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Erectile dysfunction in mice lacking the large-conductance
calcium-activated potassium (BK) channel
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Penile erection is dependent on the nitric oxide (NO)/cGMP-dependent protein kinase I
(PKGI) pathway. One important target of PKGI in smooth muscle is the large-conductance,
calcium-activated potassium (BK) channel, which upon activation hyperpolarizes the smooth
muscle cell membrane, causing relaxation. Relaxation of arterial and corpus cavernosum smooth
muscle (CCSM) is necessary to increase blood flow into the corpora cavernosa that leads to
penile tumescence. We investigated the functional role of BK channels in the corpus cavernosum
utilizing a knock-out mouse lacking the Slo gene (Slo−/−) responsible for the pore-forming
subunit of the BK channel. Whole-cell currents were recorded from isolated CCSM cells of
Slo+/+ and Slo−/− mice. Iberiotoxin-sensitive voltage- and [Ca2+]-activated K+ currents, the
latter activated by local transient calcium releases (calcium sparks), were present in Slo+/+

CCSM cells, but absent in Slo−/− cells. CCSM strips from Slo−/− mice demonstrated a four-fold
increase in phasic contractions, in the presence of phenylephrine. Nerve-evoked relaxations of
precontracted strips were reduced by 50%, both in strips from Slo−/− mice and by blocking BK
channels with iberiotoxin in the Slo+/+ strips. Consistent with the in vitro results, in vivo intra-
cavernous pressure exhibited pronounced oscillations in Slo−/− mice, but not in Slo+/+ mice.
Furthermore, intracavernous pressure increases to nerve stimulation, in vivo, were reduced by
22% in Slo−/−mice. These results indicate that the BK channel has an important role in erectile
function, and loss of the BK channel leads to erectile dysfunction.
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Penile erection is a haemodynamic event that occurs in
response to the release of NO from both parasympathetic
nonadrenergic-noncholinergic nerves and from the
vascular endothelium (Holmquist et al. 1991; Andersson
& Wagner, 1995; Hedlund et al. 1999; Mizusawa et al.
2001). During erection, the CCSM relaxes, mainly
through parasympathetic stimulation, and an increase in
blood inflow induces a rapid increase in intracavernous
pressure (ICP). After ejaculation or cessation of stimuli,
parasympathetic dominance decreases, and sympathetic
tonic discharge causes contraction of the smooth muscle
in the arterioles and around sinusoids leading to reduced
arterial flow, reopening of venous channels and a drop in
ICP.

The majority of NO-relaxing effects are mediated
through cGMP (Holmquist et al. 1991; Burnett et al.
1992; Schmidt et al. 1993; Andersson & Wagner, 1995).
cGMP acts as a modifying agent on ion channels,
phosphodiesterases, and protein kinases. Precontracted
CCSM strips from mice lacking cGMP-dependent protein

kinase I (PKGI) do not relax during nerve stimulation
(Hedlund et al. 2000), supporting the central role of PKGI
in the corpus cavernosum (CC). PKGI phosphorylates
numerous proteins, including ion channels and pumps
known to reduce intracellular calcium concentration
[Ca2+]i (Lincoln & Cornwell, 1993). It has been shown,
in particular, that PKGI activates BK channels (Robertson
et al. 1993; Alioua et al. 1998) which hyperpolarize
smooth muscle cell membranes, and thus oppose muscle
contraction.

Blocking the BK channel with tetraethylammonium
ions (TEA) and charybdotoxin led to an increase in
phenylephrine-induced contractions of CCSM strips
in vitro, whereas the BK-channel opener NS1619 reduced
these contractions (Spektor et al. 2002). In aged or diabetic
rats, intracavernous injection of cDNA encoding the
human BK channel led to a reversal of erectile dysfunction
(Melman et al. 2003; Christ et al. 2004). These studies
support the idea that elevating BK-channel expression can
restore erectile function following age- or disease-induced
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decline. However, the effect of a lack of BK channel
activity on erectile function is not known, and the role
of BK channels in nerve-induced CC relaxation is also not
known. To examine these issues from in vitro cellular and
tissue to in vivo levels we used a mouse model with targeted
deletion of the pore-forming α-subunit (Slo) of the BK
channel (Meredith et al. 2004; Thorneloe et al. 2005).

