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Neuroeffector transmission to different layers of smooth
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Using intracellular recording techniques, two distinct layers of smooth muscle were
identified in the rat penile bulb. The inner muscle layer (parenchyma) exhibited spontaneous
action potentials, while the outer sheet (sac) was electrically quiescent.

In the parenchyma, transmural stimulation initiated non-adrenergic, non-cholinergic
(NANC) inhibitory junction potentials (IJPs) which were abolished by N“nitro-L-arginine
(LNA) or 1H-1,24]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ). The amplitude of IJPs was
reduced by ouabain, dinitrophenol or decreasing the extracellular potassium concentration
([K™],) but not by several K™ channel blockers.

The parenchyma also received an excitatory innervation mediated by a-adrenoceptors
which caused a contraction that was not associated with a membrane potential change.

In the sac, transmural stimulation initiated two component excitatory junction potentials
(EJPs) mediated by a-adrenoceptors and associated action potentials. The initial component
was more dramatically suppressed than the secondary component by caffeine, ryanodine or
cyclopiazonic acid (CPA). Lowering of the extracellular chloride concentration ([Cl],)
selectively inhibited the rapid component of EJPs, while niflumic acid was less potent.

These results suggest that 1JPs in the parenchyma result from the release of NO which
stimulates sodium pump activity following the activation of guanylate cyclase. In the sac,
the activation of a-adrenoceptors initiates EJPs by releasing Ca®* from intracellular stores
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which activates Ca®*-activated channels.

Penile erection and detumescence result from the activity of
the parasympathetic and sympathetic nervous system,
respectively (Anderson & Wagner, 1995). It has been well
established that erection is mainly achieved by neurally
released nitric oxide (NO) which relaxes corporeal smooth
muscle through the activation of guanylate cyclase (Ignarro
et al. 1990; Holmquist et al. 1992). Detumescence
predominantly results from the activation of a-adrenoceptors
which increases intracellular Ca®* concentration of the
corporeal smooth muscle by both Ca’* influx and Ca’*
release from intracellular Ca®* stores (Fovaeus et al. 1987).

The properties of corporeal smooth muscle have been
investigated mostly by measuring contractile responses and
there have been very few electrophysiological studies in this
tissue (Samuelson et al. 1983; Kimoto & Ito, 1988;
Anderson & Wagner, 1995). Recently, electrophysiological
investigations using cultured corporeal smooth muscle cells
showed that the cells have a high degree of coupling through
gap junctions with respect to intracellular propagation of
both electrical signals and second messengers, such as Ca™*
and inositol trisphosphate (InsP;) (Christ et al. 1992). These
studies also indicated the presence of a variety of K*
channels, L-type Ca®" channels and chloride channels in
cultured corporeal smooth muscle cells (Christ et al. 1993).

However, there has been no information about the
physiological function of these ion channels in intact
preparations, particularly regarding their role during
neuroeffector transmission.

It has been reported that NO-containing nerves in the
corpus spongiosum have very similar distribution and
function to those of corpus cavernosum which play a major
role in erection (Hedlund et al. 1995). In the present study,
the penile bulb, which is the proximal part of corpus
spongiosum, was studied using intracellular microelectrode
recording techniques to investigate the membrane potential
changes which occurred either in unstimulated preparations
or in response to transmural nerve stimulation. The
electrical coupling between smooth muscle cells was also
examined using two independent microelectrodes. On some
occasions, changes in membrane potential and tension were
recorded simultaneously to determine the correlation
between electrical and mechanical activity.

METHODS

The procedures described were approved by the animal
experimentation ethics committee of the University of Melbourne.
Male adult Wistar rats, weighing 150—-200 g, were killed by a blow
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to the head followed by cervical exsanguination and the penile
bulbs were rapidly removed with surrounding bulbospongiosum
muscle. After removal of bulbospongiosum muscle and underlying
tunica albuginea, which covered the penile bulbs, the penile bulbs
were opened by making two lateral incisions. The penile bulbs were
then pinned out in a dissecting chamber with the inner urethral
mucosal side uppermost. The urethral mucosa was removed and
then glandular tissue was carefully taken away to leave the
underlying smooth muscle layer.

The smooth muscle was composed of two layers; the outer, thick
smooth muscle layer, termed ‘sac’ and the inner, sponge-like smooth
muscle meshwork, termed ‘parenchyma’. In most experiments,
either sac or parenchyma was separated from the other and pinned
out in a small shallow chamber (volume ~1 ml) with the previously
attached side uppermost and superfused with warmed physiological
saline (38 °C) at a constant flow rate (2 ml min™).

After equilibration for 30 min, individual smooth muscle cells were
impaled with glass capillary microelectrodes filled with 0-5 m KCl
(tip resistance 100—210 M€2). In some experiments in which
electrical coupling between smooth muscle cells was studied, the
preparation was impaled with two independent microelectrodes
and the distance and location of two electrodes were determined
with an inverted microscope. To study the passive electrical
communications of the preparations, one electrode was used to
deliver current and the other was used to record changes in
membrane potential.

Membrane potential changes were recorded using a high input
impedance amplifier (Axoclamp-2B, Axon Instruments, Inc., Foster
City, CA, USA) and displayed on a cathode ray oscilloscope (5103N,
Tektronix Inc., Beaverton, OR, USA). After low-pass filtering (cut-
off frequency, 1 kHz), potential changes were digitised and stored
on a personal computer for later analysis.

In some experiments, isometric tension recording was made either
separately or simultaneously with membrane potential recording.
To detect isometric tension changes of the preparations, an L-shaped
fine needle, which was connected to a transducer, was inserted into
the preparation.

Intramural nerves were stimulated selectively by passing brief
pulses of constant current (duration 0:1—0+5 ms, intensity 3—10 mA)
between a pair of electrodes (silver plate and wire) placed below and
above the preparation. The neural selectivity of the stimulating
pulse was confirmed by sensitivity to tetrodotoxin (1 gm).

