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1 The present study was performed to determine the characteristics of the endothelium-derived
hyperpolarizing factor (EDHF) that mediates the nitric oxide (NO)- and prostacyclin (PGI2)-
independent hyperpolarization and relaxation of porcine renal interlobar arteries.

2 Bradykinin-induced changes in isometric force or smooth muscle membrane potential were
assessed in rings of porcine renal interlobar artery preconstricted with the thromboxane analogue
U46619 in the continuous presence of No-nitro-L-arginine and diclofenac to inhibit NO synthases
and cyclo-oxygenases.

3 Inhibition of NO- and PGI2-production induced a rightward shift in the concentration-relaxation
curve to bradykinin without a�ecting maximal relaxation. EDHF-mediated relaxation was abolished
by a depolarizing concentration of KCl (40 mM) as well as by a combination of charybdotoxin and
apamin (each 100 nM), two inhibitors of calcium-dependent K+ (K+

Ca) channels. Charybdotoxin
and apamin also reduced the bradykinin-induced, EDHF-mediated hyperpolarization of smooth
muscle cells from 13.7+1.3 mV to 5.7+1.2 mV.

4 In addition to the ubiquitous a1 subunit of the Na-K-ATPase, the interlobar artery expressed the
g subunit as well as the ouabain-sensitive a2, a3 subunits. A low concentration of ouabain (100 nM)
abolished the EDHF-mediated relaxation and reduced the bradykinin-induced hyperpolarization of
smooth muscle cells (13.6+2.8 mV versus 5.20+1.39 mV in the absence and presence of ouabain).

5 Chelation of K+, using cryptate 2.2.2., inhibited EDHF-mediated relaxation, without a�ecting
NO-mediated responses. Elevating extracellular KCl (from 4 to 14 mM) elicited a transient, ouabain-
sensitive hyperpolarization and relaxation that was endothelium-independent and insensitive to
charybdotoxin and apamin.

6 These results indicate that in the renal interlobar artery, EDHF-mediated responses display the
pharmacological characteristics of K+ ions released from endothelial K+

Ca channels. Smooth muscle
cell hyperpolarization and relaxation appear to be dependent on the activation of highly ouabain-
sensitive subunits of the Na-K-ATPase.
British Journal of Pharmacology (2002) 137, 647 ± 654. doi:10.1038/sj.bjp.0704919

Keywords: EDHF; smooth muscle hyperpolarization; interlobar artery; Ca2+-dependent K+ channels; Na-K-ATPase;
relaxation

Abbreviations: ANOVA, analysis of variance; Apa, Apamin; Cbtx, Charybdotoxin; CYP, cytochrome P450; EDHF, endo-
thelium-derived hyperpolarizing factor; K+

Ca channel, Ca2+-dependent K+ channel; Na-K-ATPase, sodium
potassium ATPase; NO, nitric oxide; NIF, nifedipine; OU, Ouabain; PGI2, prostacylin

Introduction

Endothelium-dependent, but nitric oxide (NO)- and prosta-
cyclin (PGI2)-independent relaxation has been demonstrated

in di�erent arteries from various species and has been
attributed to the existence of one or more endothelium-
derived hyperpolarizing factor(s) (EDHF). The term EDHF

most probably describes several factors as the pharmacolo-
gical characteristics of the NO/PGI2-independent, endothe-
lium-dependent relaxation (and hyperpolarization) in
di�erent arteries and species are clearly distinct (McGuire

et al., 2001).

Current experimental evidence favours three explanations
for the EDHF phenomenon (Busse et al., 2002). The ®rst is

an EDHF dependent upon the activation of a cytochrome
P450 (CYP) epoxygenase in endothelial cells. We have
previously demonstrated that altering the expression of a

CYP epoxygenase homologous to CYP 2C8/9 in the
endothelium of porcine coronary arteries, alters the magni-
tude of EDHF-mediated hyperpolarization and relaxation
(Fisslthaler et al., 1999; 2000). However, CYP epoxygenases

are not expressed in all endothelial cells and in other arteries,
CYP enzymes do not play an important role in the regulation
of vascular tone. In rat mesenteric and hepatic arteries, for

example, CYP inhibitors do not a�ect NO/PGI2-independent
relaxation (Edwards et al., 1998). In these arteries, EDHF is
thought to be K+ ions which e�ux from endothelial cells
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through Ca2+-activated K+ (K+
Ca) channels, the open

probability of which is enhanced by agonist stimulation.
The accumulation of K+ in the myo-endothelial space has

been proposed to elicit the hyperpolarization of smooth
muscle cells by activating inwardly rectifying K+ channels
and/or the Na-K-ATPase (Edwards et al., 1998). A third
possible explanation for the EDHF phenomenon, is an as yet

incompletely de®ned mechanism involving gap junctional
communication, in particular myo-endothelial gap junctional
communication and cyclic AMP (Taylor et al., 2001; Rozen

& Skaletsky, 2000). At least in the microcirculation,
endothelium-dependent hyperpolarization may be mediated
by low electrical resistance coupling via myo-endothelial gap

junctions (Coleman et al., 2001), although it cannot be
excluded that a di�usible factor may transfer from one cell
type to another through gap junctions (Fleming, 2000b).