In our previous report (Meredith et al. 2004), we
noticed that only 5% of the male mice lacking the BK
channel were able to sire a litter of pups. We hypothesize
that this could be a consequence of impaired erectile
function due to an increased contractility of the CCSM.
The aim of the current study is to elucidate the role of
the BK channel in erectile function by performing in
vitro contraction experiments and in vivo studies using
cavernous nerve electrostimulation and intracavernous
pressure recording on BK channel knock-out (Slo−/−)
mice.

Methods

Tissue preparation

Slo−/− mice were generated as previously described
(Meredith et al. 2004). All the procedures performed
in the course of this study were approved by the
Office of Animal Care Management at the University
of Vermont. Adult male mice (10–20 weeks old;
∼30 g bodyweight) were killed with intraperitoneal
injection of sodium pentobarbital (150 mg kg−1) followed
by thoracotomy. For in vitro studies and immuno-
histochemistry, the penis was removed and immediately
placed in ice-cold dissection solution (DS; (mm): 80
monosodium glutamate, 55 NaCl, 6 KCl, 10 glucose, 10
N-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid
(Hepes), 2 MgCl2, pH 7.3 adjusted with NaOH).

Immunohistochemistry

Whole penises from Slo+/+ and Slo−/− mice were
immersion-fixed with ice-cold 4% formaldehyde in
phosphate buffered saline (PBS; pH 7.4) at 4◦C for 1 h
followed by rinsing in PBS and freezing in Tissue-Tek OCT
compound (Sakura Finetek Inc., Torrance, CA, USA).
Cryosections of 10 µm thickness were cut, mounted on
glass slides and air dried. For immunohistochemistry, the
sections were incubated with anti-BK antibody (1 : 1000;
Alomone Laboratories Ltd, Jerusalem, Israel) followed
by application of the Vectastain ABC Elite Kit (Vector
Laboratories, Burlingame, CA, USA) and staining with
the DAB Enhanced Liquid Substrate System (Sigma). Data
analysis was performed with an Olympus BX50 light
microscope equipped with an Optronics Magna Fire digital
camera.

Electrophysiology

CCSM cells from Slo+/+ and Slo−/− mice were iso-
lated enzymatically for perforated whole-cell patch clamp
recordings at 22◦C as previously described (Horn & Marty,
1988; Herrera & Nelson, 2002). The CC was cut into 10–30
pieces and placed in fresh ice-cold DS. Next, the tissue
was placed in 2 ml fresh DS (37◦C) containing 1 mg ml−1

papain (Worthington Biochemical Corporation, Freehold,
NJ, USA) for 25 min. After washing with ice-cold DS,
the CC pieces were further incubated with 2 ml DS
(37◦C) containing 1 mg ml−1 each of collagenase type II
and type H, and 100 µm CaCl2 for 20 min. Following
enzyme treatment, the tissue was washed repeatedly
with fresh ice-cold DS and then stored in this solution
on ice. Individual cells were freed from the tissue by
passing the tissue pieces through the tip of a fire-polished
Pasteur pipette. The external solution for the patch clamp
recordings contained the following (mm): 134 NaCl, 6
KCl, 1 MgCl2, 2 CaCl2, 10 glucose, and 10 Hepes, pH 7.4
(adjusted with NaOH), and the pipette contained (mm):
110 potassium aspartate, 30 KCl, 10 NaCl, 1 MgCl2, 0.05
EGTA, 200 g ml−1 amphotericin B, and 10 Hepes, pH 7.2
(adjusted with KOH).

In vitro contraction studies

The tunica albuginea was cut longitudinally, starting at
the most proximal point of the CC toward the penile
shaft, and the erectile tissue was partially dissected free
from the tunica. One strip of tissue (0.3 × 0.3 × 3 mm)
was obtained from each CC. The contractility of each
isolated CCSM strip was measured using a MyoMED
myograph system (MED Associates Inc., Georgia, VT,
USA). The strip was mounted in a thermostatically
controlled tissue bath containing aerated PSS (mm: 119
NaCl, 4.7 KCl, 24 NaHCO3, 1.2 KH2PO4, 2.5 CaCl2, 1.2
MgSO4, 0.023 EDTA, and 11 glucose; 5 ml volume, 95%
O2 and 5% CO2, 37◦C) and stretched to a resting tension
of 0.1 mN. The contractile responses of the strips were
analysed by adding 10 µm phenylephrine to the bath,
and force changes were recorded in response to drug
application and to electrical field stimulation. Electrical
field stimulation was delivered for 2 and 60 s, each at 30 Hz
(20 V amplitude, 0.5 ms pulse width, alternating polarity
between pulses).