The ionic composition of physiological saline was as follows (mm):
NaCl, 119; KCI, 5:0; CaCl,, 2'5; MgCl,, 2:0; NaHCO,, 25'0;
NaH,PO,, 1:0 and glucose, 11:0. The solution was bubbled with
95% 0, and 5% CO, to maintain pH 7-4. Solutions containing
reduced concentrations of chloride ions were prepared by replacing
NaCl with an isosmotic amount of sodium isethionic acid.

The drugs used were N“-nitro-L-arginine (LNA), 4-amino-
pyridine, apamin, caffeine, charybdotoxin, cyclopiazonic acid
(CPA), dinitrophenol, glibenclamide, 184-glycyrrhetinic acid (184-
GA), guanethidine sulfate, hyoscine chloride, nifedipine, niflumic
acid, 1H-[1,24]Joxadiazolo[4,3-a]quinoxalin-1-one (ODQ), ouabain,
phentolamine mesylate, phenylephrine hydrochloride, tetrodotoxin
and ryanodine (all from Sigma). These drugs were dissolved in
distilled water except dinitrophenol, nifedipine and niflumic acid
which were dissolved in 100 % ethanol; and CPA, glibenclamide and
186-GA which were dissolved in dimethyl sulfoxide (DMSO). The
final concentration of these solvents in physiological saline did not
exceed 1:1000.
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Measured values are expressed as means + standard deviation. The
following parameters were measured: maximum amplitude; latency,
measured as the time taken from the stimulus artifact to 10% of
peak amplitude of the events; rise time, measured as the time
between 10 and 90% of the peak amplitude of the events; half-
width, measured as the time between 50 % peak amplitude on the
rising and the falling phase of the events.

RESULTS

General observations

Using an inverted microscope, the smooth muscle layer of
the penile bulb was seen to be composed of two structures,
an outer smooth muscle sheet, the ‘sac’, which surrounded
an inner sponge-like smooth muscle meshwork, the
‘parenchyma’, which attached to the sac and also extended
networks into the glandular tissue.

Visual observations indicated that parenchyma smooth
muscle spontaneously contracted, whereas sac smooth muscle
was quiescent, suggesting that it was not spontaneously
active and that it was not coupled to the parenchyma. When
membrane potential changes were recorded from each layer
in preparations where the two layers remained attached,
parenchyma smooth muscle exhibited spontaneous action
potentials, while sac smooth muscle was quiescent. In sac
smooth muscle, transmural nerve stimulation initiated
oscillatory membrane potential changes, indicating that the
lack of spontaneous membrane potential changes in sac
smooth muscle was not due to damage to the preparation.

Spontaneous electrical and mechanical activity in
isolated preparations of the parenchyma and sac

When intracellular recordings were made from the isolated
parenchyma, about 80 % of preparations studied exhibited
spontaneous depolarisations (Figs 1 4a and 24). Spontaneous
depolarisations were characterised in 17 preparations; they
occurred periodically with frequencies between 24 and
61 min~" (mean 39-3 4 14-1 min™") and had peak amplitudes
between 82 and 24+1 mV (15:2 £+ 4 mV), rise times between
0-21 and 1:08s (0°49 + 0:24 s) and half-widths between
0-23 and 0-92 s (0:47 £ 0-19 ). Resting membrane potential,
determined in all 38 preparations, which was defined as the
most negative potential level between spontaneous
depolarisations, varied between —31 and —48 mV (mean
—364 +4:5mV). Spontaneous depolarisations occurred
either continuously or in a bursting pattern and sometimes
triggered spike-like action potentials. They persisted in the
presence of phentolamine (1 ym; n =10), guanethidine
(10 gv; n=15), hyoscine (1 gm; n=10) or tetrodotoxin
(1 p™; n =35), suggesting that they were myogenic in origin.

When isometric tension was recorded at the same time as
membrane potential, each depolarisation initiated an
associated (Fig.14%). During bursts of
spontaneous depolarisations, a larger contraction developed
and then muscle relaxed on cessation of the discharge of
spontaneous depolarisations (Fig.14b). Changes in both

contraction
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membrane potential and tension were abolished by
nifedipine (10 gM; n =8), suggesting that spontaneous
depolarisations were initiated by the opening of L-type Ca™*
channels and the Ca”* influx triggered contractions.

In contrast, isolated sac preparation smooth muscle cells had
stable membrane potentials ranging between —45 mV and
—64 mV (Figs 1 Ba and 2B, mean —51+4 + 5:6 mV, n = 20).
When isometric tension recording was made simultaneously,
isolated sac smooth muscle preparations did not develop
spontaneous contractions but contracted in response to
transmural stimuli (Fig. 1 Bb).

A  Parenchyma
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Electrical coupling between smooth muscle cells of the
parenchyma or sac

In five parenchyma preparations, electrical coupling between
the smooth muscle cells was examined using the two
electrodes. Initially both microelectrodes, which were placed
60—250 pum apart, were used to record membrane potential.
In all preparations studied, identical spontaneous
depolarisations were simultaneously recorded with the two
electrodes (Fig. 24). One electrode was then switched to pass
current and membrane potential changes were recorded by
the other electrode. When hyperpolarising current pulses
with amplitudes of 1-5nA were injected into one cell,

10 mv

0.1 mN

10 mvV

‘1mN

5s

Figure 1. Differences in electrical and mechanical activity between the parenchyma and sac

smooth muscle in the rat penile bulb

A, parenchyma smooth muscle cells exhibited bursts of spontaneous action potentials which were
interrupted by quiescent periods (4a). Each burst of action potentials was associated with a contraction
(4b). B, sac smooth muscle cells were electrically quiescent (Ba) and did not develop spontaneous
contractions (Bb). Transmural nerve stimulation initiated an oscillatory membrane depolarisation in sac
smooth muscle cells which triggered action potentials (Ba) and also produced a contraction (Bb). A and B
were recorded from two different preparations. Resting membrane potentials were —43 mV in 4 and

—=50mV in B.
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membrane hyperpolarisations with amplitudes of 2—12 mV
were recorded from the second cell, suggesting that there is
a high degree of electrical coupling between the cells in the
parenchyma (Fig. 24). The apparent input resistance in the
parenchyma smooth muscle was estimated from the slope of
the relationship between the amplitude of injected currents
and the amplitude of induced hyperpolarisations with
separation of two electrodes between 60 and 250 gm. This
was found to be 3:7 + 1:8 MQ (n=5).