The aim of the present investigation was to characterize the
agonist-induced NO/PGI2-independent relaxation of porcine
renal interlobar arteries and to determine which mechanism
mediates this EDHF response.

Methods

Vessel preparation

Porcine kidneys were obtained from a local slaughterhouse,
placed immediately into ice-cold modi®ed Tyrode's solution
and transported to the laboratory. Renal interlobar arteries

were dissected, cleaned from adventitial adipose and
connective tissue and cut into rings (3 ± 4 mm) for the
measurement of isometric force. The period between isolation
and the start of experiments was less than 6 h.

Vascular reactivity studies

Renal interlobar arteries were mounted between force
transducers (Hugo Sachs Elektronik-Harvard Apparatus,
Germany) and a rigid support for measurement of isometric

force and incubated in static organ baths containing Tyrode's
solution of the following composition (mM): NaCl 132, KCl
4, CaCl2 1.6, MgCl2 0.98; NaHCO3, 23.8; NaH2PO4 0.36;
glucose 10; Ca-Titriplex 0.05 and gassed with 20% O2, 5%

CO2 and 75% N2 to give a pO2 of approximately 140 mmHg
and pH 7.4 at 378C.
Passive tension was adjusted over a 120 min period to 2 g;

thereafter segments were repeatedly exposed to a modi®ed
Tyrode's solution rich in KCl (80 mM) until stable contrac-
tions were obtained. The mean level of tension developed by

bu�er containing 80 mM of KCl was 6.4+0.2 g.
After washing, arterial rings were exposed to U46619

(0.01 ± 0.5 mM) to achieve a stable contraction which was

approximately 80% of the maximal KCl (80 mM)-induced
contraction. Thereafter, the integrity of the endothelium was
assessed by the application of bradykinin (1 mM) and vessels
exhibiting less than 80% relaxation were discarded.

Experiments were performed in the continuous presence of
diclofenac (10 mM) and, with the exception of experiments in
which NO-mediated responses were evaluated, No-nitro-L-

arginine (L-NA, 300 mM). To determine whether or not
increasing the concentration of extracellular K+ can relax the
porcine renal interlobar artery we tested the e�ects of single

and cumulative doses of KCl. In the latter experiments the
extracellular concentration of KCl was increased in steps of
2 mM from 4 to 14 mM. In control experiments the

concentration of NaCl was increased in similar steps.

Electrophysiological measurements

Renal interlobar artery rings (4 ± 5 mm) were carefully slit
along the longitudinal axis. The strips were pinned, luminal
or adventitial side downwards, to the bottom of a chamber

and continuously superfused (1 ml min71) with Tyrode's
solution containing diclofenac (10 mM), L-NA (300 mM) and
U46619 (0.1 mM) to mimic conditions in the organ chamber.

Smooth muscle membrane potentials were measured using
conventional microelectrodes, pulled with a vertical pipette
puller (Sutter Instruments, U.S.A.) from ®lamented borosili-

cate glass tubing (Science Products, Germany). Microelec-
trodes were ®lled with 3 M KCl. The electrical resistance of
the electrodes, measured in modi®ed Tyrode's solution was
50 to 80 MO. Impalements were performed from either the

adventitial or the intimal side of the vessel. The potential
measured was followed on an oscilloscope and traced with a
pen recorder. Primary criteria for successful impalement were

a sharp voltage de¯ection upon entering the cell, as judged
visually on the oscilloscope, and a sharp return to the
baseline value upon withdrawal of the pipette.

