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Introduction
In blood vessels, endothelia control vascular smooth muscle 
tone by releasing various relaxing and contracting factors[1].  In 
addition to nitric oxide and prostacyclin, endothelium-derived 
hyperpolarizing factor (EDHF) is another important relaxing 
factor released from endothelial cells[2].  EDHF is so-termed 
since its vasodilating effect is associated with the membrane 
hyperpolarization of vascular smooth muscle cells.  Increasing 
evidence has suggested that EDHF may be particularly crucial 
to the regulation of tone of small resistance arteries and arte-
rioles[3].  Although the identity of EDHF remains unknown, 
the two most recognized candidates are K+ and epoxyeicosa-
trienoic acid (EET), which is a product of the cytochrome P450 

pathway[4, 5].  The mechanisms by which K+ induces membrane 
hyperpolarization of vascular smooth muscle cells have been 
proposed for years[4].  According to this hypothesis, intracel-
lular Ca2+ level in endothelial cells is elevated when the cells 
are stimulated by agonists (eg acetylcholine).  It results in the 
activation of Ca2+-activated K+ channels, such as intermediate- 
and small-conductance Ca2+-activated K+ (IKCa and SKCa) chan-
nels.  The opening of those Ca2+-activated K+ channels causes 
an efflux of K+ from the intracellular compartment toward 
the extracellular space.  A small increases in the concentration 
of K+ in myoendothelial space can subsequently activate the 
inward rectifier K+ (Kir) channels[4] and Na+/K+-ATPase[6] in 
vascular smooth muscle cells.  The net outcome is hyperpolar-
ization and thus relaxation of the smooth muscle cells.  

Cl– channels are ubiquitous in all cell types including vascu-
lar smooth muscle cells[7, 8].  A variety of biological functions 
of Cl– channels have been identified and the most important 
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two are the regulations of cell volume and intracellular pH[9].  
Cl– channels also play a key role in modulating the mem-
brane potential of vascular smooth muscle[9].  Any change of 
the membrane potential can influence the activation states of 
voltage-dependent ion channels and their conductances[10–13].  
As mentioned above, EDHF response is mediated through the 
activation of Kir channels and Na+/K+-ATPase.  Their activities 
may be voltage-dependent.  Therefore, in theory, a change in 
the activity of Cl– channels should have a significant impact on 
the EDHF response.  In the present study, we sought to reveal 
the relationship between Cl– channels and EDHF-mediated 
vasorelaxation. 

Materials and methods
Animals and tissue preparation 
A total of 180 male Sprague-Dawley rats weighing 350–450 g 
were supplied from the Laboratory Animal Unit of the Uni-
versity of Hong Kong.  Rats were anesthetized by pentobarbi-
tone sodium (50 mg/kg, by intraperitoneal injection) and then 
sacrificed by cervical dislocation.  The rat mesenteric arteries 
(first-order branch) were dissected out.  All experiments per-
formed in this study were approved by the Committee on the 
Use of Live Animals in Teaching and Research of the Univer-
sity of Hong Kong.

Isometric tension measurement 
Isolated rat mesenteric arteries were cut into rings (1.5–2 mm 
in length) and were suspended in organ chambers contain-
ing low K+ Krebs solution (mmol/L: 118 NaCl, 2.5 CaCl2, 1.2 
MgSO4, 1.2 KH2PO4, 25 NaHCO3, and 11.1 glucose, pH 7.4), 
aerated with 95% O2 and 5% CO2 at 37 °C.  All the arterial rings 
were connected to a force transducer (Powerlab model ML785 
and ML119; AD Instruments, Inc, Colorado Spring, CO).  The 
rings were stretched progressively to their optimal resting ten-
sion (1.5 g; determined in preliminary experiments) and were 
allowed to equilibrate for 60 min.  The rings were contracted 
by phenylephrine (0.1–10 μmol/L) to give a maximal contrac-
tion and then relaxed by acetylcholine (10 μmol/L).  Arteries 
that could be relaxed by more than 80% reflected the presence 
of endothelium.  When necessary, endothelium-denuded ves-
sels were prepared by inserting the tip of a small forceps in 
the arterial rings and rolling them back and forth.  The loss 
of relaxing response to acetylcholine indicated the absence of 
endothelia.  Subsequently, the arteries were washed and phe-
nylephrine (1 μmol/L) was applied to give another contraction 
(approximately 70% of maximal force) before relaxation.  The 
degree of relaxation was expressed as the percentage decrease 
in the contraction to phenylephrine.  

