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1 We investigated whether K+ can act as an endothelium-derived hyperpolarizing factor (EDHF)
in isolated small renal arteries of Wistar-Kyoto rats.

2 Acetylcholine (0.001 ± 3 mM) caused relaxations that were abolished by removal of the
endothelium. However, acetylcholine-induced relaxations were not a�ected by the nitric oxide
(NO) synthase inhibitor No-nitro-L-arginine methyl ester (L-NAME, 100 mM), by L-NAME plus the
soluble guanylate cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one (ODQ, 1 mM) or by
L-NAME plus the cyclo-oxygenase inhibitor indomethacin (10 mM). In rings precontracted with
high-K+(60 mM) physiological salt solution in the presence of L-NAME, acetylcholine-induced
relaxations were abolished.

3 L-NAME-resistant relaxations were abolished by the large-conductance Ca2+-activated K+

channel inhibitor charybdotoxin plus the small-conductance Ca2+-activated K+ channel inhibitor
apamin, while the inward recti®er K+ channel inhibitor Ba2+ or the gap junction inhibitor 18a-
glycyrrhetinic acid had no e�ect. Acetylcholine-induced relaxation was unchanged by ouabain
(10 mM) but was partially inhibited by a higher concentration (100 mM).

4 In half of the tissues tested, K+(10 mM) itself produced L-NAME-resistant relaxations that were
blocked by ouabain (10 mM) and partially reduced by charybdotoxin plus apamin, but not a�ected
by 18a-glycyrrhetinic acid or Ba2+. However, K+ did not induce relaxations in endothelium-denuded
tissues.

5 In conclusion, acetylcholine-induced relaxations in this tissue are largely dependent upon
hyperpolarization mechanisms that are initiated in the endothelium but do not depend upon NO
release. K+ release cannot account for endothelium-dependent relaxation and cannot be an EDHF
in this artery. However, K+ itself can initiate endothelium-dependent relaxations via a di�erent
pathway from acetylcholine, but the mechanisms of K+-induced relaxations remain to be clari®ed.
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Introduction

Acetylcholine produces arterial relaxations by releasing
several endothelium-derived vasoactive factors, including

nitric oxide (NO) and prostacyclin, a cyclo-oxygenase
metabolite of arachidonic acid. It has also been proposed
that activation of the endothelium can initiate hyperpolariza-

tion of the underlying smooth muscle leading to vasorelaxa-
tion, and that an endothelium-derived hyperpolarizing factor
(EDHF) is involved (Feletou & Vanhoutte, 1999; Garland et

al., 1995). While NO itself can induce hyperpolarization of
many arteries (Tare et al., 1990), a number of other
candidates have been proposed for this elusive chemical
mediator (Feletou & Vanhoutte, 1999).

It has been proposed that EDHF initiates hyperpolar-
ization and relaxation of smooth muscle cells by opening
K+ channels (Popp et al., 1996; McCulloch et al., 1997;

Nishiyama et al., 1998). This e�ect can be prevented by
elevation of extracellular K+ concentration (Adeagbo &

Triggle, 1993), or by speci®c K+ channel inhibitors (Popp
et al., 1996; McCulloch et al., 1997; Nishiyama et al.,
1998). In the rat hepatic artery, however, Edwards et al.

(1998) demonstrated that, upon stimulation with acetylcho-
line, endothelial cells released su�cient K+ ions to activate
directly the inward recti®er K+ channels and electrogenic

Na+/K+ adenosine triphosphatase (Na+/K+-ATPase) in
the smooth muscle cells, leading to hyperpolarization and
relaxation, thus raising the possibility that K+ ion per se
was acting as the EDHF in this tissue. Moreover, they

demonstrated that K+ channel inhibitors acted by closing
the K+ channels in the endothelial cells and preventing
K+ e�ux, rather than by directly blocking the K+

channels in smooth muscle cells. This novel hypothesis is
supported by evidence obtained in rabbit arcuate arteries
(Jimenez et al., 1999), whereas ®ndings from other arteries
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con¯icted with the proposed role of K+ ion as an EDHF
(Quignard et al., 1999; Doughty et al., 2000; Lacy et al.,
2000).

