-Henseleit solution was again replaced with Ca2+-free
Krebs and the desired drug was applied for 30 min. A final
dose of phenylephrine was applied for 2 min and then
washed.

Analysis of area under the curve (AUC)
Each response to phenylephrine was measured as an AUC
over a 2 min period beginning from the addition of phenyle-
phrine. The AUC for all responses was then calculated as a
percentage of the control response, that is, the first response
to phenylephrine without any treatment or inhibitors. Statis-
tical differences in the control and ‘test’ responses were deter-
mined by a two-tailed Student’s t-tests for paired data and
differences were considered significant at P < 0.05.

Drugs used
The following drugs were used: 2-aminoethoxy-
diphenylborate (2-APB) and neomycin (Calbiochem, San
Diego, CA, USA), caffeine (BDH Biochemicals), CPA,
rotenone, ryanodine, U73122, Xestospongin C, p-
trifluoromethoxy carbonyl cyanide phenyl hydrazone
(FCCP), carbonyl cyanide m-chlorophenylhydrazone (CCCP),
(Sigma, St Louis, MO, USA). The concentration of all stock
solutions ranged between 0.1 mmol·L-1 and 10 mmol·L-1.
Most drugs were dissolved in filtered distilled water and
diluted with physiological saline to their final concentrations
as indicated. CPA and U73122 were dissolved in dimethyl
sulphoxide (DMSO) to provide stock solutions. Caffeine was
dissolved directly into the physiological saline solution. Stock
solutions were generally added 1:1000 dilution. During the
intracellular microelectrode and tension recording experi-
ments, solutions were vigorously bubbled with the gas
mixture to restore any changes of pH. 0.1% ethanol or DMSO
had no effect on the spontaneous activity of the prostate.

Data analysis
Various parameters of the spontaneous slow waves were mea-
sured: the membrane potential 1000 ms before the onset of
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each slow wave, the frequency of slow wave discharge, the
overall amplitude consisting of the amplitude of the depolar-
ization and the first spike of the slow wave, the amplitude and
half amplitude duration of the depolarization and the peak
after-hyperpolarization. The parameters of three or four
responses were averaged and compared with those measured
after 30 s–1 min, 10–20 min or >30 min of exposure to a ‘test’
drug. A number of similar experiments were then averaged as
indicated. In most experiments, a paired Student’s t-test was
used for tests of significance unless otherwise indicated; P <
0.05 was considered to be statistically significant.

The receptors and ion channel nomenclature used in this
manuscript conform to the British Journal of Pharmacology’s
Guide to Receptors and Channels (Alexander et al., 2008).

Results

The spontaneous electrical events recorded in the stromal
wall of the prostate gland consisted of slow waves, pacemaker
potentials, spontaneous transient depolarizations and spike
potentials (Exintaris et al., 2006). In this study, we have char-
acterized the slow wave activity as this is the most likely to
contribute to the resting tone of the prostate. The majority
(89%) of impaled cells (n = 62 cells) displayed spontaneous
slow wave activity.

Role of intracellular Ca2+ stores
Exposure of prostatic preparations to CPA (10 mmol·L-1, for
30–60 min), which depletes internal Ca2+ stores by blocking
the Ca-ATPase (SERCA) pump on the sarcoplasmic endoplas-
mic reticulum, led to a transient depolarization of the mem-
brane potential from -57.4 � 2.8 mV to -53.9 � 3.5 mV (P <
0.05, n = 11) (Figure 1). This transient depolarization occurred
within the first few minutes of exposure to CPA and was not
accompanied by a significant change in slow wave frequency,
initial spike amplitude or half amplitude duration [control
6.04 � 0.56 min-1, 35.2 � 1.5 mV and 1103 � 153 s respec-
tively; in CPA (after 1 min) 6.21� 0.66 min-1, 29.3 � 6.5 mV
and 1076 � 63 ms respectively; all P > 0.05, n = 11]. In six
preparations, impalements were maintained for at least
20 min in the presence of 10 mmol·L-1 CPA. In these prepara-
tions the membrane potential slowly repolarized to -56.8 �

2.4 mV (control -58.1 � 4.5 mV; n = 6), while the frequency
of slow wave activity was reduced to 2.3 � 0.4 min-1 (control
frequency 6.2 � 0.7 min-1; P < 0.05, n = 6). In contrast, the
amplitude of the initial spike and the number of spikes super-
imposed on the depolarization both increased after this
20 min exposure to CPA (in control 35.8 � 2.8 mV and 3.3 �

0.8 spikes respectively; in CPA 49.8 � 2.1 mV and 8.8 � 1.8
spikes respectively; P < 0.05 n = 6).

Effects of caffeine & ryanodine
The role of RyR-mediated release of internal Ca2+ in the gen-
eration of prostatic slow waves was examined using two acti-
vators of RyR, caffeine and ryanodine. Exposure to ryanodine
(30 mmol·L-1) resulted in a transient increase in the frequency
of the spontaneous electrical activity, which peaked at 155 �

19% of control after 1 min [control 5.0 � 1.0 min-1; in ryano-
dine (1 min) 7.33 � 0.99 min-1; P < 0.05, n = 4] and slowly
decayed over the washout period (10–30 min) (Figure 2). After
30 min, the membrane potential and slow wave frequency
returned to near control values [in control -58.1 � 0.7 mV
and 6.3 � 0.4 min-1 respectively; in ryanodine (30 min) -56.3
� 0.5 mV and 6.9 � 0.7 min-1 respectively; P > 0.05, n = 4]. In
contrast, the peak after-hyperpolarization after a 30 min
exposure to ryanodine was 3 mV positive of control (control
-60.9 � 0.8 mV; in ryanodine -57.4 � 0.8 mV; P < 0.05, n = 4).
The half-amplitude duration and overall amplitude of the
slow wave were not significantly affected by ryanodine (877 �

145 ms and 59.2 � 3.6 mV respectively; in ryanodine 973 �

77 ms and 58.3 � 5.9 mV respectively; all P > 0.05, n = 4).
In seven prostatic preparations, exposure to caffeine

(1 mmol·L-1 for 30 min) resulted in a significant depolariza-
tion of both the membrane potential (control -63.1 �

1.4 mV; in caffeine -55.4 � 1.2 mV; P < 0.05, n = 7) and the
peak negative value of the after-hyperpolarization following
each slow wave (control -66.0 � 1.2 mV; in caffeine -57.5 �

1.1 mV; P < 0.05, n = 7). This was accompanied by a significant
decrease in the frequency of the spontaneous electrical events
to 84 � 8% of control (control frequency 6.6 � 0.5 min-1; in
caffeine 5.56 � 0.7 min-1; P < 0.05, n = 7). After 30 minutes
exposure to caffeine (1 mmol·L-1), the half-amplitude dura-
tion and amplitude of the initial spike of the slow wave were
not significantly different from control (in control 1019 �

86 ms and 58.3 � 5.9 mV respectively; in caffeine 1110 �

118 ms and 58.3 � 5.9 mV respectively; both P > 0.05, n = 4).

Effects of IP3-induced Ca2+ release
2-aminoethoxy-diphenylborate has been previously used to
inhibit inositol 1,4,5-trisphosphate receptor (IP3R)-mediated
release from internal stores (Wu et al., 2000). In five prostatic
preparations, application of 2-APB (60 mmol·L-1 for 10 min) to
the prostate resulted in a time-dependent decrease in slow
wave frequency. In two of these five preparations, all electrical
activity was abolished within 10 min exposure to 2-APB
(60 mmol·L-1). In the remaining three preparations, the fre-
quency of slow wave discharge was significantly reduced [in
control 4.5 � 0.3 min-1 (n = 5); in 2-APB 2.4 � 0.2 min-1 (n =
3); unpaired t test P < 0.05]. This effect was not accompanied
by a significant change in the initial spike amplitude and the
half-amplitude duration of the recorded slow waves in 2-APB
(in control 59.5 � 1.2 mV and 813 � 73 ms respectively; in
2-APB 57.2 � 1.7 mV and 725 � 57 ms respectively; unpaired
t test P > 0.05). In five experiments, Xestospongin C
(1–3 mmol·L-1) for >5 min reduced the frequency of slow wave
discharge to 90 � 4% of control (Figure 3). Other parameters
were little affected. The number of spikes and duration were
4.4 � 0.3 spikes and 1134 � 126 ms in control and 3.5 � 0.5
spikes and 1144 � 97 ms in the presence of Xestospongin C
respectively (n = 5, P > 0.05).

