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Abstract

Heavy alcohol consumption is associated with an increased risk of erectile dysfunction (ED); however, the 
acute effects of ethanol (EtOH) on penile tissue are not fully understood.  We sought to investigate the effects of 
EtOH on corporal tissue tonicity, as well as the intracellular Ca2+ concentration ([Ca2+]i) and potassium channel 
activity of corporal smooth muscle.  Strips of corpus cavernosum (CC) from rabbits were mounted in organ baths 
for isometric tension studies.  Electrical field stimulation (EFS) was applied to strips precontracted with 10 µmol L-1 
phenylephrine as a control.  EtOH was then added to the organ bath and incubated before EFS.  The [Ca2+]i levels 
were monitored by the ratio of fura-2 fluorescence intensities using the fura-2 loading method.  Single-channel and 
whole-cell currents were recorded by the conventional patch-clamp technique in short-term cultured smooth muscle 
cells from human CC tissue.  The corpus cavernosal relaxant response of EFS was decreased in proportion to the 
concentration of EtOH.  EtOH induced a sustained increase in [Ca2+]i in a dose-dependent manner, Extracellular 
application of EtOH significantly increased whole-cell K+ currents in a concentration-dependent manner (P < 0.05).  
EtOH also increased the open probability in cell-attached patches; however, in inside-out patches, the application of 
EtOH to the intracellular aspect of the patches induced slight inhibition of Ca2+-activated potassium channel (KCa) 
activity.  EtOH caused a dose-dependent increase in cavernosal tension by alterations to [Ca2+]i.  Although EtOH 
did not affect KCa channels directly, it increased the channel activity by increasing [Ca2+]i.  The increased corpus 
cavernosal tone caused by EtOH might be one of the mechanisms of ED after heavy drinking.
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1    Introduction

Erectile dysfunction (ED) is defined as the persistent 
inability to achieve or maintain an erection sufficient 

for satisfactory sexual performance [1].  Penile erection 
comprises increased arterial inflow, sinusoidal smooth 
muscle relaxation and restricted venous outflow from the 
penis.  Decreased penile vascular resistance induced by 
corporal smooth muscle relaxation is the most important 
step in penile erection [2].  Trouble with any of these 
vascular mechanisms may lead to ED.  That is, the 
pathophysiology of ED is associated with a decrease in 
smooth muscle relaxation and/or an increase in penile 
vasculature contractile tone [3, 4].

Modulation of corporal smooth muscle tone is a 
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complex process, requiring the integration of a host of 
intracellular events and extracellular signals.  Nitric 
oxide (NO) is one of the major physiological mediators 
of corporal smooth muscle relaxation in extracellular 
signals [5–7].  Potassium channels and calcium 
channels have major roles in the intracellular events of 
corporal smooth muscle cells, although Cl− channels 
may also have a significant role [8–10].

Chronic alcoholism is a well-known risk factor for 
ED [11].  Although there are studies that link ethanol 
(EtOH) consumption to an alteration in nitric oxide 
concentration and endothelial function, this relationship 
is unclear [12, 13].  Generally, an adequate volume 
of alcohol relieves nervousness and enhances sexual 
desire, but excessive intake of alcohol can induce erectile 
problems by impairing penile tumescence and reducing 
sexual performance [14].  EtOH consumption causes the 
contraction of various vascular smooth muscles such as 
those in the aorta, pulmonary vessels, coronary arteries 
and cerebral arteries [15–22].  However, there are few 
reports of its effect on the corpus cavernosum (CC).