In the same series of experiments, the effect of 188-
glycyrrhetinic acid (188-GA), a gap junction uncoupler
(Yamamoto et al. 1998), was studied in the presence of
nifedipine (10 um). 188-GA (40 um) reduced the amplitude
of electrotonic potentials (to 241 + 6:3 % of control, n = 3),
indicating the electrical coupling between smooth muscle

A Parenchyma
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cells in the parenchyma was developed through gap junction
channels which were sensitive to 184-GA.

In seven sac preparations, electrical coupling of the smooth
muscle cells was examined using the same technique. In all
preparations studied, electrical coupling was better in the
axial direction (along the axis of the muscle bundle) than the
transverse direction (perpendicular to the axis of the muscle
bundle) as reported in intestinal and bladder smooth muscle
(Cousins et al. 1993; Bramich & Brading, 1996). When two
electrodes were placed in the axial direction at a distance
of 200 gm apart, hyperpolarising current of 1-5nA, 1s
duration, potential changes of
approximately 5—20 mV (Fig.2B). When two electrodes
were placed in the transverse direction at a distance of
60 ym apart, the same hyperpolarising current induced

induced membrane

Figure 2. Electrical coupling between smooth muscle cells in the parenchyma and sac of the rat
penile bulb

In a parenchyma preparation, membrane potential changes were simultaneously recorded from two
independent microelectrodes which were separated by a distance of 200 gm. Identical resting membrane
potential changes were recorded from both electrodes and hyperpolarising current of 3 nA, which was
injected via the first electrode, caused membrane hyperpolarisation in the second electrode (4a and b). In a
sac preparation, membrane potential changes were simultaneously recorded from two independent
microelectrodes which were separated by a distance of 250 ym. Both cells had quiescent membrane
potentials (Ba and b). Hyperpolarising current of 3 nA, which was injected via the first electrode, caused
hyperpolarisation in the second electrode (Ba and b). A and B were recorded from two different
preparations. Resting membrane potential was —42 mV in 4 and —53 mV in B. Arrowheads indicate times
of current injection. Scale bars in B apply to all traces.
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membrane potential changes of 1-5mV (not shown). Thus
the apparent input resistance in sac smooth muscle was
36+ 1:3MQ in the axial direction (n=7) and 08 +
0-1 MQ (n=14) in the transverse direction with separation
of the two electrodes of 60—250 pum.

In the same series of experiments, the effect of 184-GA
(40 um), was also investigated. 188-GA reduced the
amplitudes of electrotonic potentials (to 24:5+ 6:0% of
control, n =4, not shown), suggesting that gap junctions,
similar to those in parenchyma, existed in the sac.

Membrane potential changes evoked by transmural
nerve stimulation in the parenchyma

Transmural nerve stimulation initiated transient hyper-
polarisations in isolated parenchyma preparations (Fig. 34a
and Ca). In preparations which exhibited spontaneous action
potentials, transmural nerve stimulation inhibited the
generation of spontaneous action potentials either with or
without detectable hyperpolarisations (Fig. 3Ca). The hyper-
polarisations were abolished by tetrodotoxin (1 gm; n =25,
not shown), indicating that they were inhibitory junction
potentials (IJPs). IJPs initiated by single impulses had
latencies ranging between 210 and 510 ms (mean 349 +
85 ms, n=19). As the number of stimuli was increased, the
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peak amplitude of IJPs increased; the mean amplitude of
IJPs was 3:7+ 1-7mV (1 impulse, n=19), 6:8 + 2:8 mV
(3 impulses, n=32) and 7:1 + 4:2 mV (5 impulses, n= 27).
Increasing the number of stimuli, increased the half-width
of 1JPs; the mean half-width of IJPs was 1:5+1:5s
(1 impulse), 2:0+14s (3 impulses) and 2:5+1:3s
(6 impulses). The rise times of IJPs were not significantly
different: 05+ 0-2s (1 impulse), 05+ 0-2s (3 impulses)
and 0°4 + 0-1 s (5 impulses).

IJPs persisted in the presence of either guanethidine or
hyoscine (not shown), indicating that IJPs were
predominantly non-adrenergic, non-cholinergic (NANC)
nerve-mediated responses, although guanethidine and
hyoscine modified either the time course or the amplitude of
IJPs. Guanethidine (10 gm) increased the half-width of
LJPs (to 187 + 77 % of control, n= 8) without significantly
changing their amplitude and rise time. Hyoscine (1 gm)
decreased the amplitude of LJPs (to 69 + 61 % of control,
n=0) without affecting their time course. Nifedipine
(10 pm) also reduced the amplitude of IJPs (71:4 + 14:2%

of control, n = 6) with little change in their time course.

When isometric tension was recorded at the same time as
membrane potential, transmural nerve stimulation evoked a

a LNA 10 pM

Figure 3. Effects of LNA and ODQ on IJPs and relaxations recorded from the parenchyma of the

rat penile bulb

4, in the presence of phenylephrine (3 gm), three impulses delivered at 20 Hz initiated an IJP (a) and an
associated relaxation (b). B, LNA (10 gm) depolarised the membrane and abolished the IJP (a). LNA caused
a contraction and also abolished the nerve-evoked relaxation (b). C; in another preparation, five impulses
delivered at 20 Hz evoked an IJP (a) and an associated relaxation (b). D, ODQ (10 um) depolarised the
membrane and abolished the IJP (a). ODQ caused a contraction and also abolished nerve-evoked relaxation
(b). 4 and B were recorded from one preparation, and C' and D from another preparation. Resting
membrane potentials were —35 mV in 4 and B and —37 mV in ('and D. Scale bars in D apply also to all
corresponding traces in A—C. Here and in subsequent figures arrowheads indicate the time of nerve

stimulation.
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relaxation, which was preceded by an initial small
contraction in most preparations studied (Fig. 3Cb). When
recordings were made in the presence of phenylephrine
(3 M), an a-adrenergic agonist, which increased basal
tension, transmural nerve stimulation invariably caused a
large relaxation (Fig. 34b). The relaxations had similar
onsets to those of IJPs but often had more prolonged time

courses than those of IJPs (Fig. 30).