The effect of extracellular Cl– removal from the bathing solu-
tion was studied in certain experiments.  The arterial rings 
were bathed in a low K+-Krebs solution (1.2 mmol/L) in which 
all Cl– was replaced by their gluconate equivalents.  When the 
effect of osmolarity was investigated, a modified isotonic low 
K+-Krebs solution (300 mOsmol) containing (mmol/L): 105 
NaCl, 1.2 KH2PO4, 1 MgCl2, 1.5 CaCl2, 10 glucose, 10 HEPES 
and 90 mannitol (pH 7.3) was used.  Hypotonic solution (220 

mOsmol) was prepared by omitting mannitol from the iso-
tonic solution, whereas the hypertonic solution (380 mOsmol) 
was prepared by increasing mannitol to 120 mmol/L.  
 
Primary culture of rat mesenteric arterial smooth muscle cells 
After removal of adherent fat and connective tissue, rat mes-
enteric arteries were minced and digested with 1% collagenase 
I for 15 min at 37 °C, followed by filtration through a 100-
µm nylon mesh.  The cells were resuspended in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% 
fetal calf serum, 100 U/mL penicillin and 100 μg/mL strepto-
mycin.  The cells were incubated in 5% CO2/95% O2 at 37 °C.  
After 5–7 days, cells were harvested.  The identity of vascular 
smooth muscle cells was confirmed by positive staining with 
anti-α-actin antibody (a smooth muscle cell marker) and nega-
tive staining with anti-platelet endothelial cell adhesion mol-
ecule-1 antibody (an endothelial cell marker).

Whole-cell patch clamp recordings
Whole-cell currents of rat mesenteric arterial smooth muscle 
cells were recorded using patch clamping[14].  Cells were 
seeded onto 35-mm culture dishes.  Patch pipettes (tip resis-
tance 3–5 MΩ) were pulled from borosilicate glass tubes 
(1.5 mm outer diameter), fire polished, and then filled 
with internal solution containing: 125 mmol/L CsCl, 10 
mmol/L HEPES, 10 mmol/L 1,2-bis (2-aminophenoxy) ethane-
N,N,N’,N’-tetraacetic acid (BAPTA), 1 mmol/L MgSO4, 5 
mmol/L CsOH, 2 mmol/L ATP, and 0.5 mmol/L GTP (pH 
7.2, adjusted with CsOH).  The cells were superfused with a 
modified isotonic Krebs solution (300 mOsmol) containing: 
105 mmol/L NaCl, 6 mmol/L CsCl, 1 mmol/L MgCl2, 1.5 
mmol/L CaCl2, 10 mmol/L glucose, 10 mmol/L HEPES, and 
90 mmol/L mannitol (pH 7.3 adjusted with 1 mol/L NaOH).  
Volume-activated Cl- current was activated by exposing the 
cells to hypotonic Krebs solution (220 mOsmol), which was 
prepared by omitting mannitol from isotonic Krebs solution.  
Kir current was studied as described previously[15].  External 
solution contained 140 mmol/L KCl, 0.33 mmol/L NaH2PO4, 
1.8 mmol/L CaCl2, 0.5 mmol/L MgCl2, 5 mmol/L HEPES, and 
16.6 mmol/L glucose, adjusted to pH 7.4 with NaOH.  The 
pipette-filling solution contained 115 mmol/L K-aspartate, 25 
mmol/L KCl, 5 mmol/L NaCl, 1 mmol/L MgCl2, 5 mmol/L 
Mg-ATP, 1 mmol/L EGTA, and 10 mmol/L HEPES, adjusted 
to pH 7.2 with KOH.  After seal formation (seal resistance 1–10 
GΩ), whole-cell currents were recorded with an Axopatch-1D 
amplifier (Axon Instruments, Sunnyvale, CA).  Currents were 
measured at different membrane potentials, which were 
achieved by depolarizing voltage pulses from a holding poten-
tial of –50 mV to test potentials ranging from –100 to +100 mV 
in 10 mV increments.  Every voltage pulse lasted for 2.1 s and 
the time between voltage pulses was 1.5 s, in which no record-
ing took place.  Sampling rate was set at 500 µs.  Data were 
digitized with a Digidata 1200 analog-to-digital converter 
(Axon Instruments), and analyzed with Clampfit 9.0 software 

(Axon Instruments).  Whole-cell current was normalized to cell 
capacitance and was expressed as pA/pF.  
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Chemicals 
DMEM, fetal calf serum, penicillin and streptomycin were 
purchased from Invitrogen (Carlsbad, CA).  BAPTA was pur-
chased from Molecular Probes (Eugene, OR).  Other chemicals 
were purchased from Sigma (St Louis, MO).  