In vivo intracavernous pressure measurement

Mice were anaesthetized with isoflurane followed by intra-
peritoneal injection of sodium pentobarbital (50 mg kg−1)
and placed on a heated blanket. Body temperature
and circulatory volume were kept optimal by frequent
intraperitoneal administration of body-temperature 0.9%
saline solution. The cavernous nerve was identified
through a lower midline abdominal incision and its
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short segment was dissected from the surrounding tissue.
Subsequently the base of the penis, enclosed by the
striated bulbospongious and ischiocavernous muscles,
was exposed through a perineal incision. Using blunt
dissection, the ischiocavernous muscle covering the CC
was divided on one side and the underlying tunica
albuginea was visualized. A 27-gauge needle attached to
a polyethylene catheter (PE50) filled with heparinized
(100 IE ml−1) 0.9% saline was inserted into the crus of the
CC. The catheter was connected to one port of a pressure
transducer, while a syringe with heparinized 0.9% saline
was attached to the other port of the pressure transducer
to allow for regular flushing of the line. By retracting
the surrounding tissues, the cavernous nerve was
visualized, running on the postero-lateral side of the
prostate. Electrostimulation of this nerve was then
performed with a bipolar platinum contact electrode.
Square-wave pulses were delivered by a Grass stimulator
(1.0 ms, 12 Hz, 4 V; Grass Instrument Co., MA, USA).
Each period of stimulation lasted ∼ 60 s, and resting
intervals of 15–20 min were allowed between the periods of
stimulation. The catheter was flushed prior to each period
of stimulation to ensure an unclogged line.

Drugs and chemicals

All drugs and chemicals were ordered from Sigma-Aldrich
unless stated otherwise. Iberiotoxin (IBTX; Peptides Inter-
national Inc., Louisville, KY, USA) was used at a final
concentration of 100 nm (electrophysiology) or 300 nm
(in vitro contraction studies).

Statistical analyses

Results are expressed as means ± s.e.m. where applicable.
Comparisons were made with the two-tailed Student’s
t test (before and after IBTX application were paired,
Slo+/+ vs. Slo−/− were unpaired).

Results

BK channel α-subunit is present in CCSM from Slo+/+

but not from Slo−/− mice

Others have shown that BK channels are expressed in
the rat penis (e.g. Archer, 2002), but the exact location
of the channel has not been identified. In our study, BK
channel-specific immunoreactivity was observed in CCSM
as well as in SM of the corpus spongiosum (CS), and in
vascular SM of helicine arteries and veins in penis sections
from Slo+/+ mice. However, the immunoreactivity was
completely absent in penile sections from Slo−/− mice
(Fig. 1). No BK channel staining was observed in the nerves
of either genotype.

Calcium-activated BK currents are absent in CCSM
from Slo−/− mice

BK channels are activated by elevations in [Ca2+]i,

and in particular by local transient calcium release
(calcium sparks) through ryanodine receptors in the
sarcoplasmic reticulum membrane (Nelson et al. 1995;
Perez et al. 1999; Herrera et al. 2001; Mizusawa et al.
2001; Herrera & Nelson, 2002). CCSM cells isolated from
Slo+/+ mice exhibited pronounced transient BK currents
characteristic of those produced by calcium sparks.
These calcium-activated currents, also called spontaneous
transient outward currents (STOCs), were largely
inhibited by the channel’s specific blocker IBTX (Fig. 2A
and C). Consistent with our previous findings in cells from
urinary bladder smooth muscle (Meredith et al. 2004),
STOCs were not detected in CCSM cells isolated from
Slo−/− mice (Fig. 2B and C), and IBTX had no effect,
consistent with the absence of BK channel expression
in Slo−/− mice in general (Meredith et al. 2004), and
specifically in CCSM (Fig. 1).