Properties of inhibitory junction potentials in the
parenchyma

LNA (10 gm) depolarised the membrane (5:2 £+ 2:9 mV,
n=10) and abolished LJPs, suggesting 1JPs were initiated

a [K',=5mM

b

J. Physiol. 524.2

by NO released from NANC nerves (Fig.34a and Ba).
When isometric tension recording was simultaneously made,
LNA caused a sustained contraction and abolished nerve-
evoked relaxations (Fig. 3 Bb). ODQ (10 gm), an inhibitor of
guanylate cyclase, depolarised the membranes (5 + 1:8 mV,
n=2>5) and abolished IJPs (Fig.3Da). ODQ also caused a
sustained contraction and abolished nerve-evoked relaxations
(Fig. 3Db), suggesting that NO-sensitive guanylate cyclase
was involved in the generation of 1JPs.

In other types of smooth muscle in which IJPs have been

recorded, IJPs result from the opening of potassium
channels (Bywater & Taylor, 1986; Cayabyab & Daniel,

¢ [K',=2.5mM
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Figure 4. Relationship between [K*], and the amplitude of IJPs recorded from parenchyma of

the rat penile bulb

Five impulses delivered at 20 Hz initiated an IJP in control solution containing 5 mm K} (4a). In solution
containing 0-5 mm K*, the same stimulation initiated a small IJP (4b). In solution containing 2-:5 mm K,
the same stimulation initiated an [JP with a reduced amplitude (Ac). In solution containing 10 mum K¥, the
same stimulation initiated an IJP which had a similar amplitude to that of control IJPs (Ad). B, relationship
between [K*], and amplitude of IJPs. Symbols and bars represent means and standard deviations. All
traces in A were recorded from the same cell. Resting membrane potential was —33 mV. Scale bars in Ad

apply to all traces.
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1995; Hashitani et al. 1998) and therefore the effects of a
range of potassium channel blockers on IJPs were studied.
IJPs persisted in the presence of charybdotoxin (CTX,
50 nm); the amplitude of 1JPs was 1036 + 4+6 % of control
values in CTX (n=4). In the presence of apamin (0-1 um)
the amplitude of 1JPs was 1065 £+ 5:9% of control values
(n=3), and in a combination of CTX (50 nm) and apamin
(0-1 ™) the amplitude of IJPs was 105:1 £ 4:8 % of control
values (n =4). In the presence of glibenclamide (1 ™) the

Neuroeffector transmission in rat penis
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amplitude of IJPs was 1093 +8:0% of control values
(n=3), and in 4-aminopyridine (4-AP, 1 mm) the amplitude
of IJPs was 984 + 5:1 % of control (n=3). Finally in the
presence of Ba®* (0-1 mm) the amplitude of IJPs was
94-9 + 8:8% of control (n=4).

If potassium channels which were insensitive to the
potassium channel blockers contributed to the generation of
IJPs the amplitude of IJPs would be expected to increase

b Ouabain 0.1 mM

b Dinitrophenol 0.1 mM

b Ouabain 0.1 mM

b

Dinitropheno! 0.1 mM

D

b

K, = 0.5 mM

Figure 5. Comparison of the effects of ouabain, dinitrophenol and decreasing [K*], on IJPs and
nerve-evoked relaxations recorded from parenchyma of the rat penile bulb

Three impulses delivered at 20 Hz initiated an IJP in parenchyma (4a). Ouabain (0-1 mm) depolarised the
membrane and reduced the amplitude of the IJP (4b). In another parenchyma preparation, dinitrophenol
(0-1 mm) hyperpolarised the membrane and reduced the amplitude of the IJP initiated by two impulses
delivered at 20 Hz (Ba and b). In the other parenchyma preparation, decreasing [K*], to 05 mwm depolarised
the membrane and reduced the amplitude of I.JPs initiated by two impulses delivered at 20 Hz (Ca and b).
In a separate series of experiments, five impulses delivered at 20 Hz invariably caused relaxations (Da, Ea
and Fa). Ouabain (0-1 mm) caused a contraction but did not reduce the amplitude of the nerve-evoked
relaxation (Db). Dinitrophenol (0-1 mm) caused a relaxation and reduced the amplitude of the nerve-evoked
relaxation (Eb). Reducing [K*], to 0-5 mm did not change the basal tension but reduced the amplitude of the
nerve-evoked relaxation (Fb). Resting membrane potentials were —38 mV in 4, —36 mV in B and —40 mV
in C. D-F were recorded from the same preparation. Scale bars in C refer to all traces in A-C. Scale bars in

F refer to all traces in D—F.
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when [K™], was reduced. The amplitude of IJPs was,
however, reduced when [K'], was reduced; in five
preparations, the IJP amplitude was 69+ 1-0mV in
control solution (5 mm KJ), 1:8+0:6 mV in 0-5mm K,
424+ 0:8mV in 2:5 mm K:,r and 7°1 +1:2mV in 10 mm K:,r
(Fig.44). The membrane potential was depolarised by
6:4+1-1mV in 0:5 mm K:;, 24+ 0:8mV in 2:5 mm K;’
and 524 11 mV in 10 mm K_. The relationship between
[KJr]0 and the amplitude of the IJPs is summarised in
Fig.4B.

Effects of the inhibition of sodium pump activity on
IJPs

Sodium pump activity has been shown to be suppressed in
a range of tissues when [K™], is reduced (Gadsby, 1980).
The possibility that IJPs resulted from activation of the
sodium pump was considered. Ouabain (0-1 mm) depolarised
the membrane (6 +3:6mV, n=9) and reduced the
amplitude of IJPs (to 2494+ 9:6% of control, n=9,

a Phentolamine 10 uM
10 mV

H. Hashitani
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Fig.54a and b). Dinitrophenol (0-1 mm) which inhibits
oxidative phosphorylation, hyperpolarised the membrane
(44 + 3-8 mV, n=>5) and reduced the amplitude of IJPs (to
28:2 4+ 8:7% of control, n=>5, Fig. 5Ba and b).