Ca2+-activated potassium (KCa) channel activity 
controls depolarization and contraction in smooth 
muscle.  Activation of KCa channels gives rise to positive 
outward currents, which then drive the smooth muscle 
cell membrane potential in a negative direction and 
counteract contraction [23].  EtOH decreases the activity 
of aortic smooth muscle KCa channels reconstituted into 
lipid bilayers [24].  However, EtOH inhibition of KCa 
channels is not universal, because both channel activation 
[25] and refractoriness [26] were observed.  Therefore, 
we hypothesized that acute EtOH-induced enhancement 
of the intracellular Ca2+ level may be the mechanism 
underlying the contraction of corpora cavernosal smooth 
muscles triggered by EtOH.  In addition, acute EtOH-
induced inhibition of KCa channels may contribute to 
acute EtOH-induced enhancement of the intracellular 
Ca2+ level.  In the present study, we investigate the 
effects of high EtOH concentration on the tonicity of 
corporal tissue and its effects on the intracellular calcium 
concentration ([Ca2+]i) and potassium channel activity of 
corporal smooth muscles.

2    Materials and methods

2.1  Electrical field stimulation (EFS)
Strips of CC from male New Zealand White rabbits 

were mounted in organ baths for isometric tension 
studies.  Six strips of CC were used from three rabbits 

(mean weight 3.0 kg).  The penis was removed at the 
level of the attachment of the corporal bodies to the 
ischium.  The grossly dissected organ preparation 
was then placed in Kreb’s solution.  The CC was 
sharply dissected, and longitudinal sections of CC 
(unstretched length about 1 cm) were placed in organ 
baths containing 20 mL Kreb’s buffer at 37ºC.  After 
equilibration at 2 g, changes in muscle tension were 
measured and recorded.

For the control group, the response to field 
stimulation was observed after the 10 µmol L−1 
phenylephrine-induced tissue contraction reached 
its plateau.  EFS was performed by biphasic square 
wave pulses of 80 V, at 0.5 ms and 1 ms duration and 
various frequencies from 1 to 4 Hz.  The EFS setting 
was confirmed by organ bath exams of each voltage, 
duration and frequency.  The interval between 
stimulations was at least 2 min.  After the tissues were 
washed three times, 50 mmol L−1 EtOH was added to 
each chamber for 30 min, after which the tissues were 
precontracted with phenylephrine and field stimulation 
was recorded.  The same procedure was repeated at 100 
and 200 mmol L−1 EtOH.  Finally, tissue viability was 
confirmed by the existence of a contractile response to 
phenylephrine.

The contractile responses are expressed in gram 
tension and relaxation is expressed as percentage 
relaxation of total tonic tension.

2.2  Explant cell cultures
All s tudies were performed according to a 

protocol approved by the internal review board of the 
Sungkyunkwan University School of Medicine/Samsung 
Medical Center.  Human erectile tissue was obtained 
from the CC of patients undergoing surgery for penile 
prosthesis implantation or penectomy for penile cancer.  
Homogeneous explant cell cultures of human corporal 
smooth muscle cells were prepared as follows.  Briefly, 
radial sections of approximately 3 × 3 × 10 mm3 in size 
were excised from the mid-penile shaft of each patient.  
These specimens consisted exclusively of smooth 
muscle, endothelium and connective tissue, with 
occasional nerve fibers.  The tissue was washed, cut 
into 1–2 mm pieces, and placed in tissue culture dishes 
with a minimal volume of Dulbecco’s medium (DMEM; 
GIBCO) with 20% fetal calf serum.  After the tissue 
was allowed to attach to the plate (usually 1–2 days), 
additional medium was added.  Smooth muscle cells 
migrated from the explant and underwent division.  
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Cells were subsequently detached using a trypsin/
EDTA protocol to establish a secondary culture from 
the explants.  These cultures were morphologically 
homogeneous and did not display the cobblestone 
morphologies characteristic of endothelial cells or the 
very flattened and spread out shapes characteristic of 
fibroblasts.  Cellular homogeneity was further verified 
by the presence of smooth muscle-specific a-actin 
immunoreactivity.  Cultures were maintained for no 
more than four passages; importantly, during this time 
all measured pharmacological and molecular properties 
observed in the intact tissue are retained in culture, such 
as cAMP formation, calcium mobilization, expression 
or function of the gap junction protein, connexin 43 
[27–31].