Voltage-activated BK currents are absent
in Slo−/− mice

BK channels are activated by both intracellular calcium
and membrane depolarization. CCSM cells isolated from

Figure 1. Immunohistochemical detection of BK channels in
penile sections from Slo+/+ and Slo−/− mice
A, cross-sections from a Slo+/+ and a Slo−/− penis stained with a BK
channel-specific antibody. B, higher magnification of the rectangles
shown in panel A. Specific staining (arrow heads in panel A, and
arrows in panel B) was observed in the corpus cavernosum (Cc)
smooth muscle, the corpus spongiosum (Cs) smooth muscle and in
vascular smooth muscle. Nonspecific staining was observed in the
urethra (U). N, nerve; V, vein; A, artery; a, helicine artery.
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Slo+/+ mice exhibited a pronounced voltage-activated
BK channel current, measured as the voltage-activated,
IBTX-sensitive outward current (Fig. 2D). This very
significant outward current was completely absent in
CCSM cells from Slo−/− mice.

We further examined the properties of CCSM cells
isolated from Slo+/+ and Slo−/− mice. The whole-cell
capacitance was not significantly different, indicating
similar cell surface areas (Slo+/+ 29.6 ± 2.2 pF, n = 14; and
Slo−/− 31.1 ± 1.8 pF, n = 16; P > 0.05).

Membrane depolarization activates a significant K+

outward current in addition to the BK current. Based
on the time dependence of this calcium-insensitive
voltage-dependent K+ (KV) current, two types of non-BK
currents could be identified: a slow delayed rectifier and
a fast A-type current (for review see Amberg et al. 2003).
Although exceptions exist (e.g. Rudy et al. 1991), delayed
rectifier current is sensitive to external TEA, whereas the
A-type current is not (e.g. Thompson, 1977). Additionally,

Figure 2. Calcium- and voltage-activated BK
currents in Slo+/+ and Slo−/− CCSM cells
A, transient Ca2+-activated BK currents at 0 mV, in
the absence and presence of IBTX, from a Slo+/+
CCSM cell. B, transient Ca2+-activated BK currents
at 0 mV, in the absence and presence of IBTX, from a
Slo−/− CCSM cell. C, average transient BK current
amplitude and frequency from panels A and B
(n, number of cells; ∗∗P < 0.01 vs. Slo+/+). D, whole-
cell 800-ms depolarizing ramp currents from freshly
isolated Slo+/+ CCSM cells, in the absence and
presence of IBTX, and Slo−/− CCSM cells. The S.E.M.
is represented by the width of the curves.

A-type current activates and inactivates at very negative
membrane potentials with thresholds between −45 and
−60 mV and half-inactivation between −50 and −80 mV
(Amberg et al. 2003).

To analyse the KV current present in CCSM cells, a
depolarizing step protocol was used to assess voltage-gated
and IBTX-resistant K+ current in cells from Slo+/+ and
Slo−/− mice (Fig. 3A and B, respectively). Voltage-gated
K+ current densities, measured at the end of the 250 ms
test pulse, were similar for all voltages (Fig. 3C). In
CCSM cells from both Slo+/+ and Slo−/−, and with BK
channels blocked with IBTX, end-pulse outward current
was reduced by 60% with 5 mm TEA. No difference in
the TEA-sensitive current was detected between the two
genotypes (Fig. 3C and D).

In addition to the TEA-sensitive delayed rectifier KV

current, significant IBTX- and TEA-resistant KV current
was observed in about 50% of the CCSM cells from
both Slo+/+ (12 out of 21 cells) and Slo−/− mice (9
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out of 19 cells). This current had a shape characteristic
of a fast-activating and rapidly inactivating A-type
current. It was activated by holding the membrane
potential at −80 mV prior to the test pulses and was
completely inactivated at −40 mV (Fig. 4A–D). A-type
current densities, measured at the peak of the 250-ms test
pulse were similar in Slo+/+ and Slo−/− cells for all voltages
when held at −80 or −40 mV (Fig. 4E). Furthermore,
in cells with a pronounced A-type current, the delayed
rectifier current was smaller than in cells without A-type
current, even though the average IBTX-resistant current
densities measured at the end of the test pulses were the
same in all cells. These data suggest that there may be at least
two different groups of SM cells present in the CC of mice:
one that has a mainly TEA-sensitive delayed rectifier KV

current but little or no TEA-resistant A-type current, and
a second group that has less TEA-sensitive delayed rectifier
KV current, but pronounced TEA-resistant A-type current
(Figs 3 and 4).

