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Abstract We investigated the mechanisms behind the
endothelial-derived hyperpolarization (EDH)-induced
renal vasodilation in vivo and in vitro in rats. We assessed
the role of Ca2+-activated K+ channels and whether K+

released from the endothelial cells activates inward recti-
fier K+ (Kir) channels and/or the Na+/K+-ATPase. Also,
involvement of renal myoendothelial gap junctions was
evaluated in vitro. Isometric tension in rat renal interlobar
arteries was measured using a wire myograph. Renal
blood flow was measured in isoflurane anesthetized rats.
The EDH response was defined as the ACh-induced
vasodilation assessed after inhibition of nitric oxide
synthase and cyclooxygenase using L-NAME and indo-
methacin, respectively. After inhibition of small conduc-
tance Ca2+-activated K+ channels (SKCa) and intermediate
conductance Ca2+-activated K+ channels (IKCa) (by
apamin and TRAM-34, respectively), the EDH response
in vitro was strongly attenuated whereas the EDH re-
sponse in vivo was not significantly reduced. Inhibition
of Kir channels and Na+/K+-ATPases (by ouabain and
Ba2+, respectively) significantly attenuated renal vasore-
laxation in vitro but did not affect the response in vivo.
Inhibition of gap junctions in vitro using carbenoxolone

or 18α-glycyrrhetinic acid significantly reduced the
endothelial-derived hyperpolarization-induced vasorelax-
ation. We conclude that SKCa and IKCa channels are im-
portant for EDH-induced renal vasorelaxation in vitro.
Activation of Kir channels and Na+/K+-ATPases plays a
significant role in the renal vascular EDH response in
vitro but not in vivo. The renal EDH response in vivo is
complex and may consist of several overlapping mecha-
nisms some of which remain obscure.
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Introduction

Endothelium-induced vasodilation plays an important role in
the regulation of microvascular tone. In addition to release of
nitric oxide (NO) and prostacyclin (PGI2), the endothelium
mediates vasodilation via endothelium-derived hyperpolariza-
tion (EDH). The residual vasodilation in response to endothe-
lial stimulation with acetylcholine (ACh) or bradykinin after
inhibition of eNOS and cyclooxygenase (COX) is defined as
EDH [19]. However, the initiator of EDH seems to vary as K+,
EETs, or H2O2 have been suggested for different vascular
beds [19]. Other studies suggest that EDH is not caused by a
factor released by the endothelium but rather originates from a
transfer of hyperpolarizing current through myoendothelial
junctions [14]. It is also probable that several of these factors
operate in concert [20].

ACh-induced activation of endothelial muscarinergic re-
ceptors increases endothelial cell (EC) intracellular Ca2+ con-
centration ([Ca2+]i) [21] possibly by activation of TRP chan-
nels [40]. EC in several vascular beds from different species
express small (SKCa) and intermediate (IKCa) conductance K

+
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channels activated by Ca2+ [26]. In renal arteries and arterioles
expression of Kir2.1-, SKCa2-, and SKCa3 channels has been
found in the vascular smooth muscle cells (VSMC) and EC
[10, 23, 24, 48]. Pharmacological inhibition of SKCa and IKCa

channels in isolated perfused kidneys suggests that these
channels are present and functional in the renal vasculature
[46, 51, 53].

Activation of endothelial SKCa and IKCa channels leads to
hyperpolarization of EC which in turn may hyperpolarize the
underlying VSMC via a hyperpolarizing current through
myoendothelial gap junctions [56]. This notion is supported
by the fact that especially IKCa channels co-localize with
myoendothelial gap junctions [43]. Another proposed mecha-
nism for initiation of EDH is that K+ released by EC SKCa and
IKCa channels accumulates in the intercellular space between
EC and VSMC and activates VSMC inward rectifying K+