2.3  Intracellular Ca2+ measurement
The cultured corporal myocytes were loaded with 

the acetoxymethyl ester form of fura-2 (2 µmol L−1) in 
Tyrode’s solution for 30 min at room temperature.  To 
improve the loading efficiency, 0.12% pluronic F-127 
was used and then washed three times with HEPES 
(4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid) 
buffer solution.  The recording of [Ca2+]i was performed 
using a microfluorimetric system consisting of an 
inverted fluorescence microscope (IX-70; Olympus, 
Nagano, Japan) with a dry-type fluorescence objective 
lens (× 40, NA 0.85), a photomultiplier tube (type R 
1527, Hamamatsu, Shizuoka, Japan) and a Deltascan 
illuminator (Photon Technology International Inc, 
Birmingham, NJ, USA).  Light was provided by a 75-W 
xenon lamp (Ushino, Japan).  A chopper wheel alternated 
the light path to monochromators (340 and 380 nm) with 
a frequency of 5 Hz, and the intensity of emitted light at 
510 nm was measured.  The fluorescence emission ratio 
at 340/380 nm excitation (F340/380) is presented as a 
measure of [Ca2+]i.  The measurements were performed 
in the presence of the L-type calcium channel blocker 
nifedipine (1 µmol L−1).

2.4  Electrophysiological recordings
The conventional tight seal method was used in the 

perforated patch study, in the cell-attached or the inside-
out patch mode.  The patch electrodes were made from 
borosilicate glass capillary tubing (World Precision 
Instruments, Sarasota, FL, USA) and had resistance 
of 2.5–5 MW.  The cell suspension was placed into a 
small chamber (0.6 mL) on the stage of an inverted 
microscope (TMD Diaphot; Nikon, Tokyo, Japan).  

Membrane currents in smooth muscle cells were then 
recorded using a patch-clamp amplifier (Axopatch-
lD; Axon Instruments, Union City, CA, USA).  The 
liquid junctional potential between the pipette solution 
and bath solution was only about 3 mV, and it was 
not corrected.  Series resistance (about 6–10 MW) 
and capacitative currents were also not compensated 
for because the cell size and measured currents were 
relatively small.  The membrane capacitance was 
determined from the current amplitude elicited in 
response to hyperpolarizing voltage ramp pulses from 
a holding potential of 0 to −5 mV (duration 25 ms at 
0.2 V s−1).  This procedure avoided interference from 
any time-dependent ionic currents.  The average cell 
capacitance was 35.3 ± 2.6 pF (n = 44).  PCLAMP 
software v.9.2 and Digidata-1322A (both from Axon 
Instruments) were used for data acquisition and the 
application of command pulses.  Membrane currents 
were measured during voltage ramps and filtered at 
5 kHz (−3 dB frequency).  Current signals were filtered 
at 5 kHz and then digitized and analyzed on a personal 
computer using the PCLAMP (v.9.2, Axon Instruments) 
and Origin v.7.0 (Microcal Software Inc., Northampton, 
MA, USA) softwares.  Single-channel activities were 
recorded at 10 kHz in cell-attached and inside-out 
configurations.  The voltage and current data were 
low-pass filtered at 1 kHz and stored.  The data were 
analyzed to obtain an amplitude histogram and the open 
probability (Po).

2.5  Statistics
Data are expressed as mean ± SEM.  For statistical 

analysis, one-way analysis of variance (ANOVA) was 
used, followed by the Bonferroni’s post hoc test or 
paired t-test.  Normal distribution of data was tested 
with Shapiro–Wilk test.  P-values less than 0.05 were 
considered significant.

2.6  Drugs and solutions
For the perforated patch experiment, the external 

bath solution contained 134 mmol L−1 NaCl, 6 mmol L−1 
KCl, 1 mmol L−1 MgCl2, 2 mmol L−1 CaC12, 5 mmol L−1 
glucose and 10 mmol L−1 HEPES, set to pH 7.4 with 
NaOH.  The internal electrode solution contained 
110 mmol L−1 K-gluconate, 30 mmol L−1 KCl, 10 mmol L−1 
NaCl, 10 mmol L−1 HEPES, 1 mmol L−1 MgCl2 and 
0.05 mmol L−1 EGTA (ethylene glycol-bis-[2-aminoethyl 
ether]-N, N′-tetraacetic acid [pH 7.2]), and a final 
concentration of 0.2 mg mL−1 Nystatin (diluted from 
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50 mg mL−1 stock in dimethyl sulfoxide) was added.  
The following solutions were used for single-channel 
recordings (cell-attached configuration and inside-out 
patches).