Effects of neomycin and U73122
We have further examined the involvement of IP3-dependent
Ca2+ release in the generation of the prostatic slow
waves using U73122 and neomycin, inhibitors of
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phosphatidylinositol-specific phospholipase C that reduce
the formation of IP3. U73122 (5 mmol·L-1 for >40 min)
reduced the frequency of slow wave discharge to 78 � 5.8% (P
< 0.05, n = 4) (in control 8.66 � 1.02 min-1 in U73122 6.68 �

0.59 min-1) without significantly affecting the membrane
potential, spike amplitude, half amplitude duration or
after-hyperpolarization (in control -59.8 � 3.9 mV, 49.4 �

0.95 mV, 843 � 151 ms and -61.9 � 3.0 mV respectively; in
U73122 -58.6 � 4.5 mV, 50.1 � 2.9 mV, 990 � 71 ms and
-60.8 � 4.7 mV respectively; all P > 0.05, n = 5). Neomycin
(1 mmol·L-1 for 20 min) rapidly (within 1 min) evoked a
membrane depolarization of 4.5 � 2 mV that was maintained
throughout the exposure period (in control -61.5 � 1.2 mV;
in neomycin -56.8 � 2.9 mV (1 min) and -52.3 � 4.8 mV
(20 min) respectively) (P < 0.05, n = 4) (Figure 4). The half
amplitude duration of the slow waves in the presence of

neomycin (1 mmol·L-1) was also reduced to 84.3 � 6.2% of
control (in control -1246 � 148 ms; in neomycin 1058 �

85 ms; P < 0.05, n = 4). The frequency, spike amplitude and
after-hyperpolarization of the recorded slow waves were not
significantly affected [in control 6.71 � 2.45 min-1, 47.9 �

7.9 mV and -63.3 � 1.2 mV; in neomycin (20 min) 4.03 �

1.07 min-1, 48 � 7.4 mV and -54.7 � 5.3 mV respectively; all
P > 0.05] (Figure 9Cb). However, when preparations were
exposed to neomycin (4 mmol·L-1), all slow wave activity
rapidly ceased and the membrane depolarized to -43 mV
(Figure 4).

Mitochondrial Ca2+ release
We have previously reported that mitochondria may also play
a role in intracellular calcium handling resulting in the modu-

Figure 1 The effects of CPA (10 mmol·L-1) on the slow wave activity recorded in the guinea pig prostate gland (A) are shown on an expanded
time scale in (B). CPA significantly decreased the frequency of the slow waves (Bb-c) and after 20 min exposure, also increased the number of
superimposed spike potentials on the depolarizing transients (Bc). The broken horizontal line indicates 0 mV. CPA, cyclopiazonic acid.
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lation of the amplitude and/or frequency of pacemaker activ-
ity in nifedipine-arrested prostatic preparations (Lang et al.,
2006). In this study, the mitochondrial uncouplers, FCCP and
CCCP, and the respiratory inhibitor rotenone were used to
assess the role that mitochondria play in modulating the
spontaneous slow wave activity recorded in the guinea pig
prostatic stroma. Application of FCCP (1–3 mmol·L-1 for
>15 min) (n = 3), CCCP (1 mmol·L-1 for >15 min) (n = 5) or
rotenone (10 mmol·L-1 > 5 min) (n = 3) resulted in membrane
depolarization (8–10 mV) before the cessation of all electrical
activity (Figure 5). This was reversible upon 30–60 min
washout in Krebs solution.