(Kir2.1) channels and/or Na
+/K+-ATPase. This in turn induces

hyperpolarization and vasodilation [11, 18].
In IKCa channel knockout mice, the EDH response was

significantly reduced in the cremaster microcirculation in vivo
[55]. The EDH response in SKCa knockouts was also reduced
and combined knockout of SKCa and IKCa channels further
reduced the EDH response [4]. In the renal vasculature, in
vitro studies have shown that the EDH response can be
abolished by co-treatment with apamin and charybdotoxin
inhibitors of SKCa and IKCa channels, respectively [6, 52,
53]. Although this implies a role for Ca2+-activated K+ chan-
nels in the EDH response in this vascular bed, it is difficult to
extrapolate results from in vitro studies to the situation in the
intact organism. The significance of EDH in vivo as well as
the mechanism behind may vary between species, vascular
beds, and vessel size [22]. In rats, the renal vascular response
to ACh in vivo is composed of an NO/PGI2-dependent part
and an EDH part. The renal EDH response in vivo has been
suggested to be sensitive to apamin and/or charybdotoxin as
they reduce the peak vasodilation [17] and to gap junction
inhibition, which reduces the renal EDH response in vivo
[12].

In this study, we wished to examine the role of IK
and SK channels and Kir channels and Na+/K+-ATPase
in the renal EDH response in Sprague-Dawley rats. The
importance of K+ channels and gap junctions was also
investigated in isolated interlobar arteries in the wire
myograph. The in vitro results were tested in vivo by
assessing renal blood flow (RBF). Our hypothesis was
that Ca2+-activated K+ channels play an essential role in
the renal EDH-induced vasodilation in vivo and in vitro.
Furthermore, we hypothesized that subsequent VSMC
hyperpolarization can be induced by two different path-
ways. Firstly, accumulation of extracellular K+ that
leads to activation of Kir channels and Na+/K+-ATPase
and, secondly, spread of hyperpolarization from EC to
VSMC via gap junctions.

Methods

We performed our experiments in 25 male Sprague-Dawley
rats (BW 316±4 g) for the myograph experiments and 28
male Sprague-Dawley rats (BW 316±5 g) for the in vivo
experiments. Rats were obtained from Taconic (Lille
Skensved, Denmark). The rats were fed standard rat laborato-
ry chow and tap water ad libitum and kept in a 12-h day/night
cycle. All experimental protocols were approved by the
Danish National Animal Experiments Inspectorate and con-
form to the European Convention for the Protection of
Vertebrate Animals used for Experimental and other
Scientific Purposes.

Tissue preparation and myograph force measurement

The animals were anesthetized with 5 % isofluran delivered in
35 % oxygen and 65 % nitrogen and euthanized with spinal
cord dislocation. The kidneys were excised and bathed in cold
dissection buffer (in mM: NaCl 135, KCl 5, MgSO4·7H2O 1,
HEPES 10, glucose 5, CaCl2 1, and albumin 5 g/l, pH 7.4).
Renal interlobar arteries were dissected and cleaned under a
dissection microscope. The arteries were cut into 2 mm pieces
and threaded onto two stainless steel wires (Ø40 μm). The
vessels were transferred to a preheated (37 °C) myograph
chamber (Danish Myograph Technology A/S, Aarhus,
Denmark) containing a physiological saline solution (PSS in
mM: NaCl 130, NaHCO3 14.9, KCl 4.7, MgSO4·7H2O 1.17,
KH2PO4 1.18, glucose 5.5, CaCl2 1.6, EDTA 0.026) aerated
with 95 % O2 and 5 % CO2, resulting in a pH of 7.4. The
period between isolation and the start of experiments was less
than 2 h. The vessels were normalized according to Mulvany
et al. [38] to a tension equivalent to 0.9 times the tension found
at a transmural pressure equivalent to 100 mmHg.

Myograph protocol

All protocols were initiated with two successive exposures to
PSS containing 60 mM K+ and 10 μM norepinephrine (NE)
serving as viability test and reference contractions. Vessels
developing a tension <1mNwere discarded. The vessels were
incubated for 30 min with PSS containing N (G)-nitro-L-argi-
nine methyl ester (L-NAME, Sigma-Aldrich; 300 μM) and
indomethacin (3 μM) to inhibit production of NO and PGI2.
The vessels were pre-constricted with NE (100 nM) and cu-
mulative concentration-response curves to ACh (1 nM to
10 μM) were performed. These measurements represent the
EDH response. The vessels were then incubated with PSS
containing L-NAME, indomethacin, and the relevant potassi-
um channel or gap junction blockers for 30 min.