For single-channel recordings of the cell-attached 
configuration, the bath solution contained 140 mmol L−1 
KCl, 0.1 mmol L−1 CaCl2, 1 mmol L−1 MgCl2, 5 mmol L−1 
glucose and 10 mmol L−1 HEPES (pH 7.4).  For the 
single-channel recordings of the inside-out patches, the 
external bath solution contained 140 mmol L−1 KCl, 
1 mmol L−1 MgCl2, 3.84 mmol L−1 CaC12, 5 mmol L−1 
glucose, 5 mmol L−1 EGTA and 15 mmol L−1 HEPES 
(pH 7.4), with KOH (≈ pCa 300 nm).  The pipette 
solution used for both cell-attached and inside-out 
recordings contained 140 mmol L−1 KCl, 1 mmol L−1 
MgCl2, 1.8 mmol L−1 CaC12 and 10 mmol L−1 HEPES 
(pH 7.4), with NaOH.  EtOH (Sigma) was freshly 
diluted in bath solution immediately before use.  All 
chemicals and drugs were purchased from Sigma (St. 
Louis, MO, USA) except the acetoxymethyl (AM) form of 
fura-2 and F-127 (Molecular Probes, Eugene, OR, USA).

3    Results

3.1  Effect of EtOH on corporal tissue
When corporal tissue strips were pre-contracted 

by PE (10 μmol L−1), EFS applied to the plateau phase 
caused a frequency-dependent relaxation (from 1 to 
4 Hz). The relaxant response by EFS was decreased by 
EtOH in concentration-dependent manner (P < 0.05). 

When the concentration of EtOH was 200 mmol L−1, 
the blocking effect after EFS (0.5 ms) was 9.40% ± 
4.60%, 15.34% ± 4.60% and 21.30% ± 5.90% at 1, 
2 and 4 Hz.  The concentration of EtOH 200 mmoL-1 
significantly inhibited the relaxant response by EFS at 2, 
4 Hz, respectively (P < 0.05) (Figure 1A).  Also when 
the duration of EFS was 1 ms, the concentration of 
EtOH 100 mmol L−1 decreased the EFS-induced relaxant 
response by 5.90% ± 2.50%, 12.80% ± 5.40% and 15.30% ± 
6.10% at 1, 2 and 4 Hz and the concentration of EtOH 200 
mmol L−1 decreased the EFS-induced relaxant response 
by 21.00% ± 5.80%, 23.50% ± 7.50% and 25.50% ± 9.70% 
at 1, 2 and 4 Hz. The concentration of EtOH 100 mmol L−1 
and EtOH 200 mmol L−1 significantly inhibited the relaxant 
response by EFS at 1, 2 and 4 Hz, respectively (P < 0.05) 
(Figure 1B).

3.2  Effect of EtOH on intracellular [Ca2+]i

The [Ca2+]i was monitored by the ratio of fura-2 
fluorescence using the fura-2 loading method.  
Cumulative application of EtOH significantly increased 
the [Ca2+]i  in human corporal smooth muscle cells (n = 5, 
P < 0.05 vs. control) (Figure 2).