Reverse transcriptase PCR (RT±PCR)

For the design of the PCR primers the sequences for the
human, rat and, when available, porcine a1, a2, a3 and g
subunits of the Na-K-ATPase from the NCBI database were
compared with each other and highly homologous cDNA

sequences identi®ed. The sequences were analysed for
suitability in PCR with the Primer 3 software provided by
the Whitehead Institute for Biomedical Research (Rozen &

Skaletsky, 2000) and subsequent structural analysis by the
`mfold' software provided by the Rensselaer Polytechnic
Institute (Santalucia, 1998). The primers used were: for the

subunit a1: upstream: AGGGCAGTGTTTCAGGCTAAC,
downstream: CCGTGGAGGAGGATAGA(A/G)CTG (frag-
ment size 287 bp); a2: upstream: TCCTGTGGCTCAGT-
GAGGAA, downstream: GCATCTCCTTGTCAAG(A/C)G-

GGAT, (fragment size 213 bp); a3 upstream: CCTGTACT-
CAAGAGGGA(C/T)GTGG downstream: CGCCCTTCAT-
CACTAACAGGTATC (fragment size 158 bp); g upstream:

GACTATGAAACCGT(C/T)CGCAA, downstream: CGTC-
ACAG(C/T)TCATCTTCATTGA (fragment size 139 bp).

Total RNA was isolated with Tri Reagent (Sigma) from

interlobar arteries ground to a powder in liquid nitrogen. One
microgram total RNA was used for reverse transcription
(Promega, AMV polymerase) with random hexamer primers

in a total volume of 50 ml. An aliquot (2 ml) from each
reaction was used for ampli®cation with the oligonucleotides
indicated above. The fragments were ampli®ed using TAQ
polymerase (Amersham/Pharmacia) using the following

conditions: initial denaturation: 958C, 10 min; 40 cycles of
annealing (1.5 min), elongation (728C, 1 min) and denatura-
tion (958C, 1 min) and ®nal elongation at 728C for 7 min.

The annealing temperature for the a2, a3 and g subunits was
588C but 558C for the a1 subunit. After the reactions the
fragments were separated on a 1.5% agarose gel and stained
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by incubation with ethidium bromide. RNA prepared from
porcine and rat brain which contain all of the Na-K-ATPase
subunits served as a positive control.

Materials

Bradykinin and charybdotoxin were from Bachem (Heidel-

berg, Germany). U46619 was from Alexis (GruÈ nberg,
Germany), nifedipine was from Bayer (Wuppertal, Germany)
and Ca-Titriplex was from Merck (Darmstadt, Germany). All

other substances were obtained from Sigma (Deisenhofen,
Germany).

Statistics

Data are expressed as the mean+s.e.mean and statistical

evaluation was performed using Student's t-test for paired or
unpaired data, one-way analysis of variance (ANOVA)
followed by a Bonferroni t-test, or ANOVA for repeated
measures where appropriate. Values of P50.05 were

considered statistically signi®cant. Rmax represents the
maximal relaxation recorded in response to the cumulative
addition of a given agonist and pD2 (7log EC50) values were

calculated by non-linear regression of the concentration-
relaxation curves to bradykinin.

Results

NO/PGI2-independent relaxation

In renal interlobar artery rings precontracted with the
thromboxane agonist U46619, bradykinin elicited concentra-

tion-dependent relaxations. The inclusion of L-NA (300 mM)
in the organ bath did not a�ect the maximal bradykinin-
induced relaxation but resulted in a signi®cant rightward

shift in the concentration-relaxation curve to bradykinin
(pD2 values were 8.5+0.3 versus 7.5+0.3 in the absence
and presence of L-NA, n=6, P50.01; Figure 1a). The L-

NA-insensitive relaxation to bradykinin was not a�ected by
the addition of the soluble guanylyl cyclase inhibitor,
NS2028 (not shown). A depolarizing concentration of KCl
(40 mM) increased the basal tone of interlobar arteries (by

3.9+0.2 g in the absence and 6.1+0.1 g in the presence of
L-NA) but prevented the bradykinin-induced, NO/PGI2-
independent relaxation of arterial rings which were pre-

constricted to the same extent with either KCl or KCl and
U46619 (Figure 1b).
Charybdotoxin (100 nM), a blocker of intermediate and

large conductance K+
Ca channels markedly inhibited NO/

PGI2-independent relaxations (Figure 1c). The combination
of charybdotoxin and the blocker of small-conductance K+

Ca

channels, apamin (100 nM), almost completely prevented
bradykinin-induced, NO/PGI2-independent relaxation (Fig-
ure 1c). Apamin alone did not signi®cantly a�ect NO/PGI2-
independent relaxations (Figure 1c), whereas iberiotoxin

(100 nM), which targets large conductance K+
Ca channels

signi®cantly attenuated NO/PGI2-independent relaxations
(Table 1). Since the sensitivity to charybdotoxin/apamin is

a hallmark of EDHF-mediated responses, the NO/PGI2-
independent relaxation of the interlobar artery is subse-
quently referred to as an EDHF-mediated relaxation.