I n o n e g r o u p , a p am i n ( 5 0 nM) a n d 1 - [ ( 2 -
chlorophenyl)diphenylmethyl]-1H-pyrazole (TRAM-34;
1 μM) were added to block SKCa and IKCa, respectively.
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The vessels were pre-constricted with 100 nM NE and the
EDH response was measured during a cumulative ACh
concentration-response curve (1 nM to 10 μM).

In a second group, we used Ba2+ (30 μM) and/or ouabain
(100 nM) to block Kir channels and Na+/K+-ATPase, respec-
tively. The vessels were pre-constricted with 100 nM NE and
the EDH response was measured during a cumulative ACh
concentration-response curve (1 nM to 10 μM). The vessels
were incubated for 30 min with Ba2+ or ouabain separately as
well as in combination to assess the individual responses.

In a third group, the gap junction uncouplers
carbenoxolone (100 μM) or 18-α glycyrrhetinic acid
(100 μM) were used. The vessels were pre-constricted with
100 nM NE and the EDH response was obtained by adminis-
tration of cumulative concentrations of ACh (1 nM to 10μM).

Finally, we tested the influence of the incubation time of
the K+ channel blockers on the EDH response. Instead of
30 min, we used the shorter incubation times utilized in the
in vivo experiments (4 min with TRAM-34 and apamin and
2.5 min with Ba2+ and ouabain).

Surgical procedure for in vivo experiments

Twenty-three rats were anesthetized with isoflurane delivered
in 65 % nitrogen and 35 % oxygen. For arterial pressure mea-
surements, a polyethylene (PE-50) catheter was placed in the
left carotid artery. Mean arterial pressure (MAP) was mea-
sured using a Statham P23-dB pressure transducer (Gould,
Oxnard, CA, USA). Two PE-10 catheters in the right jugular
vein allowed for continuous i.v. infusions. Isotonic saline was
given continuously at a rate of 20 μl/min. The muscle relaxant
cisatracurium (Nimbex, 0.85 mg/ml; GlaxoSmithKline,
Brøndby, Denmark) was administered as a 0.5 ml bolus,
followed by continuous infusion (17 μg/min in physiological
saline (20 μl/min)). Five additional rats were anesthetized
using pentobarbital (Mebumal SAD; 120–150 μg/min) given
i.v. through the jugular vein.

A tracheotomy was performed and the rat was connected to
a small animal ventilator to ensure sufficient ventilation (tidal
volume 0.8 ml/100 g body weight) at a frequency of ∼65
breaths/min. To maintain a body temperature of 37 °C, the
rat was placed on a servo-controlled heating table. The final
isoflurane concentration (∼2 %) needed to maintain sufficient
anesthesia was adjusted to ensure a stable blood pressure.
After midline and subcostal incisions, the abdominal aorta
and left kidney were exposed. A tapered and curved PE-10
catheter was introduced through the left iliac artery and ad-
vanced through the abdominal aorta and 1 mm into the left
renal artery. Test agents were administered through this cath-
eter directly into the renal artery to minimize systemic effects.
The catheter did not interfere with RBF measurements. A
perivascular flow probe (1PRB; Transonic T 420) was placed
around the left renal artery to measure RBF. The left urether

was catheterized (PE-10 connected to PE-50) to ensure free
urine flow. After the surgical procedure was completed, the rat
was allowed to recover for ∼30 min before the experimental
protocol was initiated.

Experimental protocol in vivo

An Upchurch six-port injection valve (Upchurch Scientific,
Oak Harbor, WA USA) was used for administration of ACh
(calculated renal plasma concentration 0.5 μM given for 90 s)
and inhibitors into the renal artery. The rate of infusion in the
renal artery catheter was increased from 10 to 144 μl/min
when substances were administered to ensure that they
reached the renal vasculature almost instantly [49]. All con-
centrations are estimated renal arterial plasma concentration if
not stated otherwise. After an initial ACh response was re-
corded, indomethacin (5 mg/kg i.v. Sigma-Aldrich,
Copenhagen, Denmark) was given as a bolus followed by L-
NAME (10 mg/kg/h i.v. for 30 min). After 30 min equilibra-
tion, ACh was infused again to estimate EDH-induced renal
vasodilation.

In six rats, the effect of the SKCa channel inhibitor apamin
and the IKCa channel inhibitor TRAM-34 on the EDH-
induced vasodilation was assessed. Apamin (0.5 μM) and
TRAM-34 (10 μM) were administered for 4 and 6 min, prior
to the following ACh infusion. The order of infusion was
randomized. Thereafter, ACh was administered in combina-
tion with apamin and TRAM-34 for an additional 90 s.