3.3  Effect of EtOH on potassium channel
Whole-cell KCa channel currents were recorded at +60 

mV with 5 mmol L−1 external and 140 mmol L−1 internal 
K+ solutions (Figure 3A).  Extracellular application of 
EtOH significantly increased whole-cell K+ currents 
in a concentration-dependent fashion (0, 50, 100 and  

Figure 1. Effect of ethanol (EtOH) on the rabbit corpus cavernosum (CC) in organ baths. The relaxant response by electrical field 
stimulation (EFS) was decreased in proportion to the concentration of EtOH. EFS was applied to strips that were precontracted with 
phenylephrine. The effect of EtOH-induced inhibition of relaxation was calculated for the 50 mmol L−1, 100 mmol L−1 and 200 mmol L−1 
EtOH groups, respectively. (A): EFS setting (80 V, 0.5 ms duration, 1–4 Hz). (B): EFS setting (80 V, 1 ms duration, 1–4 Hz ), * P < 0.05, 
compared with the control.
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Figure 3. (A): Effect of various concentrations of  ethanol (EtOH) on whole-cell currents. Current–voltage relationships obtained using a 
500-ms ramp pulse from −60 to +80 mV.  Membrane currents were recorded before (control) and after addition of EtOH. (B): Summary of 
the peak outward current at +60 mV.  Values are presented as the mean ± SD of 10 experiments (at +60 mV).  *P < 0.05, compared with the 
control.

Figure 2.  Effect of ethanol (EtOH) on intracellular Ca2+ concentration [Ca2+]i in cultured human corporal smooth muscle cells.  EtOH 
dose-dependently increased [Ca2+]i. The cell was loaded with a Ca2+ indicator fura-2/AM. (A): A representative tracing of [Ca2+]i  
response evoked by various concentrations of EtOH. (B): Summary of the means ± SD amplitudes of EtOH-induced Ca2+ influx.  *P < 0.05, 
compared with the control.
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200 mmol L−1 EtOH yielded 236.42 ± 13.50 pA [n = 7], 
361.85 ± 26.54 pA [n = 7], 475.84 ± 12.98 pA [n = 4]
and 727.29 ± 95.60 pA [n = 4], respectively), (P < 0.05 
vs. control) (Figure 3B).

 The increase in whole-cell K+ currents showed 
marked outward rectification at potentials greater than 
+40 mV, and they were almost abolished by 1 mmol L−1 
of the KCa channel blocker tetraethylammonium (data 
not shown).  Consistent with the whole-cell results, 
EtOH increased the open probability in the cell-attached 

patch.  Figure 4 shows an original recording of single-
channel activity before and after 10 min (or 20 min) 
of 50–200 mmol L−1 EtOH exposure.  However, in 
inside-out patches, the application of EtOH to the 
intracellular aspect of the patches indicated slight 
inhibition of BKCa channel activity (Figure 5) in 
average changes in NPo induced by EtOH  (at +60 mV, 0.67 
± 0.07 for control [n = 5]; 0.61 ± 0.05 for 50 mmol L−1 EtOH 
[n = 4]; however, there was no statistical difference 
(P > 0.05).

Figure 4.  Effect of ethanol (EtOH) on cultured human corporal smooth muscle cells (HCC) in cell-attached patches.  Continuous 
recordings from the cell-attached patch before (control) and after application of EtOH. The holding potential was +60 mV.

Figure 5.  Effect of ethanol (EtOH) on cultured human corporal smooth muscle cells in inside-out patches. The application of EtOH 
to the intracellular aspect of the patches indicated slight inhibition of BKCa channel activity. Channel activity was recorded the same 
inside-out patch before (A: control) and after addition of EtOH (B). The concentration of Ca2+ was lowered to 300 nmol L-1.
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4    Discussion

The modulation of corporal smooth muscle tone 
is a complex process.  In the corporal smooth muscle 
of the penis, potassium channels are important in 
determining smooth muscle tone and serve as targets 
for neurotransmitters and other messengers that act on 
smooth muscle.  Several studies have shown at least 
four potassium channel subtypes in corporal smooth 
muscle: (i) the KCa channel, (ii) the metabolically 
regulated potassium channel (KATP), (iii) the delayed 
rectifier and (iv) the fast transient A current (IA).  
Among the several subtypes of potassium channels, 
the KCa and ATP-sensitive (KATP) channel subtypes 
are thought to be the most physiologically relevant in 
human corpora cavernosal smooth muscle [3, 8].