Statistical analysis
All data were expressed as means±SEM.  Comparison between 
two groups was analyzed using Student’s t test.  Comparison 
among three groups or more was analyzed using two-way 
analysis of variance (ANOVA), followed by a post hoc compari-
son using the least significant difference test.  P<0.05 indicated 
statistical significance.

Results
Cl– channel blockers potentiated EDHF-mediated relaxation in 
rat mesenteric arteries
Whole-cell patch clamping demonstrates that volume-acti-
vated Cl– current in rat mesenteric arterial smooth muscle 
cells was abolished by Cl– channel blockers NPPB (50 µmol/L) 
and DIDS (100 µmol/L) (Figure 1).  The same concentrations 
of NPPB and DIDS could directly induce a relaxation of rat 
mesenteric arteries by 10% approximately but it is of statistical 
insignificance (data not shown).  To study the EDHF response, 
acetylcholine (1 μmol/L)-induced relaxation of rat mesenteric 
arteries was measured in the presence of L-NAME (a nitric 
oxide synthase inhibitor, 100 µmol/L) and indomethacin 
(a cyclooxygenase inhibitor, 30 µmol/L)[16].  The maximum 
EDHF-mediated relaxation of rat mesenteric arteries was 
46.84%±7.47%, which could be abolished by the combination 
of apamin and charybdotoxin (Figure 2).  When the arte-
rial rings were pre-treated with NPPB (50 µmol/L) or DIDS 
(100 µmol/L), the maximum amplitude of EDHF-mediated 
relaxation was significantly augmented to 72.54%±10.83% 
or 68.15%±8.19%, respectively (P<0.05, n=6) (Figure 2).  In 
contrast, NPPB (50 µmol/L) and DIDS (100 µmol/L) had no 
effect on the nitric oxide-mediated relaxation (acetylcholine-
induced relaxation in the presence of indomethacin, apamin 

and charybdotoxin) (Figure 3A) nor the prostacyclin-mediated 
relaxation (acetylcholine-induced relaxation in the presence of 
L-NAME, apamin and charybdotoxin) (Figure 3B).  

Inhibition of Cl– channels potentiated K+-induced relaxation 
A relaxing response of 93.48%± 8.69% was induced in rat 
mesenteric arteries when K+ concentration in the bathing solu-
tion was raised from 1.2 mmol/L to 11.2 mmol/L (Figures 
4A & 4B).  The amplitude of this K+-induced relaxation was 
the same in the arteries with or without endothelium (Figure 
4C).  In the presence of ouabain (Na+/K+-ATPase inhibitor) or 
BaCl2 (a Kir channel blocker), the K+-induced vasorelaxation 
was reduced to 29.60%±5.25% and 54.10%±7.93%, respectively.  
The K+-induced relaxation could be abolished when a combi-
nation of ouabain and BaCl2 was used.  

Figure 1.  Effects of Cl– channel blockers on volume-activated Cl– currents in rat mesenteric arterial smooth muscle cells.  (A) Sample traces of whole-
cell currents were studied at different voltages generated by stepwise depolarization, in steps of 10 mV, from -100 to +100 mV, with a holding potential 
of -50 mV.  Volume-activated Cl– currents were activated by exposing the cells to a hypotonic extracellular solution in the absence (control) or presence 
of 100 µmol/L DIDS or 50 µmol/L NPPB (n=6).  (B) Current-voltage relationship for steady state current measured at different membrane potentials.  
Data were expressed as means±SEM (n=6).