Having found that relaxations in the small renal arteries of
Wistar-Kyoto rats induced by acetylcholine were completely
resistant to inhibition of NO synthase (Jiang et al., 1999), we
have now investigated the role of EDHF in these

endothelium-dependent relaxations. The present study was
carried out to clarify (1) the role of EDHF in acetylcholine-
induced relaxations in isolated small renal arteries from

Wistar-Kyoto rats; and (2) whether K+ ion can account for
the activity of EDHF.

Methods

Tissue preparation and functional studies

Male Wistar-Kyoto rats (350 ± 400 g) were anaesthetized by
pentobarbitone sodium (30 mg kg71, i.p.) and killed by

exsanguination. This procedure was approved by the
Animal Experimentation Ethics Committee of the Uni-
versity of Melbourne and is in compliance with the

guidelines of the Australian National Health and Medical
Research Council. Small extrarenal arteries with an outer
diameter of 250*350 mm, which represent the second or

third branches of the major renal artery, were dissected out
in a physiological salt solution (PSS) at room temperature.
Arterial segments of 1.5 mm long were taken for functional

studies, with care being taken to protect the integrity of
endothelium. In some experiments, the endothelium was
deliberately removed by rubbing the inner surface of the
segment with a stainless steel wire.

The functional study was performed in a Mulvany
myograph (Model 610M, J.P. Trading I/S, Denmark).
Blood vessel rings were mounted onto two parallel

stainless steel wires through the lumen. One wire was
®xed to a displacement micrometer and the other one was
connected to a tension transducer. The tissue was placed

in a chamber containing 6 ml PSS, which was maintained
at 368C+1 and gassed with 5% CO2 and 95% O2. The
isometric tension was displayed and recorded with a
MacLab data recording system (AD Instruments Pty.

Ltd., Australia).

Experimental protocols

Four rings were obtained from each single animal. After an
equilibration period of 20 min, the tissue was normalized to

90% of the inner circumference corresponding to
100 mmHg blood pressure (Mulvany & Halpern, 1977),
using a non-linear curve-®tting programme developed by

McPherson (1992). This setting represents a resting force of
2 ± 3 mN under the present experimental condition. All
relaxation responses were observed after the vessel ring was
precontracted with 1 mM phenylephrine or isotonic high-K+

PSS ([K+]=60 mM) as indicated. Concentration-response
curves of acetylcholine-induced relaxations were constructed
in either control or drug-treated rings, and the responses

were compared between the control and drug-treated
tissues. Since K+-induced responses varied between di�erent
tissues, the response in each tissue was used as control for

the response obtained after drug-treatment in the same
tissue.

Drugs and solutions

The following drugs were used: acetylcholine perchlorate,
apamin, charybdotoxin, 18a-glycyrrhetinic acid, indometha-

cin, L-phenylephrine hydrochloride, No-nitro-L-arginine
methyl ester hydrochloride (L-NAME), ouabain, 1H-
[1,2,4]oxadiazolo[4,3,-a]quinoxalin-l-one (ODQ), sodium ni-

troprusside. Acetylcholine was from BDH Chemicals Ltd.
(U.K.) and charybdotoxin was from Auspep Pty. Ltd.
(Melbourne, Australia). Other drugs were from Sigma (St.