The KCa channel is very pronounced in corporal 
smooth muscle cells and has a large unitary conductance 
value similar to that seen in other smooth muscle 
cells.  The KCa channel is an important modulator of 
resting potential in the corpora.  Moreover, because 
increases in intracellular calcium levels provide the 
trigger for smooth muscle contraction, activation of the 
KCa channels during contraction may be an important 
modulator of smooth muscle tone and may also be 
involved in hyperpolarization and reestablishment 
of membrane potential on removal of the contractile 
stimulus.  Thus, any significant alteration in KCa 
channel activity could have a profound impact on 
smooth muscle tone [8].

The present study was designed to determine 
the acute effects of EtOH on corporal tissue tonicity, 
[Ca2+] i levels and potassium channel activity of 
corporal smooth muscle.  In the strip study of rabbit 
cavernosal smooth muscles, we could see that EtOH 
dose-dependently inhibited the relaxant response to 
the electrical stimulations.  This organ bath study is 
limited by the use of EtOH at high concentration.  The 
EtOH blood level constituting legal intoxication 
is 20 mmol L−1, and ≥ 100 mmol L−1 is usually 
lethal in naïve humans [32].  Hence, we focused 
on ≤ 100 mmol L−1 (especially 50 mmol L−1) EtOH to 
address the mechanistic aspects of EtOH action.  The 
EtOH concentration used in our study falls within 
the range obtained in the previous in vitro studies 
concerning the acute effect of EtOH on smooth muscle 
cells [19–21, 33, 34].

Saito et al. [33, 35] reported that acute exposure 
of the CC to EtOH inhibited relaxation induced by 

EFS and enhanced relaxation induced by ATP, but 
chronic EtOH consumption augmented both contractile 
and relaxation responses.  In addition, Briner et al. 
[36] reported that acute EtOH exposure in cultured 
vascular smooth muscle cells inhibited calcium uptake 
into vascular cells mediated by vasopressin and KCl, 
but chronic EtOH exposure increased calcium uptake 
through both voltage-sensitive and receptor-operated 
calcium channels.  Acute exposure to a clinically 
relevant concentration of EtOH causes contraction of 
peripheral, cerebral and umbilical arteries, as well as 
that of the CC [14, 16, 37].  In addition, EtOH inhibition 
of KCa channel activity may be the mechanism 
underlying, or at least contributing to, EtOH-induced 
contraction of vascular smooth muscles [21, 24, 38, 39].  
Our data show that acute exposure to EtOH decreases 
the corporal smooth muscle relaxation response induced 
by EFS.  The intracellular calcium level was increased 
by EtOH in a dose-dependent fashion.  EtOH also 
increased the open probability of KCa channels in the 
cell-attached patch, consistent with the increased whole-
cell current.  However, in inside-out patches, exposure 
of EtOH to the intracellular aspect of the patch caused 
a slight inhibition of KCa channel activity.  However, 
these results were not statistically significant (P > 0.05).  
The data from this patch-clamp research indicate that 
the activation of BKCa channels seen in the cell-attached 
patch study and the whole-cell study may be caused 
secondarily by EtOH-induced increment in intracellular 
[Ca2+]i.  On the basis of these results, we suggest that 
erectile problems caused by heavy alcohol consumption 
are due to an increase in intracellular calcium rather 
than a direct effect on KCa channels.

The limitation of this study is that we were unable 
to elucidate whether the increase in the intracellular 
calcium level induced by EtOH was related to calcium 
channels.  EtOH did not directly increase voltage-
dependent Ca2+ currents in isolated myocytes of 
the cerebral artery [21].  As there are few reports 
concerning the relationship between the EtOH-induced 
increase in intracellular calcium levels and calcium 
channels in the CC, more investigations are needed.

Our studies show that EtOH concentration dose-
dependently increases tissue tension through an 
increasing [Ca2+]i.  EtOH did not directly affect KCa 
channels  but it did increase the channel activity by 
increasing [Ca2+]i.  The increased [Ca2+]i caused by 
EtOH could be one of the mechanisms underlying ED 
after heavy alcohol drinking.
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