Figure 2.  Effects of Cl- channel blockers on endothelium-derived 
hyperpolarizing factor-induced relaxation in rat mesenteric arterial 
rings.  Arteries were treated with 100 µmol/L L-NAME and 3 µmol/L 
indomethacin for 30 min, followed by contraction by 1 μmol/L phenyl
ephrine and then relaxation by acetylcholine (ACh).  Experiments were 
performed in the absence (control) and presence of 50 µmol/L NPPB and 
100 µmol/L DIDS, and 50 nmol/L apamin plus 50 nmol/L charybdotoxin.  
Data were expressed as means±SEM (n=6).  bP<0.05 compared with 
control group.
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As shown in Figure 5, the peak amplitudes of K+-induced 
vasorelaxation were augmented from 86.98%±4.55% to 
108.74%±7.51% and 110.81%±9.33% by NPPB (50 µmol/L) and 
DIDS (100 µmol/L) , respectively (P<0.05, n=6) (Figure 5B).  In 
addition, the durations of relaxation were notably prolonged 
by NPPB and DIDS from 4.27±0.30 min to 7.38±0.65 min and 
7.33±0.66 min, respectively (both P<0.05) (Figure 5C).  Same as 
Cl– channel blockers, the removal of Cl– from the bathing solu-
tion (which subsequently reduced intracellular Cl– level and 
hence decreased Cl– outflux across cell membrane) augmented 
the peak amplitude (86.98%±4.55% to 100.04%±4.81%; P<0.05) 
and prolonged the duration (4.27±0.30 min to 9.98±0.61 min; 
P<0.05) of K+-induced relaxation (Figure 5C).  

The potentiating effects of Cl– channel blockers on K+-induced 
relaxation was reversed by BaCl2 but not ouabain
When the arterial rings were pre-incubated with BaCl2, the 
potentiating effects of NPPB and DIDS on the amplitudes and 
durations of K+-induced relaxations were prevented (Figure 
6).  In contrast, in the presence of ouabain, NPPB and DIDS 
could still increase the amplitude and duration of K+-induced 
relaxation (Figure 7).  

Whole-cell patch clamping was performed to study whether 
or not NPPB and DIDS can activate Kir channels directly.  
As shown in Figure 8, Kir channels in rat mesenteric arterial 
smooth muscle cells was abolished by BaCl2 (50 µmol/L) 
but was not affected by NPPB (50 µmol/L) nor DIDS (100 
µmol/L).

Effects of osmolarity on the K+-induced relaxation
It is known that the volume-activated Cl– channels can be 
activated by challenging cells with an extracellular hypotonic 
solution[9].  Therefore, additional experiments were per-

Figure 3.  Effects of Cl- channel blockers on nitric oxide and prostanoids-
induced relaxation in rat mesenteric arteries.  Arteries were treated 
with 50 nmol/L apamin plus 50 nmol/L charybdotoxin and (A) 3 
µmol/L indomethacin or (B) 100 µmol/L L-NAME for 30 min, followed 
by contraction by 1 μmol/L phenylephrine and then relaxation by 
acetylcholine (ACh).  Experiments were performed without (control) or 
with 50 µmol/L NPPB or 100 µmol/L DIDS.  Data were expressed as 
means±SEM (n=6).  

Figure 4.  Ef fects of Na+/K+-ATPase 
inhibitor and Kir blocker on the K+-
induced relaxation of rat mesenteric 
ar ter ies.  Ar ter ies were incubated 
in solut ion containing 1.2 mmol/L 
K+.  Arteries were then contracted by 
1 µmol/L phenylephrine followed by 
changing the K+ level in bathing solution 
from 1.2 mmol/L to 11.2 mmol/L to 
induce relaxation.  (A) Sample traces 
of K+- induced relaxation and (B) % 
relaxation induced by K+ without (control) 
and with 100 µmol/L ouabain and/or 30 
µmol/L BaCl2.  (C) % relaxation induced 
by K+ in the rat mesenteric ar teries 
with or without endothelium.  Data 
were expressed as means±SEM (n=6).  
bP<0.05, cP<0.01, compared with control 
group.



1307

www.chinaphar.com
Yang C et al

Acta Pharmacologica Sinica

npg

Figure 5.  Ef fect of inhibit ion of Cl - 
channels on K+-induced relaxation in 
rat mesenteric arteries.  Arteries were 
incubated in solution containing 1.2 
mmol/L K+.  Arteries were then contracted 
by 1 µmol/L phenylephrine followed by 
changing the K+ level in bathing solution 
from 1.2 mmol/L to 11.2 mmol/L to 
induce relaxation.  (A) Sample trace of K+-
induced relaxation, (B) % relaxation of K+-
induced relaxation and (C) duration of 
K+-induced relaxation without (control) 
or with 50 μmol/L NPPB, 100 μmol/L 
DIDS, or omission of Cl- from the bathing 
solution.  Data were expressed as means± 
SEM (n=6).  bP<0.05, cP<0.01 compared 
with control group.