To examine the contribution of IJPs to nerve-evoked
relaxations, the effect of ouabain, dinitrophenol and
decreasing [K™], on nerve-evoked relaxations were separately
tested in preparations precontracted with phenylephrine
(3 #m). Phenylephrine (3 um) caused a sustained contraction
which was associated with a small membrane depolarisation
(36 + 1'7mV, n=2>5). In the presence of phenylephrine
(3 pM), transmural stimulation invariably initiated large
relaxations. Ouabain (0-1 m™) caused a further increase in
tension and did not alter the amplitude of the relaxations
(97:9+ 4:4% of control values, n=3, Fig. 5Da and b).
Dinitrophenol (0-1 mm) partially relaxed the preparations
and reduced the amplitude of nerve-evoked relaxations
(5451 4:9% of control values, n=3, Fig. 5Ea and b).

a Phentolamine 10 uM

.

Figure 6. Difference in excitatory responses produced by transmural nerve stimulation between
the parenchyma and sac of the rat penile bulb

In a parenchyma preparation, five impulses delivered at 20 Hz initiated an IJP (4a) and a contraction
which was interrupted by a relaxation (4b). In the presence of LNA (10 um) five impulses delivered at
20 Hz triggered an enhanced contraction without detectable membrane potential changes (Ba and b).
Subsequent addition of phentolamine (10 um) abolished the contraction (Ca and b). In the sac, a single
impulse initiated an initial depolarisation which was followed by a slow depolarisation (Da) and also
produced a tiny contraction (Db). Three impulses delivered at 20 Hz initiated an initial depolarisation
which trigged an action potential and a slow depolarisation (Ea). The action potential caused a large
contraction (£b). Phentolamine (10 gr) abolished both the depolarisation and contraction (Fzand b). Traces
in A-C and D-F were recorded from two different preparations. Resting membrane potentials were
—36 mV in A-C and —56 mV in D-F. Scale bars in ( also refer to corresponding traces in 4 and B. Scale
bars in F also refer to corresponding traces in D and E.
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Changing the physiological saline to one containing 0-5 mm
K™ did not change basal tension but reduced the amplitude
of nerve-evoked relaxations (643 + 6-5% of control values,
n=4, Fig. 5Fa and b). Together the results indicate that
nerve-evoked relaxations persist after [JPs have been much
reduced in amplitude and that an additional pathway
contributes to mechanical inhibition.

Excitatory transmission in the parenchyma

When isometric tension was recorded simultaneously with
membrane potential recordings, nerve-evoked relaxations
were always accompanied by IJPs (Fig.64). After the
inhibitory responses had been abolished by LNA (10 um),
stimulation triggered These
responses were never associated with a detectable change in
membrane potential (Fig. 6 B). The subsequent application of
phentolamine (10 gm; n =5) abolished the contractions
(Fig. 6C). In separate preparations exposed to LNA (10 um),
nerve-evoked contractions were inhibited by either CPA
(10 gm; the amplitude of contractions was reduced to
16'1 £11:7% of control, n=3) or caffeine (3 mm; the
amplitude of contractions was reduced to 10:3 + 5:2% of
control, n = 3). These results indicate that neurally released
noradrenaline stimulates a-adrenoceptors located on the
parenchyma smooth muscle to initiate contractions without

transmural contractions.
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changing membrane potentials, presumably through Ca’*
release from intracellular Ca®* stores.

Changes in membrane potential and tension evoked
by transmural nerve stimulation in the sac

In contrast to the parenchyma, transmural nerve stimulation
with single impulses initiated transient depolarisations which
were followed by slow depolarisations in the sac (Fig. 6 Da).
The initial depolarisations often triggered action potentials
and caused associated contractions (Fig.7Da and b). If the
initial depolarisations failed to trigger an action potential,
they caused either no or a small contraction (Fig. 6Da and
b). On some occasions, even a single impulse triggered
several action potentials during the secondary slow
depolarisations and this was associated with an oscillatory
contraction (not shown). When trains of impulses were
applied, the initial depolarisations invariably triggered
action potentials and multiple action potentials were usually
observed on slow depolarisations (Figs 6 Ea and 7Ca). Again
this sequence of membrane potential changes
accompanied by a large oscillatory contraction (Figs 6Eb
and 70b). Nifedipine (10 gm) abolished the action potentials
leaving a depolarisation or excitatory junction potential
(EJP) which consisted of two components (Fig. 7 Ba and Da).
Nifedipine also reduced the amplitude of the associated

was

a Nifedipine 10 uM

D

a Nifedipine 10 uM

\1mN

5s

Figure 7. Effects of nifedipine on responses produced by transmural nerve stimulation in the sac

of the rat penile bulb

A single impulse evoked an initial depolarisation which triggered an action potential and a slow
depolarisation (4a). The action potential caused a small contraction (4b). Nifedipine (10 gm) abolished an
action potential leaving an EJP, which consisted of two components (Ba). Nifedipine also inhibited the
nerve-evoked contraction (Bb). Three impulses delivered at 20 Hz initiated a larger depolarisation and
triggered multiple action potentials (Ca) and an associated larger, oscillatory contraction (Cb). Nifedipine
(10 ) abolished action potentials leaving two components of the EJP (Da). Nifedipine also inhibited the
nerve-evoked contraction (Db). All traces were recorded from the same cell. Resting membrane potential
was —52 mV. Scale bars in D refer to corresponding traces in A—C.
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contractions (Fig. 7Bb and Db). All residual membrane
potential changes were abolished by tetrodotoxin (1 g;
n =5), indicating that the responses resulted from nerve
stimulation. EJPs, initiated by single impulses, had
latencies ranging between 185 and 365 ms (mean
248 £ 60 ms, n=15). As the number of stimuli was
increased, the peak amplitude of the initial component
increased more dramatically than that of the slow
component. The mean amplitude of the initial, fast,
component was 59+ 2:6mV (1 impulse, n=15) and
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18:3 + 7:2 mV (3 impulses, n=15), the mean amplitude of
the secondary, slow, component was 4'3+ 1:8mV
(1 impulse) and 7-8 £ 4:3 mV (3 impulses). Increasing the
number of stimuli shortened the rise times of EJPs (mean
041 £ 0:15s for 1 impulse, 0:25+ 0-13 s for 3 impulses)
but the half-width of EJPs did not change obviously (mean
12:8 &+ 2:3 s for 1 impulse, 137 + 2:7 s for 3 impulses).