EDHF-mediated smooth muscle hyperpolarization is
thought to induce relaxation by decreasing the open
probability of voltage-dependent Ca2+ channels. We therefore

Figure 1 Pharmacological characterization of NO/PGI2-indepen-
dent relaxation of the interlobar artery. (a) Arterial rings were
preconstricted with U46619 (0.01 ± 0.5 mM) in the continuous presence
of diclofenac (10 mM) and concentration-relaxation curves to
bradykinin (0.1 nM to 1 mM) were obtained in the absence (CTL)
and presence of No-nitro-L-arginine (L-NA, 300 mM). (b) Arterial
rings were preconstricted with a combination of KCl (40 mM) and
U46619 and concentration-relaxation curves to bradykinin were
obtained in the absence (KCl) and presence of L-NA (KCl+L-NA).
(c) Arterial rings were preconstricted with U46619 in the continuous
presence of diclofenac and L-NA and concentration-relaxation curves
to bradykinin were obtained in the absence (CTL) and presence of
charybdotoxin (Cbtx, 100 nM), apamin (Apa, 100 nM) or a
combination of charybdotoxin and apamin. (d) Arterial rings were
preconstricted with U46619 (0.01 ± 0.6 mM) in the continuous presence
of diclofenac, L-NA and concentration-relaxation curves to brady-
kinin (0.1 nM to 1 mM) were obtained. Experiments were performed
in the absence (CTL) and presence of nifedipine (NIF, 1 mM).
Presented are the mean+s.e.mean of ®ve to six separate experiments.

Table 1 Pharmacological characterization of the EDHF-
mediated relaxation of porcine renal interlobar arteries to
bradykinin

Treatment Rmax pD2

Solvent 85.5+7.5 7.8+0.1
Iberiotoxin 51.4+11.1* 7.4+0.3
Solvent 89.1+7.6 8.1+0.2
Sulphaphenazole 91.3+5.9 7.7+0.1*
Solvent 91.8+3.2 7.1+0.1
18a-Glycyrrhetinic acid 92.4+1.7 7.1+0.2

Arterial rings were preconstricted with U46619 (0.01 ±
0.5 mM) in the continuous presence of diclofenac (10 mM)
and L-NA (300 mM) and concentration-relaxation curves to
bradykinin (0.1 nM to 1 mM) were obtained in the absence
(solvent) and presence of iberiotoxin (100 nM), sulphaphe-
nazole (10 mM) and 18a-glycyrrhetinic acid (30 mM). Results
are the mean+s.e.mean of eight separate experiments;
*P50.05.
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determined the e�ects of the Ca2+ antagonist nifedipine
(1 mM) on the bradykinin-induced EDHF-mediated relaxation
of interlobar arteries. Signi®cantly more U46619 was required

to contract rings pre-treated with nifedipine to the reference
level of 80% of the maximal KCl-induced contraction
(0.60+0.04 versus 0.09+0.004 mM in nifedipine and solvent-
treated rings respectively, P50.001, n=6). However, in

nifedipine pre-treated rings bradykinin failed to elicit an
EDHF-mediated relaxation (Figure 1d). The inhibitory e�ect
of nifedipine was selective for EDHF as the NO-mediated

relaxation was potentiated by the Ca2+ antagonist (Table 2),
while the endothelium-independent relaxations elicited by
sodium nitroprusside were una�ected by nifedipine (Table 2).

Characterization of the EDHF-mediated relaxation

17-Octadecynoic acid (10 mM), a suicide inhibitor of some
CYP enzymes, had no e�ect on EDHF-mediated relaxations
(not shown). Sulphaphenazole, a speci®c inhibitor of CYP
2C9 (Sai et al., 2000) which inhibits the EDHF-mediated

relaxation of large porcine coronary arteries (Fisslthaler et
al., 1999), caused a small, but signi®cant, rightward shift of
the concentration-relaxation curve to bradykinin (Table 1).

The gap junction blocker 18a-glycyrrhetinic acid (30 mM),
which inhibits the EDHF-mediated relaxation in the rabbit
mesenteric artery (Chaytor et al., 2000) had no e�ect on the

basal or U46619-induced tone of arterial rings and did not
a�ect the EDHF-mediated relaxation of the interlobar artery
(Table 1).