Louis, MO, U.S.A.).
Stock solutions of the drugs were made by dissolving

them in distilled water, except for ODQ and 18a-glycyr-
rhetinic acid, which were dissolved in dimethylsulphoxide;
and for indomethacin, which was dissolved in ethanol. Stock
solutions were added directly into the PSS during experi-
mentation. The solvents had no e�ect on acetylcholine and

K+-induced responses. The PSS had the following composi-
tion (mM): NaCl 118.0, KCl 4.7, NaHCO3 25.0, MgSO4 1.2,
KH2PO4 1.2, CaCl2 2.5 and D-glucose 5.0. The isotonic

high-K+ PSS was prepared by replacing NaCl in normal
PSS with equal molar KCl. The ®nal concentration of K+

was adjusted before use by mixing high-K+ PSS with

normal PSS.

Data and statistical analysis

The tension of the vessel wall was measured in mN.
Relaxations were expressed as percentage reductions of
phenylephrine-produced contraction. pEC50 (which is the

negative logarithm molar concentration required to produce
50% of the maximal response) values were calculated using a
GraphPad Prism software. Data were presented as mean+
standard error of the mean (s.e.mean). The mean data were
analysed with one-way analysis of variance (one-way
ANOVA) followed by Student's t-test or Tukey's test as

appropriate. A value of P50.05 was regarded as statistically
signi®cant.

Results

Effects of L-NAME, ODQ and indomethacin on
acetylcholine-induced relaxations

In endothelium-intact small renal artery rings, phenylephrine

(1 mM) produced a mean contraction of 9.4 mN+1.0 (n=5).
Acetylcholine (0.001 ± 3 mM) produced concentration-depen-
dent relaxations of phenylephrine-induced tone, which were

abolished by denuding rings of endothelium. Treatment with
the NO synthase inhibitor L-NAME (100 mM) signi®cantly
increased phenylephrine-induced tone to 16.9 mN+1.3 (n=9,
P50.005). However, L-NAME alone, or L-NAME plus the

guanylate cyclase inhibitor ODQ (1 mM) or L-NAME plus the
cyclo-oxygenase inhibitor indomethacin (10 mM), had no
signi®cant e�ect on acetylcholine-induced relaxations (Figure

1a). In contrast, ODQ (1 mM) nearly abolished relaxations
induced by the NO donor sodium nitroprusside (1 mM)
(Figure 1b).
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NO independent relaxations

In the presence of L-NAME (100 mM), 60 mM high-K+ PSS

precontracted the tissues to a level similar to that induced by
phenylephrine (1 mM), the mean value being 19.4 mN+1.2
(n=4, P40.05). In K+ precontracted tissues, acetylcholine-

induced relaxations were abolished (Figure 2a). In pheny-
lephrine-contracted tissues, L-NAME-resistant relaxations to
acetylcholine were not a�ected by the Na+/K+-ATPase

inhibitor ouabain at 10 mM (Figure 2a), but were slightly
reduced by this agent at 100 mM. Comparable relaxations
induced by 1 mM sodium nitroprusside were not changed by

Figure 1 E�ects of (a) the nitric oxide (NO) synthase inhibitor L-NAME (100 mM), L-NAME plus soluble guanylate cyclase
inhibitor ODQ (1 mM) and L-NAME plus cyclo-oxygenase inhibitor indomethacin (10 mM) on acetylcholine (ACh)-induced
relaxations (n=4±9); and (b) ODQ (1 mM) alone on the NO donor sodium nitroprusside (SNP, 1 mM)-induced relaxations (n=3±4)
in endothelium-intact small renal arteries from Wistar-Kyoto rats. Relaxations are presented as percentage reductions of the
precontractions produced by phenylephrine (1 mM). Data are mean+standard error of the mean (s.e.mean). *P50.001, one-way
analysis of the variance (one-way ANOVA) followed by Student's t-test.