CC strips from Slo−/− mice demonstrate enhanced
contractility in vitro

To examine the functional role of BK channels in the
CC, contractility of isolated CCSM strips from Slo+/+ and

Figure 3. Voltage-gated potassium currents in Slo+/+ and Slo−/− CCSM cells
A and B, representative whole-cell currents from a Slo+/+ CCSM cell in the presence of IBTX and a Slo−/− CCSM cell,
respectively. Currents were elicited by 250-ms depolarizing pulses (see inset). C, voltage-gated K+ current density
and current–voltage relationship for Slo+/+ cells (with IBTX) is the same as for Slo−/− cells. The voltage-gated K+
current in CCSM cells of both genotypes is inhibited with 5 mM TEA. D, average TEA-sensitive current density from
Slo+/+ and Slo−/− cells (n, number of cells).

Slo−/− mice were examined. In the absence of stimulating
agents, neither strips from Slo+/+ mice nor those from
Slo−/− mice exhibited spontaneous contractile activity
(n = 10), consistent with other studies (Hedlund et al.
2000; Mizusawa et al. 2001). To verify the contractile ability
of the strips and to analyse the depolarization-induced
contractile force, membrane depolarization was elicited
by elevating the external K+ concentration to 60 mm. This
leads to an influx of Ca2+ through voltage-dependent
Ca2+ channels causing smooth muscle contraction.
The observed mean contractile force was not different
between Slo+/+ (0.22 ± 0.03 mN, n = 10) and Slo−/− strips
(0.24 ± 0.03 mN, n = 10), suggesting no changes in Ca2+

influx or in the subsequent contractile response. This is
consistent with recent findings from others (Sausbier et al.
2005), who found that L-type Ca2+ currents in tibial artery
smooth muscle were not altered in BK channel KO mice.

The CC is under sympathetic influence to maintain
a contracted, flaccid state. To simulate this situation,
the α-adrenergic receptor agonist phenylephrine (10 µm)
was applied to induce contraction. The maximum
phenylephrine-induced contraction, reached 10–20 s after
application, was similar in CCSM strips from Slo+/+ and
Slo−/− mice (Fig. 5A, B and E). In addition to elevating
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force, phenylephrine induced phasic contractions of
small amplitude in CCSM strips from Slo+/+ mice. The
amplitude of these phasic contractions was increased
about four-fold in Slo−/− strips, indicating enhanced
contractility (Fig. 5C, D and F). Blocking the BK channel
with IBTX in Slo+/+ strips increased phasic contra-
ctions about four-fold to the same amplitude observed
in Slo−/− strips. IBTX did not influence the oscillation
frequency, either in Slo+/+ (Slo+/+ 2.4 ± 0.7 min−1, n = 5,
vs. Slo+/+ + IBTX 3.1 ± 1.1 min−1, n = 5; P > 0.05),
or in Slo−/− animals (Slo+/+ 0.4 ± 0.04 min−1, n = 5
vs. Slo−/− + IBTX 0.4 ± 0.05 min−1, n = 5; P > 0.05).
However, the frequency was significantly different between
the two genotypes (P < 0.05). Under unstimulated

Figure 4. A-type potassium currents in CCSM cells
A and B, representative whole-cell currents from a Slo+/+ CCSM cell in the absence and presence of IBTX or TEA.
C and D, representative whole-cell currents from a Slo−/− CCSM cell in the absence and presence of TEA. Currents
were elicited by 250-ms depolarizing pulses (see insets; –X, holding membrane potential) after holding the cell at
−80 mV (A and C) or −40 mV (B and D). E, average peak current densities from Slo+/+ and Slo−/− cells held at
−80 mV and −40 mV (n, number of cells).

conditions, i.e. in the absence of phenylephrine, IBTX had
no effect on the CCSM strips (n = 4).