As combined blockade of the inwardly rectifying K+

channels by barium and the Na-K-ATPase by ouabain has
been reported to abolish EDHF-mediated hyperpolarization
(Edwards et al., 1998), we determined the e�ects of these

inhibitors on the bradykinin-induced relaxation of interlobar
artery rings. Barium (30 mM) did not a�ect the EDHF-
mediated relaxation (data not shown). Moreover, concentra-

tions of ouabain (10 ± 100 mM) previously reported to inhibit
EDHF-mediated relaxations (Wetzel & Sweadner, 2002;
Beguin et al., 1997), elicited a contraction that was equivalent

to that induced by 80 mM KCl. In rings of interlobar artery,
markedly lower concentrations of ouabain, which did not
a�ect basal tension, attenuated the bradykinin-induced
EDHF-mediated relaxation. Rmax was reduced from

91.3+3.0% to 15.5+8.1% (P50.01, n=6) in the presence

of 10 nM ouabain while EDHF-mediated relaxation was
abolished by 100 nM ouabain (Figure 2a).

Comparison of EDHF-mediated and KCl-induced
relaxation

The high sensitivity of EDHF-mediated responses in the

interlobar artery to ouabain implied that this vessel expresses
one or more of the ouabain-sensitive a2, a3 subunits in
addition to the ubiquitous but relatively ouabain-insensitive

a1 subunit. RT ±PCR revealed that the porcine interlobar
artery expresses the mRNA of the three known a-subunits,
among them the ouabain-sensitive a2 and a3 subunits (Figure

2b). The interlobar artery also expresses mRNA encoding the
g subunit which is expressed almost exclusively in the kidney
(Wetzel & Sweadner, 2002). The expression of the a1 and a2
subunits was con®rmed by Western blotting (not shown).

Low concentrations of KCl (0.1 to 5 mM) are known to
activate the Na-K-ATPase in vascular smooth muscle cells
(Campbell et al., 1996), and increasing the extracellular

concentration of KCl from 4 to 12 mM, elicited an
endothelium-independent relaxation of interlobar artery rings
(Figure 3a). The kinetic of the KCl-induced relaxation was

similar to that of the EDHF-mediated relaxation (compare
Figures 3a and 4a). Equivalent concentrations of NaCl were
without e�ect (data not shown). The KCl-induced relaxation

Table 2 E�ect of nifedipine pretreatment on the NO-
mediated relaxation of porcine interlobar arteries to
bradykinin and sodium nitroprusside

Treatment Rmax pD2

Solvent 91.2+2.7 8.2+0.1
Nifedipine 92.6+3.1 8.9+0.1*
SNP 99.3+0.3 6.9+0.1
Nifedipine+SNP 99.8+0.5 7.0+0.1

Arterial rings were preconstricted with U46619 (0.01 ±
0.5 mM) in the continuous presence of diclofenac (10 mM)
and concentration-relaxation curves to bradykinin (0.1 nM
to 1 mM) or SNP (0.1 nM to 10 mM) were obtained in the
absence (solvent) and presence of nifedipine (1 mM). Results
are the mean+s.e.mean of six separate experiments;
*P50.05.

Figure 2 E�ect of ouabain on EDHF-mediated relaxations and
expression of the Na-K-ATPase in the interlobar artery. (a)
Concentration-response curves to bradykinin (0.1 nM to 1 mM) were
obtained in rings preconstricted with U46619 (0.01 ± 0.5 mM) in the
absence (CTL) and presence of 10 or 100 nM of ouabain (OU 10, OU
100, respectively). At the doses tested ouabain did not a�ect basal
tension of preconstricted rings. Presented are the mean+s.e.mean of
seven separate experiments. (b) Total RNA was isolated from
samples of porcine interlobar artery (IA) and porcine brain (PB)
and subjected to RT±PCR as described in the text. PCR products
were visualized by staining the agarose gel with ethidium bromide. A
negative control (n.c., no reverse transcriptase in the RT reaction)
was included in each experiment. Identical results were obtained in
three additional experiments and each sample was obtained from a
di�erent animal.
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was converted to contraction in vessels pre-treated with

ouabain (100 nM, Figure 3c), was una�ected by either barium
(30 mM, data not shown), or the combination of charybdo-
toxin and apamin (each 100 nM; Figure 3c) and abolished by
nifedipine (Figure 3d). The KCl-induced relaxation was

comparable in arteries preconstricted with either U46619 or
with phenylephrine (data not shown). The relaxant response
to cromakalim (10 mM) was not a�ected by ouabain

indicating that, under the experimental conditions used, the
hyperpolarization of smooth muscle cells was still able to
elicit relaxation (data not shown). In the presence of the K+

chelator cryptate 2.2.2 (2 mM), which was reported to inhibit
the bradykinin-induced, EDHF-mediated relaxation of por-
cine coronary arteries (Beny & Schaad, 2000), the EDHF-

mediated relaxation of the interlobar artery was signi®cantly
attenuated (Figure 4b). This e�ect was reversible and after
2 h wash-out, EDHF-mediated relaxations to bradykinin
were restored (data not shown). Inclusion of cryptate 2.2.2

did not in¯uence basal tone or the sodium nitroprusside-
induced relaxation (data not shown), however less U46619
was required for preconstriction of cryptate-treated arterial

rings (47+2.3 versus 87+3.9 nM U46619, n=5, P50.05).