Figure 2 Original records showing the relaxations induced by (a) acetylcholine (ACh, 1 nM± 3 mM, as shown by downward arrows)
and (b) 10 mM K+ (KCl) in tissues treated with high-K+ (60 mM) physiological salt solution (PSS), the Na+/K+-ATPase inhibitor
ouabain (10 mM), the inward recti®er K+ channel inhibitor Ba2+ (50 mM), the gap junction inhibitor 18a-glycyrrhetinic acid (18a-
GA, 50 mM), or the large-conductance Ca2+-activated K+ channel inhibitor charybdotoxin (100 nM) plus the small-conductance
Ca2+-activated K+ channel inhibitor apamin (1 mM) (ChTX+apamin). All experiments were in the presence of L-NAME (100 mM).
The ®rst trace in the lower panel shows that 10 mM K+-induced relaxations could not be mimicked by equal molar NaCl. (~)
precontractions produced by 1 mM phenylephrine; (D) precontraction produced by high-K+ PSS.
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ouabain (100 mM). L-NAME-resistant relaxations were not
a�ected by the inward recti®er K+ channel inhibitor Ba2+

(added as BaCl2, 50 mM), or the gap junction inhibitor 18a-
glycyrrhetinic acid (50 mM) (Figure 2a), but were signi®cantly
reduced by the large-conductance Ca2+-activated K+ channel
blocker charybdotoxin (100 nM) and were abolished by
charybdotoxin plus the small-conductance Ca2+-activated

K+ channel blocker apamin (1 mM) (Figure 2a). These
antagonists did not signi®cantly change phenylephrine-
induced tone. The mean data of the e�ects of high-K+

PSS, ouabain, Ba2+, 18a-glycyrrhetinic acid, charybdotoxin
and charybdotoxin plus apamin on L-NAME-resistant
relaxations are shown in Figure 3. The pEC50 and Rmax

values of acetylcholine-induced responses in the absence and
presence of these drugs are given in Table 1.

K+-induced relaxations

In phenylephrine contracted tissues, K+ (10 mM), added as
KCl to normal PSS, produced relaxations in the presence of

L-NAME. In 15 out of 32 tissues from eight animals, K+

produced relaxations with a mean value of 56.1+5.6%
(Figure 2b). This relaxation could not be reproduced by

equal molar NaCl, suggesting that this response is speci®c for
K+ ions and is not due to the change of ionic concentrations
in PSS. K+-induced relaxations were totally blocked by

ouabain at 10 mM, but were not changed by Ba2+ (50 mM) or
18a-glycyrrhetinic acid (50 mM). This response was partially
reduced by charybdotoxin (100 nM) plus apamin (1 mM)
(Figure 2b). The mean data are shown in Figure 4. However,

K+-induced relaxations were never observed in endothelium-
denuded tissues.

Discussion

In the present study with isolated small renal arteries of
Wistar-Kyoto rats, we have demonstrated that acetylcholine-
induced relaxation is largely mediated by endothelium-

dependent hyperpolarizing mechanisms, while endothelium-
derived NO or prostacyclin makes little (or a redundant)
contribution to the vasorelaxation. This was indicated by the
following observations: (1) acetylcholine-induced endothe-

lium-dependent relaxations were not a�ected by either the
NO synthase inhibitor L-NAME alone or L-NAME in
combination with the soluble guanylate cyclase inhibitor

Figure 3 E�ects of (a) high-K+ (60 mM), PSS, (b) ouabain (10 and 100 mM), (c) charybdotoxin (ChTX, 100 nM) and
charybdotoxin plus apamin (1 mM), and (d) Ba2+ (50 mM) or 18a-glycyrrhetinic acid (18a-GA, 50 mM) on acetylcholine (ACh)-
induced relaxations in the presence of 100 mM L-NAME. Tissues were precontracted with phenylephrine (1 mM) except for those in
high-K+ PSS experiments in which tissues were contracted with high-K+ PSS. Relaxations are presented as percentage reductions of
the precontractions. Data are mean+s.e.mean. (n=3±8). *P50.05 vs control, one-way ANOVA followed by Tukey's test.
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ODQ, which markedly blocked the relaxations induced by
the NO donor sodium nitroprusside; and (2) this L-NAME-
resistant response was not changed by indomethacin, but was

abolished in tissues depolarized with 60 mM K+, or by the
combination of the large-conductance Ca2+-activated K+

channel blocker charybdotoxin plus the small-conductance
Ca2+-activated K+ channel blocker apamin (Petersson et al.,