Contractile studies
We have previously reported that approximately 50% of
preparations of guinea pig prostate can generate spontane-
ous contractions irregular in both their amplitude (between
0.1 and 3 mN in magnitude) and frequency (2 to 10 min-1).
Phenylephrine (1–10 mmol·L-1), carbachol (1–10 mmol·L-1)
and a raised K+ (20–66 mmol·L-1) physiological saline
solution can all induce contractions in both quiescent and
spontaneously contracting preparations. In the present
experiments, contractions to phenylephrine (100 mmol·L-1

for 2 min) were used to establish the degree of inhibition
of either IP3 formation or action induced by 2-APB
(60 mmol·L-1) or neomycin (1 mmol·L-1). CPA (10 mmol·L-1),
caffeine (1 mmol·L-1) and ryanodine (1 mmol·L-1) were also
used in this set of experiments. The AUC of the phenyleph-
rine contractions recorded after a prolonged (for 30 min)
exposure to these modulating agents (in the presence of
Ca2+-free physiological saline solution) were then expressed
as a percent of the AUC of the control contractions recorded
in the absence of these agents. Contractions to phenyleph-
rine consisted of a number of transient occasionally fused
contractions, often accompanied by an increase in the base-

line tension. In the presence of CPA (10 mmol·L-1), caffeine
(1 mmol·L-1), ryanodine (1 mmol·L-1), 2-APB (60 mmol·L-1) or
neomycin (1 mmol·L-1), the AUC values for phenylephrine
(100 mmol·L-1 for 2 min)-evoked contractions were reduced
(all P < 0.05) (Figure 6). Moreover, the inhibitory effects of
these agents were mostly irreversible during the washout
period (for 30 min), with the exception of caffeine which
was readily reversed upon washout.

Discussion

In this study, we have extended our previous investigations in
the prostate gland in order to ascertain the specific contribu-
tion of various intracellular compartments to the configura-
tion of the slow wave. Slow wave activity is of particular
interest as it is the most likely to contribute to contractility,
thereby dictating the resting tone of the prostate; an increase
in smooth muscle tone contributes to many of the urinary
voiding symptoms associated with BPH (Exintaris et al.,
2006).

RyR and IP3-dependent mediated Ca2+ release
In human prostatic stromal smooth muscle cells, both spon-
taneous and phenylephrine-induced Ca2+ transients were
suppressed following application of 20 mmol·L-1 caffeine sug-
gesting that intracellular Ca2+ stores play an important role in
facilitating the regenerative and agonist-induced activity in
these cells (Wu et al., 2005). At the high concentrations of
caffeine used in this study (20 mmol·L-1), it is conceivable
that both RyR-mediated and IP3R-dependent Ca2+ release were
affected (MacMillan et al., 2005). In our present study, the
Ca-ATPase inhibitor CPA (10 mmol·L-1) reduced slow wave
frequency over 30 min confirming that intracellular calcium
stores are involved in maintaining autorhythmicity in the

Figure 2 The effects of ryanodine (30 mmol·L-1) on the slow waves (A) are shown on an expanded time scale in (B). Ryanodine caused a
transient increase in the slow wave frequency (Bb) before returning to near control values during the washout period. The broken horizontal
line indicates 0 mV.
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guinea pig prostate gland (Exintaris et al., 2006; Lang et al.,
2006). However, spontaneous slow wave discharge did not
appear to be dependent on the cycling of intracellular Ca2+

through ryanodine-sensitive Ca2+ stores as ryanodine only
initially transiently increased slow wave discharge before the
frequency settled to near control values (Figure 2) and low
concentrations of caffeine only reduced the frequency of slow
wave discharge by approximately 10%. In contrast, we have
previously shown that 100 mmol·L-1 CPA and 30 mmol·L-1

ryanodine significantly reduced the TEA-sensitive BK Ca2+-
activated K+ currents in freshly dispersed stromal myocytes.
This implies that Ca2+ release from ryanodine-sensitive inter-
nal stores is involved in the generation of the whole cell K+

outward currents, thereby contributing to the regenerative
spikes superimposed on the slow waves. In this study, ryano-
dine did not significantly attenuate any of the characteristics
of the prostatic slow wave; however, the superimposed spikes
were not studied in detail.