Electrophysiological measurements

Electrophysiological experiments to record changes in smooth
muscle membrane potential were performed in the presence

of L-NA, diclofenac and U46619, to mimic the conditions in
which tone was assessed. The inclusion of U46619 (100 nM,
the concentration most routinely used in the reactivity

studies) did not depolarize vascular smooth muscle cells
(the resting membrane potential was 754.2+1.83 versus
754.0+2.63 mV in the absence and presence of U46619,
n=7). However, increasing the concentration of U46619 to

600 nM (as in the experiments assessing the e�ect of
nifedipine on NO/PGI2-independent relaxations) did elicit
the depolarization of vascular smooth muscle cells (the

resting membrane potential was 754.2+1.83 versus
745.6+3.02 mV in the absence and presence of U46619,
P50.05, n=7).

In the presence of L-NA, diclofenac and U46619 (100 nM),
bradykinin elicited a signi®cant, endothelium-dependent
hyperpolarization of vascular smooth muscle cells (Figure

5a,b). The presence of charybdotoxin and apamin had no
signi®cant e�ect on the resting membrane potential
(747.9+1.1 versus 749.4+3.1 mV in the absence and
presence of charybdotoxin/apamin, n=7), but signi®cantly

attenuated the bradykinin-induced, EDHF-mediated hyper-
polarization of smooth muscle cells (Figure 5b). Ouabain
(100 nM) induced a signi®cant depolarization of smooth

muscle cells (the resting membrane potential being
753.2+2.9 mV versus 744.4+2.2 in the absence and
presence of ouabain, P50.05, n=5) and markedly attenuated

the bradykinin-induced hyperpolarization (Figure 5c). In-
creasing the extracellular KCl concentration from 4 to 14 mM

resulted in the transient hyperpolarization of smooth muscle

cells (Figure 6). Depolarization rather than hyperpolarization
was observed when the same experiment was repeated in the
presence of ouabain (Figure 6).
In all experiments, identical results were obtained irrespec-

tive of whether smooth muscle cells were impaled from the
intimal or adventitial side of the arteries. The resting
membrane potential in the presence of L-NA, diclofenac

and 100 nM U46619 was 753+1.83 mV when impaled from
the intimal side and 751.5+3.89 mV when impaled from the
adventitial side.

Discussion

The results of the present study demonstrate that a
substantial portion of the bradykinin-induced relaxation of
the porcine interlobar artery is mediated by a mechanism

which does not involve the generation of either NO or PGI2.
This NO/PGI2-independent relaxation was associated with
the hyperpolarization of smooth muscle cells and could

therefore be attributed to the generation and/or transfer of an
endothelium-derived hyperpolarizing factor (EDHF). EDHF-
mediated relaxation could be mimicked by increasing the

extracellular concentration of KCl and was attenuated in the
presence of a K+ chelator. The EDHF- as well as the K+-
induced relaxation of interlobar arteries was exquisitely
sensitive to low concentrations of the Na-K-ATPase inhibitor

ouabain, supporting the concept that K+ released from
endothelial cells elicits the hyperpolarization and relaxation
of smooth muscle cells by activating the Na-K-ATPase.

Three types of NO/PGI2-independent relaxation can be
characterized pharmacologically. One EDHF is dependent on
the activation of CYP epoxygenases in endothelial cells and

Figure 3 Pharmacological characterization of K+-induced relaxa-
tion. Original tracing in an endothelium-intact ring of interlobar
artery (a) and statistical summary (b) showing the relaxant e�ect of
the cumulative addition of KCl on the tone of arterial rings
preconstricted with U46619 (U, 80 nM). Experiments were performed
using endothelium-intact (E+) and endothelium-denuded (E-) rings.
(c) E�ect of the combination of charybdotoxin and apamin (Cbtx/
Apa, each 100 nM) and ouabain (OU, 100 nM) on the KCl (10 mM;
14 mM ®nal bath concentration)-induced relaxation of endothelium-
denuded arterial rings, preconstricted with U46619 (80 nM). (d) E�ect
of nifedipine (1 mM) on the relaxation of U46619-contracted arterial
rings induced by the cumulative addition of KCl. Presented are the
mean+s.e.mean of six separate experiments.