Figure 6.  Effect of Kir blocker on K+-induced relaxation 
in rat mesenteric arteries enhanced by Cl– channel 
blockers.  Ar teries were incubated in solution 
containing 1.2 mmol/L of K+ in the presence of 30 
µmol/L BaCl2.  Arteries were then contracted by 1 
µmol/L phenylephrine followed by changing the K+ 
level in bathing solution from 1.2 mmol/L to 11.2 
mmol/L to induce relaxation.  (A) Sample trace of K+-
induced relaxation, (B) % relaxation of K+-induced 
relaxation and (C) duration of K+-induced relaxation 
without (control) or with 50 μmol/L NPPB or 100 
μmol/L DIDS.  Data were expressed as means±SEM 
(n=6).  bP<0.05, cP<0.01 compared with control group.

Figure 7.  Ef fect of Na+/K+-ATPase inhibitor on 
K+-induced relaxation in rat mesenteric arteries 
enhanced by Cl- channel blockers.  Arteries were 
incubated in solution containing 1.2 mmol/L K+ in 
the presence of 100 µmol/L oubain.  Arteries were 
then contracted by 1 µmol/L phenylephrine followed 
by changing the K+ level in bathing solution from 1.2 
mmol/L to 11.2 mmol/L to induce relaxation.  (A) 
Sample trace of K+-induced relaxation, (B) % relaxation 
of K+-induced relaxation and (C) duration of K+-
induced relaxation without (control) or with 50 μmol/L 
NPPB or 100 μmol/L DIDS.  Data were expressed as 
means±SEM (n=6).  bP<0.05, cP<0.01 compared with 
control group.



1308

www.nature.com/aps
Yang C et al

Acta Pharmacologica Sinica

npg

formed to investigate the impact of osmolarity on K+-induced 
relaxation.  When the bathing solution was changed from 
isotonic to hypertonic, the peak amplitude of K+-induced 
relaxation was significantly increased from 90.69%±3.89% to 
103.42%±5.95% (P<0.05, n=6), and the duration of relaxation 
was also prolonged from 4.22±0.32 min to 6.05±0.40 min 
(P<0.05, n=6) (Figure 8).  

In contrast, amplitude of relaxation was markedly decreased 
to 30.89%±5.67% while the duration of relaxation remained 
unchanged when the bathing solution was changed from 
isotonic to hypotonic (P<0.01, n=6) (Figure 9).  Further experi-
ments were carried out to study whether or not the decreased 
K+-induced relaxations under hypotonic condition could 

be reversed by the Cl– channel blockers NPPB and DIDS.  
As shown in Figure 10, the peak amplitudes of K+-induced 
vasorelaxation under hypotonic condition were signifi-
cantly increased from 24.73%±4.38% to 66.61%±10.15% and 
79.36%±11.36% by NPPB (50 µmol/L) and DIDS (100 µmol/L), 
respectively (P<0.01, n=6).  However, the durations of relax-
ation were not affected by NPPB and DIDS under hypotonic 
condition.

Discussion
The present study provides a direct evidence that blockade 
of Cl– channels potentiates the EDHF-mediated relaxation 
response, but had no effects on nitric oxide- or prostacyclin-
mediated relaxations in rat mesenteric arteries.  Although 
the identification of EDHF remains under debate, K+, which 
effluxes from the endothelial cells through the Ca2+-activated 
K+ channels (especially IKCa and SKCa channels) has been sug-
gested as a proposed candidate of EDHF.  Consistent to other 
studies[4], we demonstrated that the EDHF-mediated relax-
ation could be abolished when the Ca2+-activated K+ channels 
were blocked by apamin and charybdotoxin[17].  Indeed, the 
vasorelaxant effect of K+ has been found for over 70 years[18].  
A number of investigations have strongly suggested that K+ 
manifests as an important regulatory factor, which enhances 
blood flow and meets the metabolic needs of active tissues.  
For instance, the exercise-induced increase in blood flow to 
skeletal muscle is associated with an increase in the K+ of the 
venous outflow[19–22].  Many studies have been carried out to 
elucidate the mechanisms underlying the vasorelaxing effect 
of K+.  Increased activities of the Na+/K+-ATPase and Kir 
channels on vascular smooth muscle cells are the two distinct 
mechanisms that have been most reported[2, 4, 23, 24].  In line 
with this hypothesis, our present study showed that ouabain 
(a Na+/K+-ATPase inhibitor) and BaCl2 (a Kir channel blocker) 
inhibited the relaxing effect of K+ on rat mesenteric arteries.  