1997). These results provide further evidence supporting the
view that in small resistance arteries, hyperpolarizing
mechanisms have a predominant role in vasodilatation, and

are more important than NO (Garland et al., 1995).
However, it should be noted that these ®ndings do not
exclude a role for NO in basal tone, because L-NAME nearly

doubled the contraction force induced by phenylephrine.
We also investigated the relaxations induced by elevation

of the extracellular K+ concentration in a normal physiolo-

gical ionic environment. However, it is clear that in this tissue

release of K+ is unlikely to account for EDHF activity as
suggested by Edwards et al. (1998), because ®rstly, K+-
induced relaxations, unlike those induced by acetylcholine,

could not be observed consistently in all preparations, and
appeared to be somewhat variable in a single tissue during
the time course of experimentation. Secondly, K+-induced
relaxations were abolished by low concentrations of ouabain

whereas the responses to acetylcholine were not changed by
ouabain at the same concentration and only partially reduced
by ouabain at higher concentrations. Thirdly, K+-induced

relaxations appeared to be dependent on the integrity of
endothelial cells. These ®ndings are similar to those obtained
in rat mesenteric arteries (Lacy et al., 2000), suggesting that

K+ is not an EDHF in these tissues, but may cause
vasorelaxation by initiating hyperpolarization of endothelial
cells.

Several mechanisms have been identi®ed to account for
K+-induced relaxations in arterial smooth muscle cells,
including the activation of smooth muscle Na+/K+-ATPase
(Webb & Bohr, 1978) and the opening of Ba2+-sensitive

inward recti®er K+ channels (Knot et al., 1996). Our results
have shown that K+-induced relaxations were completely
blocked by ouabain, indicating that activation of Na+/K+-

ATPase was involved in this response.
However, it is unlikely that the relaxation produced by K+

is due to a direct stimulation of the Na+/K+-ATPase in the

smooth muscle cells since this relaxation appeared to be
endothelium-dependent. Similar endothelium-dependent re-
laxations induced by K+ ions were also observed in rat

mesenteric small arteries (Lacy et al., 2000). The mechanisms
of this phenomenon are not clear. Given the evidence that
endothelial cells also express Na+/K+-ATPase (Mayol et al.,
1998), one possible explanation of the present results is that

K+ stimulates endothelial Na+/K+-ATPase leading to
endothelial hyperpolarization, which subsequently produces
smooth muscle hyperpolarization and relaxation via myo-

endothelial gap junctions (Edwards et al., 2000). However,
other mechanisms could not be excluded in this study because
®rstly, K+-induced relaxations were also partially inhibited

by charybdotoxin plus apamin, of which the mechanisms

Figure 4 E�ects of ouabain (10 mM), Ba2+ (50 mM), 18a-glycyrrhetinic acid (18a-GA, 50 mM) and charybdotoxin (ChTX, 100 nM)
plus apamin (1 mM) on relaxations induced by 10 mM K+ in L-NAME-pretreated tissues. Open bars are control responses and
closed bars are time control (TC) or drug-treated responses. Relaxations are expressed as percentages of 1 mM phenylephrine-
induced precontractions, while the negative value means a contraction response. Data are mean+s.e.mean. *P50.05, one-way
ANOVA followed by Student's t-test, n=4±6.