British Journal of Pharmacology vol 137 (5)

EDHF in the porcine renal interlobar arteryE. BuÈssemaker et al 651



can be inhibited by blocking CYP activity (Fleming, 2000a).
Another type of EDHF-mediated relaxation is sensitive to

uncouplers of gap junctional communication (Taylor et al.,
2001). This EDHF is thought to involve the transfer of an
electrical or humoral signal from endothelial to smooth

muscle cells via myo-endothelial gap junctions. The third
EDHF is thought to be K+ ions which e�ux from activated
endothelial cells through K+

Ca channels (Edwards et al.,

1998).
The ®rst two types of EDHF appear to play only a minor

role in the EDHF-mediated hyperpolarization and relaxation
of porcine interlobar arteries. A process involving gap

junctional communication is unlikely to account for the
EDHF-mediated relaxation observed, as the gap junction
blocker 18a-glycyrrhetinic acid did not a�ect bradykinin-

induced, EDHF-mediated responses. However, we did not
investigate the e�ects of other agents that a�ect gap
junctional communication. A CYP-dependent process plays

only a limited role in the EDHF response inasmuch as
sulphaphenazole, a selective inhibitor of CYP 2C9, and
iberiotoxin, which inhibits the hyperpolarization induced by

CYP products such as the epoxyeicosatrienoic acids (Busse et
al., 2002), exhibited only modest inhibitory e�ects on EDHF-
mediated relaxation. Rather, the EDHF-mediated responses
in the porcine interlobar artery could be explained by the

release of K+ ions from the agonist-stimulated endothelium
and the subsequent activation of the Na-K-ATPase.

One characteristic of EDHF-mediated responses is their

sensitivity to a combination of the K+
Ca channel blockers,

Figure 4 E�ect of K+ chelation on EDHF-mediated relaxations. (a)
Original tracing in an endothelium intact ring of interlobar artery
showing the bradykinin (0.1 nM to 1 mM, arrows indicate application,
interim concentrations 3 nM etc are unlabelled)-induced, EDHF-
mediated relaxation of arterial rings preconstricted with U46619 (U,
80 nM). (b) E�ect of the K+ chelator cryptate 2.2.2 (CRY, 2 mM

added 10 min before preconstriction) on the bradykinin-induced
(100 nM), EDHF-mediated relaxation of U46619-preconstricted rings
of interlobar artery. Experiments were performed in the presence of
L-NA (300 mM) and diclofenac (10 mM). Presented are the mean+
s.e.mean of six separate experiments; **P50.01.

Figure 5 Pharmacological characterization of the bradykinin-
induced, EDHF-mediated hyperpolarization of the interlobar artery.
(a) Original tracings showing the e�ect of bradykinin (Bk, 100 nM)
on the membrane potential (MP) of porcine interlobar smooth
muscle cells (impaled from the intimal surface). Experiments were
performed in the absence (CTL) and presence of charybdotoxin and
apamin (Cbtx/Apa, each 100 nM). (b,c) Statistical summaries showing
the e�ect of (b) charybdotoxin and apamin (Cbtx/Apa, each 100 nM)
and (c) ouabain (OU, 100 nM) on the bradykinin-induced hyper-
polarization (DMP) of porcine interlobar smooth muscle cells. All
experiments were performed in the continuous presence of L-NA
(300 mM) diclofenac (10 mM) and U46619 (100 nM). Presented are the
mean+s.e.mean of seven separate experiments; **P50.01.

Figure 6 KCl-induced hyperpolarization of the interlobar artery. (a)
Original showing the e�ect of KCl (10 mM ®nal bath concentration)
on the membrane potential (MP) of interlobar artery smooth muscle
cells (impaled from the intimal surface). Experiments were performed
in the absence and presence of ouabain (OU, 100 nM). (b) Statistical
summary showing the e�ect of ouabain on the KCl-induced
hyperpolarization (DMP) of the porcine interlobar artery. All
experiments were performed in the continuous presence of L-NA
(300 mM) diclofenac (10 mM) and U46619 (100 nM). Presented are the
mean+s.e.mean of ®ve separate experiments; **P50.01.
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charybdotoxin and apamin (Chaytor et al., 1997). The fact
that only the combination of the two toxins is e�ective
implies that all three types of K+

Ca channel are implicated in

EDHF-mediated responses as apamin inhibits small con-
ductance K+

Ca channels, whereas charybdotoxin inhibits
large and intermediate conductance K+