EJPs were abolished by phentolamine (10 um; Fig.6Fa,
n=20) or guanethidine (10 gm; n =5) but not hyoscine

Ba caffeine 3 mM

10 mv

0.1 mN

Figure 8. Effects of caffeine, ryanodine and CPA on EJPs and contractions recorded from the sac

of the rat penile bulb

In the presence of nifedipine (10 xn), three impulses delivered at 20 Hz initiated an EJP which consisted
of two components and an associated contraction (Aa and b). Caffeine (3 mm) depolarised the membrane
and reduced the amplitude of the EJP (Ba). Cafteine (3 mm) caused a transient contraction and also reduced
the amplitude of the nerve-evoked contraction (Bb). In a different preparation exposed to nifedipine
(10 pm), three impulses delivered at 20 Hz initiated an EJP, which consisted of two components and an
associated contraction (Ca and b). Ryanodine (10 gm) depolarised the membrane and reduced the amplitude
of the EJP (Da). Ryanodine caused a sustained contraction and also inhibited the nerve-evoked contraction
(Db). In another preparation, three impulses initiated an EJP, which consisted of two components and an
associated contraction (Ea and b). CPA (10 gm) depolarised the membrane and reduced the amplitude of the
EJP (Fa). CPA caused a sustained contraction and also inhibited the nerve-evoked contraction (¥b). A and
B, Cand D, and K and F were recorded from three different preparations. Resting membrane potentials
were —53mV in 4 and B, —46 mV in C and D and —50 mV in K and F. Scale bars in F refer to

corresponding traces in A—F.
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(1 uv; n=D5), suggesting that they were initiated through
the activation of a-adrenoceptors by neurally released
noradrenaline. Phentolamine (10 pm) abolished
associated contractions (Fig.6Fb). Bath-applied phenyl-
ephrine (3 um) depolarised the membrane and triggered
large oscillatory membrane potential changes on the rising

also

phase which were very similar to those induced by neural
activation of o-adrenoceptors (not shown). The mean
amplitude of the phenylephrine-induced depolarisations was
24+4mV (n=0>5) which was associated with smaller
oscillations in membrane potential. In preparations in which
transmural stimulation initiated EJPs and triggered action
potentials, the same stimulation failed to initiate any
membrane potential changes in the presence of phenyl-
ephrine (3 pum), suggesting the sac smooth muscle did not
receive an inhibitory innervation of NO-containing nerves
or did not respond to NO.

Role of intracellular Ca** stores in the generation of
excitatory junction potentials

The following experiments were performed in the presence
of nifedipine (10 gm). To investigate the possible contribution
of the intracellular Ca’* stores to the generation of EJPs,

A B
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the effects of caffeine on E.JPs were studied. Caffeine (3 mm)
depolarised the membrane (12:1 + 3:2 mV, n =10, Fig. 84a
and Ba) and reduced the amplitude of both components of
EJPs (fast: 156 +4:6% of control, slow: 31:2 +4:2% of
control, n=10). When isometric tension recording was
simultaneously made, caffeine (3 mm) initiated a transient
contraction which was converted into a small relaxation
during application of caffeine. Caffeine (3 mm) also inhibited
nerve-evoked contractions (Fig. 84b and Bb), suggesting
this concentration of caffeine was sufficient to stimulate Ca™*
release from intracellular Ca®* stores.

To investigate further the role of intracellular Ca®>* stores in
the initiation of EJPs, the effects of ryanodine and CPA
were studied. Ryanodine (10 gm) induced a slowly developed
sustained depolarisation of the membrane (19:3 +4:3 mV,
n=3) and reduced the amplitudes of both components of
EJPs (fast: 6:7+ 2:6% of control; slow: 20:2 +59% of
control, n=3, Fig. 8Ca and Da). Ryanodine initiated
sustained contractions and also inhibited nerve-evoked
contractions (Fig. 8Cb and Db), suggesting ryanodine
stimulated Ca® release from intracellular Ca®* stores and
eventually depleted the stores.

Low [CI], (isethionic acid)

3s

Figure 9. Effects of low chloride solution and niflumic acid on EJPs and contractions recorded

from the sac of the rat penile bulb

In the presence of nifedipine (10 xn), three impulses delivered at 20 Hz initiated an EJP which consisted
of two components and an associated contraction (4da and b). Low chloride solution hyperpolarised the
membrane and selectively inhibited the amplitude of the rapid component of the EJP without inhibiting
the slow component (Ba). Low chloride solution caused a contraction and also inhibited the nerve-evoked
contraction (Bb). In a different preparation exposed to nifedipine, three impulses delivered at 20 Hz
initiated an EJP which consisted of two components and an associated contraction (Ca and b). Niflumic
acid (100 um) hyperpolarised the membrane and reduced the amplitude of the EJP (Da). Niflumic acid
(100 pm) caused relaxation and also inhibited the nerve-evoked contraction (Db). A and B, and C and D
were recorded from two different cells. Resting membrane potentials were —47 mV in 4 and B and
—54 mV in C'and D. Scale bars in D refer to corresponding traces in 4—C.
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CPA (10 um) depolarised the membrane (14:3 +4:3 mV,
n=8) and reduced the amplitudes of both components of
EJPs (fast, 6:6 +3:9% of control; slow, 18:2 +81% of
control, n=28, Fig. 8Fa and Fu). CPA (10 um) caused
sustained contractions and also inhibited nerve-evoked
contractions, suggesting that CPA increased [Ca’"]; by
inhibiting Ca®* uptake into the intracellular Ca®* stores and

eventually depleted the stores (Fig. 8 Eb and Fb).