Table 1 Mean values of pEC50 and Rmax of L-NAME-
resistant relaxations to acetylcholine in the absence (control)
and presence of various blocking agents

pEC50 Rmax

Control 7.83+0.13 87.3+2.35
K+ (60 mM) ± 4.75+0.65*

Control 7.79+0.11 84.6+4.29
Ouabain (10 mM) 7.57+0.11 82.6+5.85
Ouabain (100 mM) 7.97+0.29 58.0+10.05*

Control 8.33+0.49 86.5+3.57
Ba2+ (50 mM) 7.65+0.054 84.9+2.40
18a-glycyrrhetinic acid 8.44+0.29 86.9+4.63
(50 mM)

Control 8.69+0.62 92.0+2.02
Charybdotoxin (100 nM) 7.05+0.082* 73.6+10.8
Charybdotoxin+apamin ± 2.76+2.76*
(1 mM)

pEC50 is the negative logarithm molar concentration
required to produce 50% of the maximal response (Rmax).
Data are mean+standard error of the mean (s.e.mean).
*P50.05 compared with control, one-way ANOVA fol-
lowed by Tukey's test, n=3±8.
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were unknown; secondly, the gap junction inhibitor 18a-
glycyrrhetinic acid (Guo et al., 1999) had no e�ect on K+-
induced relaxations. However, the speci®city of this drug in

blocking vascular myo-endothelial gap junctions remains to
be clearly established.
In contrast to the results in rat mesenteric arteries (Lacy et

al., 2000), in the present study Ba2+ did not change either

acetylcholine- or K+-induced relaxations, suggesting that
inward recti®er K+ channels are not involved (Prior et al.,
1998). Our ®ndings however did not provide direct evidence

for the identity of the putative EDHF or the mechanisms by
which EDHF produces biological e�ects. EDHF-mediated
relaxations were not reduced by the cytochrome P450

inhibitor miconazole (10 mM) (data not shown), suggesting
that in this tissue the EDHF is unlikely to be a cytochrome
P450 metabolite as suggested by other authors (Popp et al.,

1996). On the other hand, EDHF-mediated relaxations were
reduced by charybdotoxin and abolished by charybdotoxin
plus apamin, suggesting that EDHF-induced relaxation is
associated with the opening of particular K+ channels

(Andersson et al., 2000). Given that K+ cannot account for
EDHF in this tissue, it is suggested that the e�ect of
charybdotoxin plus apamin is due to the blockade of K+

channels in smooth muscle cells rather than those on
endothelial cells (Quignard et al., 2000). The weak inhibitory
e�ect of ouabain suggests that Na+/K+-ATPase does not

have a signi®cant role in the EDHF-elicited relaxations,
although some studies using other arteries and other species
demonstrated that activation of Na+/K+-ATPase might be

involved in EDHF-mediated relaxations (Jiang et al., 2000;

Kitagawa et al., 1994; Van de Voorde & Vanheel, 2000). The
partial inhibition of acetylcholine-induced relaxations by
ouabain at a high concentration may be due to the partial

depolarization of the endothelial cells which attenuates the
release of endothelium-derived factors (Luckho� & Busse,
1990). This is also consistent with the observation that
addition of K+ could not directly activate the smooth muscle

Na+/K+-ATPase to induce hyperpolarization and relaxation,
suggesting a minor functional role of Na+/K+-ATPase in the
smooth muscle cells in this vessel. On the other hand, NO

and prostacyclin-independent relaxations to acetylcholine
were not a�ected by 18a-glycyrrhetinic acid. This is similar
to the results reported in the rat mesenteric arteries (Tanaka

et al., 1999), raising doubt about whether gap junctions are
involved in endothelium-dependent relaxations in these
arteries.

In summary, in the small renal arteries of Wistar-Kyoto
rats, hyperpolarizing mechanisms have a predominant role in
mediating acetylcholine-induced relaxations through the
activation of particular K+ channels in smooth muscle cells.

In this tissue, K+ ion is unlikely to act as an EDHF. It
appears that K+ itself may produce relaxations via mechan-
isms dependent on the endothelium that remain to be

clari®ed.

This work was supported by an institute block grant from the
National Health and Medical Research Council of Australia (No.
983001).
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