Electrical field stimulation (EFS) has been used to
stimulate the nerves that innervate the smooth muscle cells
of the CC (Andersson & Wagner, 1995). When stimulated,
cavernosal nonadrenergic-noncholinergic nerves release
NO, causing relaxation of CCSM. In our studies,
electrical field stimulation (lasting 2 s) evoked relaxations
in phenylephrine-precontracted strips from Slo+/+ and
Slo−/− mice with the same peak values, although Slo−/−

strips always exhibited continuous oscillations (Fig. 6A
and D). Blocking the BK channel with IBTX did not
affect relaxations induced by these brief periods of
stimulation.
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Prolonged electrical field stimulation (60 s) evoked
pronounced relaxations of Slo+/+ strips (Fig. 6B). Blocking
BK channels with IBTX significantly reduced (50%) the
maximal (60 s) EFS-induced relaxation of CCSM strips
from Slo+/+ mice (Fig. 6C). Consistent with the effect of
IBTX on Slo+/+ strips, CCSM strips from Slo−/− mice
exhibited a similar reduction in relaxation to prolonged
EFS and were insensitive to IBTX. In contrast to CCSM
strips from Slo+/+ mice, EFS-induced relaxations were
not maintained in Slo−/− strips or in Slo+/+ strips in the
presence of IBTX (Fig. 6B and C).

Slo−/− mice exhibit enhanced spontaneous pressure
fluctuations and decreased erectile response
to cavernous nerve stimulation in vivo

The spontaneous contractions and the reductions
in relaxation during nerve stimulation of

Figure 5. In vitro contraction measurements of
isolated CCSM strips
A and B, representative recordings of 10 µM

phenylephrine-induced (PE) contractions from a
Slo+/+ and a Slo−/− CCSM strip, respectively.
C, sample recording from a PE-precontracted Slo+/+
strip of cells in the absence and presence of IBTX.
D, sample recording from a PE-precontracted Slo−/−
strip of cells in the absence and presence of IBTX.
E, average PE-induced contractions from panels A
and B. F, average PE-induced oscillations from
panels C and D (n, number of CCSM strips from
four Slo+/+ and five Slo−/− mice; ∗∗P < 0.01 vs.
Slo+/+; ns, not significant).

phenylephrine-precontracted CC strips from Slo−/−

mice predict that in vivo intracavernous pressure should
fluctuate and that nerve-evoked increases in pressure
should be impaired, but not eliminated. To test these
predictions, we performed in vivo measurements of the
intracavernous pressure in the anaesthetized mouse. The
baseline intracavernous pressure under unstimulated
conditions did not differ between the two genotypes
(Slo+/+ 12.6 ± 1.6 cmH2O (number of mice, N = 5) and
Slo−/− 14.0 ± 1.1 cmH2O (N = 5)). Pressure oscillations
with small amplitudes were detected in Slo+/+ mice,
consistent with the phasic contractions in our in vitro
results in the presence of phenylephrine. The amplitude
of these pressure oscillations was six-fold greater in Slo−/−

mice (Fig. 7).
Electrical stimulation of the cavernous nerve mimics

nerve activity under physiological conditions and has been
routinely used to investigate erectile function (Sezen &
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Burnett, 2000; Mizusawa et al. 2001). Nerve stimulation
for 60 s induced an increase in intracavernous
pressure in both genotypes. The stimulation-induced peak
pressures recorded from Slo−/− mice were reduced by
22%, indicating an impaired ability of the CCSM to relax
(Fig. 7). In addition, in Slo+/+ mice, the intracavernous
pressure remained constant during the entire stimulation
period, whereas in Slo−/− mice the intracavernous
pressure exhibited pressure oscillations, and gradually fell
throughout the course of stimulation (Fig. 7B). Reduced

Figure 6. Electrical field stimulation-induced relaxation of isolated precontracted CCSM strips
A, sample recordings of EFS-induced relaxations (2-s pulse) from a PE-precontracted Slo+/+ CCSM strip (left trace)
and a Slo−/− CCSM strip (right trace). B, examples of EFS-induced relaxations (60-s pulse) from PE-precontracted
Slo+/+ (left trace) and Slo−/− (right trace) CCSM strips. C, examples of EFS-induced relaxations (60-s pulse)
from PE-precontracted Slo+/+ (left trace) and Slo−/− (right trace) CCSM strips in the presence of 300 nM IBTX.
D, average EFS-induced relaxations from the PE-precontracted CCSM strips shown in panel A. E, average
EFS-induced relaxations from the PE-precontracted CCSM strips shown in panels B and C (n, number of CCSM
strips from five Slo+/+ and six Slo−/− mice; ∗P < 0.05; ∗∗P < 0.01 vs. Slo+/+; ns, not significant).

peak intracavernous pressure and inability to maintain
pressure in Slo−/− animals indicates an impaired ability
of the CCSM to relax during nerve stimulation.