Identification of ion channels which contribute to the
generation of EJPs

To examine the involvement of a chloride conductance in the
generation of EJPs, the effect of lowering extracellular
chloride concentration ([CI7],) was studied. Switching the
physiological saline to a solution containing a reduced
chloride concentration hyperpolarised the membrane
(34 +1:5mV, n=4) and selectively inhibited the initial
components of EJPs (24:5+9:6% of control) without
inhibiting the slow components of EJPs (84:8 +7:2% of
control, Fig. 94a and Ba). Low chloride solution caused some
contractions and also inhibited nerve-evoked contractions
(Fig. 94b and Bb).

To further investigate the contribution of Ca’*-activated
chloride channels to the generation of EJPs, the effects of
niflumic acid, a blocker of Ca?*-activated chloride channels
(Large & Wang, 1996), were studied. Niflumic acid (100 gm)
caused hyperpolarisations of the membrane (7:5 + 2:8 mV,
Fig. 9Ca and Da) and inhibited both components of EJPs
(fast to 651 +9:7% of control, slow to 72:2 +7-3% of
control, n =5, Fig. 9Ca). Thus, the effect of niflumic acid on
the rapid component was less than that of low chloride
solution. When recordings
simultaneously made, (100 pm)
relaxation and also reduced the amplitude of nerve-evoked
contractions (Fig. 9Cb and Db), suggesting that niflumic
acid (100 gm) may inhibit Ca®" release from intracellular
stores.

isometric  tension were

niflumic acid caused

DISCUSSION

In the rat penile bulb two distinct layers of smooth muscle
were identified. The parenchyma smooth muscle layer, an
inner sponge-like meshwork of cells, exhibited spontaneous
action potentials and associated contractions, while the sac,
the outer sheet of muscle, was electrically and mechanically
quiescent. The parenchyma layer received both a NANC
inhibitory innervation and an excitatory innervation
mediated by a-adrenoceptors. The NANC inhibitory nerves
release NO and appeared to initiate IJPs by stimulating
sodium pump activity following the activation of guanylate
cyclase. The stimulation of a-adrenoceptors contracted
parenchyma smooth muscle without an associated change in
membrane potential. As well as being quiescent, the sac
failed to receive an inhibitory innervation. However, it
received an adrenergic excitatory innervation that stimulated
Ca™" release from intracellular Ca®* stores and the increase
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in [Ca®*]; subsequently activated Ca**-activated channels to
give rise to an EJP.

Spontaneous contractions have been recorded from corporeal
preparations obtained from various mammals, including
human, but the electrophysiological basis for them is unclear
(Andersson & Wagner, 1995). In the bovine retractor penis
muscle, Samuelson (1983) demonstrated a correlation between
and contractions using sucrose gap
recordings. In the dog corpus spongiosum smooth muscle,
slow membrane potential changes recorded using intracellular
microelectrodes were suggested to trigger spontaneous
contractions (Kimoto & Ito, 1988). In the present study,
spontaneous action potentials and associated contractions
were recorded simultaneously. Each action potential triggered
a small contraction and a burst of action potentials initiated
a larger contraction. Spontaneous action potentials were
abolished by nifedipine but not by tetrodotoxin,
phentolamine, guanethidine or hyoscine, indicating that
they result from the myogenic activation of L-type Ca’
channels. As parenchyma smooth muscle cells were well
coupled to their neighbouring cells via gap junctions, which
are sensitive to 18 #-GA, myogenic activity could readily
propagate to nearby cells and maintain synchronous
contraction of the parenchyma during the flaccid state of
the penis. Smooth muscle cells in the sac were well coupled
to their neighbours through similar types of gap junctions
to those distributed in the parenchyma. In sac smooth
muscle, the high degree of electrical coupling may contribute
to the spread of electrical signals during the excitation of
adrenergic nerves thus synchronising contraction. This
synchronisation may relate to the physiological function of
the sac, i.e. ejaculation and terminating erection.

electrical waves

IJPs, evoked in the parenchyma, were mediated by NO
released from NANC nerves. In most other smooth muscle
preparations 1JPs result from the opening of K channels
regardless of the transmitter released (Bywater & Taylor,
1986; Cayabyab & Daniel, 1995; Bridgewater et al. 1995;
Hashitani et al. 1998). Furthermore NO or NO donors open
a variety of types of K channels in many smooth muscle
preparations (Murphy & Brayden, 1995; Koh et al. 1995;
Hashitani et al. 1998). However, IJPs in the parenchyma
were not sensitive to a variety of K* channel blockers.
Moreover the amplitudes of IJPs were reduced when [K*],
was reduced and the relationship between [K*], and 1JPs
amplitude (Fig. 4) was similar to that observed for [K™], and
the amplitude of sodium pump current (a half-activation
[K*], =1 mm, Gadsby, 1980). Furthermore both ouabain
and dinitrophenol, an inhibitor for oxidative phosphorylation,
reduced the amplitudes of IJPs. The simplest explanation
for these findings is that, unlike I.JPs recorded from many
other smooth muscles, the activation of a sodium pump
underlies the IJPs recorded from parenchyma. However, the
possibility cannot be ruled out that the inhibitory effects of
chemicals which inhibit the sodium pump on IJPs are due to
the inhibition of transmitter release.
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1JPs were abolished by LNA and by ODQ, indicating that
NO followed by guanylate cyclase stimulation was involved
in the activation of sodium pump. In other tissues, including
human corpus cavernosum, NO-induced stimulation of
sodium pump activity has been reported (Gupta et al. 1995;
Yaktubay et al. 1999). Clearly inhibition included other
pathways than that resulting in the initiation of an IJP.
Transmural stimulation often inhibited the generation of
spontaneous action potentials without detectable hyper-
polarisations, indicating that NO could directly inhibit
L-type Ca®* channels perhaps through the activation of a
cyclic GMP pathway (Ishikawa et al. 1993). Moreover much
of the mechanical inhibition persisted after the amplitude of
1JPs had been dramatically reduced (Fig. 5).