Figure 8.  Effects of Cl– channel blockers on Kir currents in rat mesenteric 
arterial smooth muscle cells.  Whole-cell currents were measured in the 
absence (control) or presence of 50 µmol/L BaCl2, 100 µmol/L DIDS or 
50 µmol/L NPPB.  Current-voltage relationship for steady state current 
was measured at different membrane potentials.  Data were expressed as 
means±SEM (n=4).

Figure 9.  Effects of hyperosmolarity and hypoos-
molarity on K+-induced relaxation in rat mesenteric 
arteries.  Arteries were incubated in normal bathing 
solution (300 mOsmol; control), hyperosmotic 
solution (300 mOsmol) or hypoosmotic solution 
(220 mOsmol) containing 1.2 mmol/L K+ in the 
presence of 100 µmol/L oubain.  Arteries were then 
contracted by 1 µmol/L phenylephrine followed 
by changing the K+ level in bathing solution from 
1.2 mmol/L to 11.2 mmol/L to induced relaxation.  
(A) Sample trace of K+-induced relaxation, (B) % 
relaxation of K+-induced relaxation and (C) duration 
of K+ -induced relaxation.  Data were expressed as 
means±SEM (n=6).  bP<0.05, cP<0.01 compared 
with control group. 
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Nevertheless, the hypothesis that K+ is a vasodilatator has 
been challenged by several studies that failed to demonstrate 
the relaxation induced by raising K+ concentration[25, 26], despite 
the existence of EDHF response in those arteries.  It has been 
demonstrated that small rat mesenteric arteries did not relax 
when K+ concentration in bathing solution was raised from 5.9 
mmol/L to 11.2 or 21.2 mmol/L.  However, when the initial 
K+ level was lowered to 1.2 mmol/L, an increase in K+ con-
centration could evoke a relaxation response[27].  In agreement 
with these early reports, our study showed that rat mesenteric 
arteries relaxed when the K+ concentration in the bathing 
solution was raised from 1.2 mmol/L to 11.2 mmol/L.  The 
interpretation of these results might be that maintaining the 
K+ in a low initial concentration such as 1.2 mmol/L could 
reduce the activity of the Na+/K+-ATPase, and hence leading 
to a decrease in intracellular K+ level.  When extracellular K+ 
is subsequently raised, the activity of the Na+/K+-ATPase is 
increased[28, 29], which can generate outward current and pro-
mote relaxation of vascular smooth muscle cells.  By contrast, 
when a higher initial concentration of K+ such as 5.9 mmol/L 
is used, the level of Na+/K+-ATPase activity has been nearly 
saturated so further increase in extracellular K+ exerts little 
or negligible effect on Na+/K+-ATPase.  1.2 mmol/L of K+ is 
probably a physiological concentration.  Although the K+ con-
centration in the myoendothelial gap in mesenteric arteries 
has not been measured, it has been reported that the intersti-
tial concentration of K+ in skeletal muscle at rest is 1.02±0.08 
mmol/L[30].  

Our study demonstrated that the pharmacological block-
ade of Cl– channels augmented the amplitude and duration 
of K+-induced vasorelaxation.  Based on the data from patch 
clamp studies, the mechanism likely involves the interaction 
between Cl– channels and Kir channels, instead of the direct 
activation of Kir channels by Cl– channel blockers.  Cl– chan-

nels are abundant in the vascular smooth muscle cells[31] 
and act as one of the major determinants of the membrane 
potential.  Theoretically, a change in Cl– conductance may 
influence the activity of other voltage-sensitive channels or 
transporters[32].  As shown in the present study, the potentiat-
ing effects of Cl– channel blockers on K+-induced relaxations 
were only reversed by Kir channel blocker BaCl2, but not by 
Na+/K+-ATPase inhibitor ouabain.  This may be due to the 
different electrophysiological properties of Kir channels and 
Na+/K+ ATPase.  It is hitherto contradictory whether or not 
the Na+,K+-ATPase is voltage-dependent[1, 11].  However, Kir 
channels have been proved to be voltage-dependent[12], which 
hyperpolarize cells by passing outward current in the voltage 
range just positive to the equilibrium potential of K+ (EK)[32].  It 
is known that the equilibrium potential of Cl– (ECl) is about 60 
mV positive in relation to EK.  Therefore, if the cell membrane 
potential is dominated by Cl− conductance, there will be little 
or no outward K+ current.  It may account for the poor relax-
ing response to K+ in certain vascular beds[25, 26].  However, 
when the Cl– channels are blocked (or when the Cl– outflux is 
attenuated), the membrane potential of the vascular smooth 
muscle cells is shifted to EK, which may result in the increase 
of outward K+ current through Kir channels, and subsequently 
enhances the membrane hyperpolarization and vascular 
smooth muscle relaxation.  Similar to our findings, a previous 
study has suggested that inhibition of Cl– channels enhanced 
K+ efflux through Kir channels, thereby increasing dilatation 
of pressurized rat mesenteric arteries[33].  However, unlike our 
study, the authors hypothesized that the interaction between 
Cl– channels and Kir channels happened in endothelial cells, 
rather than vascular smooth muscle cells.  