In the current study, blockade of IP3R-mediated Ca2+ release
with 60 mmol·L-1 2-APB and 3 mmol·L-1 Xestospongin C sig-
nificantly reduced slow wave discharge. Similarly, inhibiting
phospholipase C and IP3 formation using U73122 (5 mmol·L-1)
or neomycin (1 and 4 mmol·L-1) significantly reduced slow
wave frequency, amplitude and duration (Figure 5) or abol-
ished activity altogether indicating that IP3-dependent Ca2+

stores have a significant role in the generation or mainte-
nance of slow wave activity in the guinea pig prostate gland.
It remains to be seen whether the blocking effects of the
agents that interfere with IP3-dependent Ca2+ release are pre-
dominantly on the prostatic interstitial cells (PIC), smooth
muscle cells or both cell types. The cycling of Ca2+ through
IP3-dependent mechanisms does appear to be involved in
generating electrical activity in the agonist-evoked responses
in the smooth muscle cells of the prostate gland. For example,
phenylephrine-induced contractions of freshly dispersed
human stromal cells have been reported to be partly depen-

Figure 3 The time scale of (A) was expanded in (B) and shows that after more than 5 min exposure to Xestospongin C (3 mmol·L-1), the
frequency of the slow wave activity was significantly reduced (Bb-c) when compared with the control (Ba). The broken horizontal line indicates
0 mV.
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dent on the cycling of Ca2+ through IP3-dependent mecha-
nisms (Eckert et al., 1995). Similarly, phenylephrine-evoked
contractions were reduced in the presence of 2-APB or neo-
mycin in the current study (Figure 6). However, both U73122
and neomycin have also been used to block of contractions
elicited by a raised K+ saline, suggesting that their inhibitory
effect may be partly due to their blockade of voltage-
dependent Ca2+ channels (Lang et al., 2002).

In the literature, there is ample support to suggest that
IP3R-mediated Ca2+ release is involved in generating pace-
maker activity in ICC. For example, calcium oscillations in
rabbit urethral interstitial cells are initiated by calcium release
from ryanodine-sensitive intracellular stores and that conver-
sion of the primary oscillation to a propagated calcium wave
depends upon IP3-induced calcium release (McHale et al.,
2006; Sergeant et al., 2006a,b). In the gastrointestinal system,
the cycling of Ca2+ through IP3-dependent Ca2+ stores also
appears to regulate pacemaker discharge. It has been postu-
lated that during the onset of the intestinal pacemaker poten-

tial, the release of Ca2+ from IP3 stores leads to the activation
of mitochondrial Ca2+ uptake and the lowering of the local-
ized Ca2+ concentration near the plasma membrane. This fall
in Ca2+ then activates the cationic-selective channels to gen-
erate the pacemaker potential (Ward et al., 2000; Hirst et al.,
2003). In contrast, potentials recorded in the ICC of the
myenteric plexus (ICC-MY) and those in the smooth muscle
(ICC-IM) of guinea pig stomach generate spontaneous depo-
larizations which are blocked by not only inhibitors of IP3-
dependent Ca2+ release and disruption of mitochondrial
handling but also Cl– channel blockers (Hirst et al., 2002).
Further experiments will unequivocally demonstrate the role
of IP3-induced Ca2+ release on pacemaker activity in the
guinea pig prostate gland.