The excitatory innervation in the parenchyma was
predominantly adrenergic with the activation of a-adreno-
ceptors initiating contractions. Unlike other smooth muscle
preparations described to date, the activation of a-adrenergic
receptors in parenchyma by neurally released transmitter
did not cause an obvious depolarisation. Contractions
mediated by a-adrenoceptors in the parenchyma were
greatly inhibited by either caffeine or CPA, suggesting that
the stimulation of a-adrenoceptors by neurally released
noradrenaline contracts parenchyma smooth muscle mainly
by Ca®" release from intracellular stores probably through
Ins P; production (Andersson & Wagner, 1995). If this is the
case, parenchyma smooth muscle cells may well lack Ca’*-
activated channels of any description. Alternatively, Ca™*
released from intracellular stores may not have access to
such channels.

In contrast to the parenchyma, transmural nerve stimulation
initiated a-adrenergic EJPs which are composed of two
components in the sac; the initial, rapid component and the
second slow component which lasted for over 10 s. Similar
sequences of membrane potential change occur following
sympathetic nerve stimulation in the rat anococcygeus
muscle (Bramich & Hirst, 1999). EJPs often triggered action
potentials and caused oscillatory contractions. Nerve-
evoked contractions were strongly inhibited by nifedipine,
suggesting that a-adrenergic contractions in the sac largely
depend on Ca’ influx through L-type Ca®* channels,
although Ca’*-induced Ca’" release (CICR) mechanism may
amplify entered Ca’™.

In the presence of nifedipine, the rapid, but not the slow,
component of EJPs was associated with contractions.
Furthermore, caffeine, and CPA more
dramatically reduced the amplitudes of the rapid component
than those of the slow components. These results suggested
that Ca”" release from intracellular Ca>* stores contributes
to the generation of the rapid component. It is difficult to
determine whether or not the slow component is sensitive to
Ca’* release from intracellular stores. The amplitude of the
slow component was apparently reduced by cafteine,
ryanodine and CPA; however, these chemicals caused large

ryanodine
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depolarisations which often exceeded the peak membrane
potential of the slow components.

In sac smooth muscle, the initial components of EJPs were
obviously Ca®* dependent as in the case of EJPs in the rat
anococcygeus and mesenteric veins (Van Helden, 1988a,b;
Bramich & Hirst, 1999). In the sac, reducing the extracellular
chloride ion concentration selectively inhibited the rapid
components of EJPs, suggesting the involvement of Ca®*-
activated chloride channels in the generation of the rapid
components of EJPs. However, niflumic acid, a blocker of
(2’ -activated chloride channels (Large & Wang, 1996), had
much weaker effects. Niflumic acid has been shown to
produce marked inhibition of Ca®"-activated chloride
currents in various isolated smooth muscle cells (Large &
Wang, 1996) and has also been reported to abolish
spontaneous depolarisations which are thought to be
initiated by the opening of Ca’*-activated chloride channels
in intact urethral smooth muscle preparations of rabbit and
guinea-pig (Hashitani et al. 1996; Hashitani & Edwards,
1999). Therefore, if the rapid component of EJPs results
from the opening of Ca’*-activated chloride channels,
niflumic acid (100 gm) should have inhibited the components
more greatly than it did. It is possible that some chloride
channels other than Ca’"-activated chloride channels
contribute to the rapid components. However, this seems
unlikely because the rapid components were obviously Ca®*
dependent. Alternatively, niflumic acid did not block this
particular type of Ca’*-activated chloride channel present in
the sac.

Low chloride solution and niflumic acid may indirectly
inhibit the rapid components of EJPs through the inhibition
of Ca’* release from intracellular stores; as both procedures
inhibited nerve-evoked contractions. Both low chloride
solution and niflumic acid have been reported to inhibit
noradrenaline-induced contraction in the rat aortic smooth
muscle (Lamb & Barna, 1998). Isethionic acid has also been
reported to inhibit Ca®* uptake into intracellular stores and
so selectively inhibit the initial phasic contractions induced
by muscarinic agonist in the guinea-pig ileal smooth muscle
(Rangachari & Triggle, 1986). Niflumic acid has been
reported not to inhibit Ca®" uptake in smooth muscle (Pollock
et al. 1998) but has been shown to inhibit Ca’" release from
intracellular Ca®* stores in skeletal muscle (Oba et al. 1996).

In other smooth muscle, the activation of a-adrenergic
receptors have been reported to open both Ca’-activated
C1™ channels and Ca**-activated cation channels (Loirand et
al. 1991; Large & Wang, 1996). In the sac, as both
components of EJPs persisted in the presence of niflumic
acid, they could result from the opening of Ca’-activated
cation channels rather than Ca®"-activated Cl~ channels.
However, in the presence of nifedipine, the rapid, but not
the slow, components triggered contractions. This would
imply that Ca®* released during the first, but not the second,
component could access the contractile protein, implying
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there are two separate internal Ca" stores. Alternatively,

different types of channel may contribute to the initial and
slow components of EJPs. Noradrenaline-activated cation
channels, which were insensitive to caffeine, have been
reported in rabbit portal vein (Wang & Large, 1991).
These channels were also reported to be activated by a
diacylglycerol analogue but not by inositol trisphosphate
(Helliwell & Large, 1997). Therefore, it may be that the
rapid component of KJPs results from the activation of
Ca**-activated cation channels, whereas the slow component
results from the opening of Ca’*-independent cation
channels. A third possibility is that the slow component
results from a closing of potassium channels as was
suggested in the guinea-pig mesenteric vein (Suzuki, 1981;
Van Helden, 1988b).

In conclusion, the penile bulb of the rat is composed of two
layers of smooth muscle which exhibit different patterns of
electrical activity. Parenchyma smooth muscle cells generated
spontaneous action potentials which appeared to account for
the maintenance of the resting tone. IJPs in parenchyma
resulted from the release of NO from NANC nerves and the
apparent activation of a sodium pump following stimulation
of guanylate cyclase. Neurally released noradrenaline
activated a-adrenoceptors and contracted parenchyma
smooth muscle without changing the membrane potential,
presumably due to the release of Ca’ from intracellular
stores. The sac was electrically quiescent at rest and
generated EJPs mediated by a-adrenoceptors in response to
transmural stimulation. The rapid component of EJPs
probably results from Ca’* release from intracellular Ca®*
stores and subsequent activation of Ca’*-activated channels.
The slow components appeared to be initiated by Ca®*-
independent mechanisms.
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