Ca channels. The
K+

Ca channels activated in response to agonist stimulation

are reported to be situated on endothelial cells rather than
vascular smooth muscle cells (Baron et al., 1996), implying
that the activation and hyperpolarization of endothelial cells

is an absolute pre-requisite for the EDHF-mediated hyper-
polarization and relaxation of smooth muscle cells. In the
porcine renal interlobar artery, charybdotoxin and apamin

attenuated EDHF-mediated hyperpolarization and abolished
the associated relaxation. However, charybdotoxin alone
markedly inhibited EDHF-mediated relaxation, perhaps

indicating a greater dependence on intermediate and large
conductance K+

Ca channels in these arteries, a ®nding which
®ts with the observations made using iberiotoxin.
As an increase in extracellular KCl is reported to activate

the inwardly rectifying K+ channel in rat coronary and
intracerebral arteries (Knot et al., 1996), and dilation to K+

seems to be fully dependent on the Na-K-ATPase in rabbit

arcuate arteries smooth muscle cells (Prior et al., 1998), we
determined which e�ector mechanism was most likely to
mediate the EDHF-induced relaxation of interlobar smooth

muscle cells. Barium, which inhibits the inwardly-rectifying
K+ channel, was without e�ect whereas low concentrations
of the Na-K-ATPase inhibitor ouabain, attenuated both

EDHF-mediated hyperpolarization and relaxation.
Ouabain was originally reported to inhibit the acetylcho-

line-induced hyperpolarization and relaxation of canine
femoral and coronary arteries (Feletou & Vanhoutte, 1988).

However, in these early studies such high concentrations of
ouabain were employed that smooth muscle depolarization
was pronounced and it was impossible to distinguish between

inhibitory e�ects on the a1 subunit or the more ouabain-
sensitive a2 and a3 subunits of the Na-K-ATPase. The fact
that low concentrations of ouabain signi®cantly inhibited the

EDHF-mediated hyperpolarization and relaxation of the
interlobar artery suggests that this response involves subunits
of the Na-K-ATPase that are highly sensitive to ouabain (i.e.,
a2 or a3). Indeed, the mRNA of three Na-K-ATPase a
subunits (a1, a2, a3) was detected in porcine interlobar
smooth muscle cells. However, as a consequence of the lack
of antibodies which recognise the porcine isoforms of the Na-

K-ATPase it is currently not possible to speculate exactly
which subunit is speci®cally targeted by ouabain in the

interlobar artery. We also detected the expression of the renal
speci®c g subunit of the Na-K-ATPase (Arystarkhova et al.,
2002), and although the regulation of pump activity by this

subunit is not completely understood it has been proposed to
regulate the sensitivity of the pump to K+ (Beguin et al.,
1997). The ®nding that the porcine renal interlobar artery
expresses the g subunit of the Na-K-ATPase may at least

partly explain the sensitivity of this artery to KCl.
Vascular smooth muscle cell hyperpolarization may elicit

relaxation by a number of mechanisms, the most probable

being the inhibition of voltage-dependent Ca2+ channels
(Tomioka et al., 1999). In the porcine renal interlobar artery,
the Ca2+ antagonist nifedipine abolished both the EDHF-

mediated and K+-induced relaxations, a ®nding which
implies that the closure of voltage-gated Ca2+ channels is
involved in mediating hyperpolarization-induced relaxation.

The hypothesis that K+ can act as an EDHF has been
questioned by several groups who were unable to show
endothelium-independent relaxations in response to K+ in
di�erent arteries (Lacy et al., 2000; Doughty et al., 2000;

Andersson et al., 2000). The failure to observe K+-induced
relaxation in organ chamber experiments has been suggested
to be an `artefact' associated with the use of a contractile

agonist. For example, in rat isolated mesenteric arteries the
relaxation to K+ was reported to depend on the extent of
stimulation with the constrictor phenylephrine (Dora &

Garland, 2001). Indeed, contractile agonists have been
suggested to generate a `K+-cloud' which surrounds the
contracting myocytes, rendering them insensitive to any

further addition of extracellular K+ (Richards et al., 2001).
Such a hypothesis implies that the more contracted an artery,
the less likely it is that the EDHF-mediated relaxation can be
attributed to the release of K+ from endothelial cells.

However, in the interlobar artery whether precontracted with
non-depolarizing concentrations of U46619 or with pheny-
lephrine, the EDHF-mediated hyperpolarization and relaxa-

tion displayed characteristics consistent with the hypothesis
that K+ released from endothelial cells activates the Na-K-
ATPase in smooth muscle cells to induce hyperpolarization

and elicit relaxation by reducing the open probability of
voltage-dependent Ca2+ channels.

This study was supported by the Deutsche Gesellschaft fuÈ r
Kardiologie-Herz- und Kreislau�orschung (EB) and a research
grant from the Institut de Recherches Internationales Servier. The
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