Mitochondria
Recent studies indicate that mitochondria may also play a role
in intracellular calcium handling resulting in the modulation

Figure 4 The effects of neomycin (1–4 mmol·L-1) on the slow wave activity of the guinea pig prostate (A) are depicted in an expanded time
scale (B). Neomycin (1 mmol·L-1) depolarized the resting membrane potential and reduced the half-amplitude duration of the transient
depolarization (Bb). At a higher concentration (4 mmol·L-1), neomycin lead to a further depolarization of the membrane potential and
abolished slow wave activity (Bc). The broken horizontal line indicates 0 mV.
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of the amplitude and/or frequency of slow wave activity in
various smooth muscles, for example, small intestine (Ward
et al., 2000). Mitochondria are more likely to buffer cytosolic
Ca2+ rather than contribute to the concentration of intracel-
lular Ca2+ directly. In this study, the mitochondrial uncou-
plers, FCCP (1 mmol·L-1) and CCCP (3 mmol·L-1), and the
respiratory chain inhibitor, rotenone (10 mmol·L-1), signifi-
cantly reduced slow wave activity recorded in the smooth
muscle cells of the guinea pig prostatic stroma (Figure 5). Such
agents that disrupt mitochondrial Ca2+ handling have been
previously shown to affect both smooth muscle and/or inter-
stitial cells. For example, in guinea pig detrusor smooth
muscle cells, it has been postulated that CCCP may inactivate
L-type Ca2+ channels by interrupting the capacity of the mito-
chondria to buffer Ca2+ near the plasma membrane. Alterna-
tively, CCCP and other mitochondrial inhibitors may affect
Ca2+ handling by interacting with ICC cells directly (Kubota
et al., 2003). In the guinea pig prostate, the propagated pace-
maker potentials were significantly reduced when Ca2+ mobi-
lization between the intracellular stores and mitochondria

was disrupted using 1 mmol·L-1 CCCP (Lang et al., 2006). In
the current study, the underlying pacemaker potentials did
not appear to be significantly affected by rotenone, although
slow wave activity was significantly reduced. Mitochondrial
inhibitors can therefore reduce or abolish slow wave activity
by affecting pacemaker activity which affect the slow wave
activity arising from the smooth muscle cells in the guinea pig
prostate gland. Alternatively, these agents affect both cell
types.

In conclusion, this study has demonstrated that regenera-
tive electrical activity arising from the smooth muscle cells of
the guinea pig prostate is dependent on the cycling of Ca2+

from IP3-dependent Ca2+ stores and the buffering of Ca2+ from
mitochondria. Selective modulation of slow wave activity
may well provide a different, novel and perhaps more specific
avenue for modulating stromal excitability and ensuing
smooth muscle tone in the prostate. It remains to be seen
whether changes in populations of the smooth muscle cells or
PIC or the mechanisms underlying rhythmicity in these cells
change with age; information which could provide a better

Figure 5 The effects of FCCP (3 mmol·L-1) on the slow wave activity in the guinea prostate (A) are shown on an expanded timescale in (B).
FCCP caused a depolarization in resting membrane potential (Ab, Bb) and after 15 min, FCCP abolished slow wave activity (Ac, Bc). The broken
horizontal line indicates 0 mV. FCCP, p-trifluoromethoxy carbonyl cyanide phenyl hydrazone.
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understanding of the aetiology of prostate-specific conditions
such as BPH.
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Figure 6 Effects of 10 mmol·L-1 CPA, 1 mmol·L-1 caffeine,
60 mmol·L-1 2-APB, 1 mmol·L-1 neomycin, 1 mmol·L-1 ryanodine on
the phenylephrine-evoked contractions of isolated strips of the
guinea pig prostate. The strips were exposed to these modulating
agents, in the presence of Ca2+-free Krebs solution for 30 min. The
AUC of the phenylephrine contractions (100 mmol·L-1 for 2 min) was
then recorded and expressed as a percent of the AUC of the control
contractions, recorded in the absence of these agents. The AUC
values of phenylephrine-evoked contractions were reduced signifi-
cantly (P < 0.05; n = 6–7) by 10 mmol·L-1 CPA, 1 mmol·L-1 caffeine,
60 mmol·L-1 2-APB, 1 mmol·L-1 neomycin or 1 mmol·L-1 ryanodine.
2-APB, 2-aminoethoxy-diphenylborate; AUC, area under the curve;
CPA, cyclopiazonic acid.
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