Discussion

To our knowledge, this is the first in vitro and in vivo
study of erectile function performed in mice lacking
the BK channel. By using immunohistochemistry, others
have shown the presence of key members of the
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NO/cGMP/PKGI pathway in the CC, e.g. the soluble
guanylyl cyclase and PKGI in human CC (Klotz et al. 2000),
and PKGI in mouse CC (Hedlund et al. 2000). However, the
exact location of the BK channel has not been identified,
although it is known that it is expressed in the penis
(e.g. Archer, 2002). Using Slo−/− mice as negative controls,
we were able to demonstrate that the BK channel is located
in CC, CS and vascular SM.

Figure 7. In vivo intracavernous pressure measurements
A and B, sample ICP recordings from litter-matched Slo+/+ and a Slo−/− mice, respectively. The upper traces of both
panels show three responses to stimulation of the cavernous nerve (the initial brief pulse results from flushing the
line prior to stimulation). The lower traces show the same three responses on an expanded time scale, i.e. as higher
time-resolution displays of the cavernous nerve stimulation-induced pressure increases. The bars below the traces
represent the stimulation period of ∼ 60 s. C, average oscillation amplitude and frequency, and peak amplitude
of nerve-induced pressure increases from the experiment shown in panels A and B (n, number of stimulations; N,
number of Slo+/+ and Slo−/− mice; ∗P < 0.05, ∗∗P < 0.01).

In accordance with our previous study performed on
the urinary bladder smooth muscle (Meredith et al. 2004)
and the absence of the BK channel immunoreactivity
in CC sections, we demonstrated that functional BK
currents are absent in single CCSM cells from Slo−/−

mice (Fig. 2). Furthermore, there does not appear to
be a compensatory up-regulation of TEA-sensitive KV

channels (Fig. 3). Additionally, we identified cells with
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pronounced A-type KV currents, which were resistant to
5 mm TEA (Fig. 4). As with the TEA-sensitive KV current,
compensatory up-regulation of TEA-resistant A-type
KV current was not observed. Even though a similar A-type
current has been observed in human CCSM cells (Christ
et al. 1993), the role of this current is unclear as it is usually
inactivated at physiological resting membrane potentials.
In the current study, we identified two groups of CCSM
cells based on the voltage-dependence of the observed
K+ currents. Similar results were reported by Malysz et al.
(2001) in rabbit CCSM cells. However, although these
authors described cells with and without delayed rectifier
KV currents, they observed no A-type KV current.

We have observed in vitro that the baseline levels
of phenylephrine-induced contractions were similar
in Slo+/+ and Slo−/− strips. Significantly, however,
lack of the BK channel in Slo−/− strips enhances
phenylephrine-induced contractility by increasing phasic
contractions above the baseline, and this effect can be
mimicked partially in Slo+/+ strips by blocking the BK
channel with IBTX. In human CCSM strips, Spektor
et al. (2002) observed phasic contractions following
BK channel blockade with 10 mm TEA, while 100 mm
TEA led to a tonic contraction. Although external TEA
blocks BK channels (half block with 0.1 mm; Langton
et al. 1991), it also significantly blocks voltage-gated
K+ channels at concentrations above 1 mm (e.g. Thorneloe
& Nelson, 2003). Spektor et al. (2002) also used the
more specific BK channel inhibitor charybdotoxin (which
also inhibits intermediate-conductance calcium-activated
potassium channels), but did not report oscillations. They
described an overall increase in agonist-induced CCSM
strip contraction in the presence of TEA or charybdotoxin.