The physiological or pharmacological significance of the 
potentiating effect on EDHF response by inhibition of Cl– 
conductance is not clear but it may account for the regulation 

Figure 10.  Effects of Cl– channel blockers on K+-
induced relaxation under hypotonic condition.  
Arteries were incubated in hypoosmotic solution 
(220 mOsmol) containing 1.2 mmol/L K+.  Arteries 
were then contracted by 1 µmol/L phenylephrine 
fol lowed by changing the K+ level in bathing 
solution from 1.2 mmol/L to 11.2 mmol/L to induce 
relaxation.  Experiments were performed in the 
absence (control) and presence of 50 µmol/L NPPB 
and 100 µmol/L DIDS.  (A) Sample trace of K+-
induced relaxation, (B) % relaxation of K+-induced 
relaxation and (C) duration of K+-induced relaxation.  
Data were expressed as means±SEM (n=6).  
cP<0.01 compared with control group.
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of blood flow in association with osmolarity change.  Two 
major classes of Cl– channels have been found in vascular 
smooth muscle cells, namely Ca2+-activated Cl– channels 
and volume-activated Cl– channels[34].  A well-established 
functional role of volume-activated Cl– channels is their con-
tribution to cell volume regulation since these channels can 
be activated by hypoosmolarity[9].  In healthy volunteers, 
intravenous infusion of hypertonic dextrose or NaCl solutions 
has been found to increase forearm blood flow as a result of 
a decrease in resistance[35].  Similarly, intravascular infusion 
of hypertonic solutions has been shown to increase cerebral 
blood flow[36, 37].  Sasaki and co-workers suggested that hyper-
tonic solutions produce non-specific vasodilation of cerebral 
arteries by inhibiting the influx of external Ca2+ rather than 
the release of intracellularly stored Ca2+ [38].  In line with those 
studies, our results show that hyperosmolarity can augment 
the vasorelaxing effect of K+.  We speculate that the increase in 
blood flow by hyperosmolarity may be accounted by the inhi-
bition of volume-activated Cl– channels, which potentiates the 
EDHF-mediated vasodilatory response.  

The potentiating effect on EDHF response by block-
ade of Cl– channels may also be relevant to the action of 
epoxyeicosatrienoic acids (EETs).  It has been reported that 
EETs hyperpolarize and relax coronary arteries by activating 
BKCa channels in vascular smooth muscle cells[39–42], probably 
through a G-protein-depending signaling pathway[43].  In 
addition, EETs may also stimulate vanilloid transient receptor 
potential channels 4[44], which increase Ca2+ influx, and sub-
sequently activate BKCa channels in vascular smooth muscle 
cells.  However, it has been demonstrated that around one-
third of the 14,15-EET-induced relaxation of coronary artery 
is resistant to BKCa channel blocker[45, 46].  It clearly indicates 
that other ion channels may be involved in EETs-induced 
relaxation.  Our previous study has revealed the inhibitory 
effect of EETs on volume-activated Cl– channels[14].  It has also 
been reported that inhibition of Cl– channels partly contributes 
to the hyperpolarizing and relaxing effects of 5,6-EET and 
11,12-EET on tracheal smooth muscle[47–49].  

In summary, our present study suggests that blockade of 
Cl- channels potentiates EDHF-induced relaxation of rat mes-
enteric arteries, and this potentiating effect is likely linked to 
Kir channels.  Our findings extend the knowledge on the roles 
of Cl– channels in blood vessels, and may increase the under-
standing on the mechanisms of EDHF-mediated vasodilatory 
response.  
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