Electrical field stimulation has been shown to
induce relaxation in phenylephrine-precontracted strips
(Andersson & Wagner, 1995; Hedlund et al. 1999, 2000).
In the present study we applied this technique to analyse
the relaxation properties of CCSM strips from Slo+/+ and
Slo−/− mice. No significant difference and no effect of
blocking the BK channel with IBTX were observed during
a 2-s pulse. However, IBTX reduced the response to a
prolonged, more physiological 60-s pulse by 50% in Slo+/+

strips (Fig. 6). The channel blocker had no effect on Slo−/−

strips, which already had a significantly reduced relaxation.
This indicates that the absence of BK channel function
(Slo−/− or IBTX) impairs 60 s EFS-induced relaxations.
The results also suggest a minor role of the BK channel in
brief (2 s) EFS-induced relaxation, and a more important
role in maintaining the relaxed state. However, the reduced
ability of Slo−/− CC strips, or Slo+/+ CC strips plus IBTX,
to relax during 60 s electrical field stimulation was less
dramatic than in PKGI-deficient mice (Hedlund et al.
2000), suggesting a role for other PKGI targets.

In accordance with the in vitro findings, we show
in vivo that BK channel-deficient mice have dramatically

increased intracavernous pressure oscillations, consistent
with the phasic contractions observed in CCSM strips
in the presence of phenylephrine. Furthermore, when
compared to Slo+/+, these mice exhibit a blunted increase
in the intracavernous pressure with the electrostimulation
of the cavernous nerve (Fig. 7). Finally, Slo−/− (but never
Slo+/+) mice failed to maintain the elevated intracavernous
pressure during nerve stimulation.

In the flaccid state, the CCSM is contracted due to a
predominance of adrenergic neural control (Andersson
& Wagner, 1995). In this study this state was mimicked
in vitro by adding phenylephrine to the organ bath.
Our results suggest that BK channel absence leads to
unstable CCSM tone, measured as force (in vitro) or
pressure (in vivo) oscillations in response to sympathetic
stimulation. Sexual stimulation was mimicked in vivo
by electrostimulation of the cavernous nerve, inducing
primarily parasympathetic nerves. In our study, the nerve
stimulation led to a fast CCSM relaxation response,
however, the response was significantly reduced in the
absence of the BK channel.

The smooth muscle tone in the penis, as in other
vascular and nonvascular tissues, depends on the balance
between contractile and relaxant factors. Previous studies
on vascular and nonvascular smooth muscle indicate
that the BK channel has a role as a negative feed-back
mechanism to oppose contraction (Nelson & Brayden,
1993; Meredith et al. 2004). As such, altered BK channel
behaviour may impair the hyperpolarizing ability of
CCSM, altering its reactivity and tone. Our observations
provide direct evidence that the BK channel could
be a major target of the NO/cGMP/PKG pathway, as
mice lacking the BK channel exhibit elevated force
oscillations and diminished nerve-evoked relaxations, and
erectile dysfunction. However, our study also suggests
that there is more than one regulatory mechanism and
target involving PKGI, as CC relaxes to brief nerve
stimulation in the absence of BK channels or in presence
of BK channel blockers. A possible mechanism for the
immediate relaxation could be through ATP-sensitive
K+ channels, as they are involved in one of the NO
mechanisms relaxing cavernous tissue (Insuk et al.
2003).

An alternative NO-independent pathway to increase
cavernous pressure has been proposed, involving
inhibition of Rho kinase (Chitaley et al. 2001). However,
in a rat model of diabetes-associated erectile dysfunction,
inhibiting this pathway also led to an improved endothelial
NO production (Bivalacqua et al. 2004).

In coronary vascular smooth muscle of aged rats
(Marijic et al. 2001; Nishimaru et al. 2004) as well as of
humans (Toro et al. 2002), it was shown that the expression
of both α- and β-subunits of the BK channel is decreased,
leading to an increased risk of coronary artery vasospasm,
myocardial ischaemia and infarct in the elderly. To this
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date, there is no available CCSM study in humans, but
evidence exists for age-related erectile dysfunction in rats
due to altered BK channel function (Melman et al. 2003).
Our results strongly support the idea that the BK channel
could be a very important target in treating patients with
erectile dysfunction, especially those who do not respond
to the currently available drug therapy.
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