In eight rats, we investigated how inhibition of Kir channels
with Ba2+ (25 μM) and inhibition of the Na+/K+-ATPase with
ouabain (100 μM) affected the EDH-induced renal vasodila-
tion. Ba2+ and ouabain were administered 2.5 min prior to
ACh administration. Then ACh, Ba2+ and ouabain were ad-
ministered as a combination for an additional 90 s.

In nine rats, we assessed the effect of inhibiting Kir chan-
nels alone. Ba2+ was administered 2.5 min prior to ACh ad-
ministration. Then ACh and Ba2+ were administered together
for 90 s.

In five rats, the effect of volatile anesthesia (isoflurane) on
EDH response was compared to that of intraperitoneal pento-
barbital anesthesia. The effect of SKCa and IKCa channel inhi-
bition was also examined with the different anesthesia.

Ba2+ at a calculated renal plasma concentration of 25 μM
has been shown to have an inhibitory effect on Kir channels in
vivo [35]. Similarly, the estimated concentration of apamin
(0.25 μM) has previously been shown to be effective in vivo
[17] and TRAM-34 at 1 μM to be effective in isolated arteri-
oles [37].

Due to variations in baseline RBF, the RBF responses to
ACh are expressed as Δ increase (increase from baseline).
Baseline was calculated as the mean of the values obtained
the last minute before each ACh injection (where flow in the
renal artery catheter was 144 μl/min). The RBF responses
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presented are averaged over the 30 s where the RBF response
was maximal.

Solution and drugs

Myograph experiments All compounds were prepared as
stock solutions in water or DMSO (≤0.1 % in final solution)
and diluted in PSS. The different types of inhibitors were
administered in amounts to give the following final bath con-
centrations: indomethacin 3 μM, L-NAME 300 μM, TRAM-
34 1 μM (dissolved in DMSO), apamin 50 nM, Ba2+ 30 μM,
ouabain 100 nM, carbenoxolone 100 μM (dissolved in
DMSO), and 18-α GA 100 μM (dissolved in DMSO).
Norepinephrine and acetylcholine chloride were both added
directly to the myograph chamber, according to the concen-
trations stated above (see Experimental protocols). Viability
tests were made using KPSS (in mM): NaCl 74.7, NaHCO3

14.9, KCl 60, MgSO4·7H2O 1.17, KH2PO4 1.18, glucose 5.5,
CaCl2 1.6, EDTA 0.026. Myograph bath buffers were
temperated at 37 °C.

In vivo experiments ACh and Ba2+ were dissolved in saline
to concentrations, calculated to give a renal plasma concentra-
tion of approximately 0.5 and 25 μM, respectively, when in-
fused into the renal artery at 144 μl/min. The stock solutions
contained 10.4 μM ACh and 0.52 mM Ba2+. Apamin was
dissolved in 1 ml 0.05 M acetic acid and further diluted in
saline containing 1 % BSA to a stock solution of 10.4 μM
(giving a calculated renal arterial plasma concentration of
∼0.5 μM). TRAM-34 was dissolved in DMSO and further
diluted in saline containing 1 % BSA (giving a stock solution
of 0.21 mM) to give a renal arterial plasma concentration of
∼10 μM. Indomethacin was dissolved in PBS (140mMNaCl,
2.6 mM KCl, 1.4 mM KH2PO4, and 8.2 mM Na2HPO4) to a
concentration of 5.8 mM. L-NAME was dissolved in saline to
give a dose of 10 mg/kg/h. Previous experiments have shown
that vehicle containing the used concentrations of acetic acid
or DMSO did not affect RBF.

All chemicals were obtained from Sigma-Aldrich
(Copenhagen, Denmark).

Statistics

For statistical analysis, SigmaPlot software (Systat Software
Inc., USA) was used. Data from the myograph experiments
are expressed as mean±SEM of n animals. Initial NE contrac-
tions are expressed as the mean maximum NE contraction of
all animals in the group. Relaxations are expressed as the peak
percentage reduction of the total NE contraction. The means
are calculated at a stable response over a time period of 30 s.
In vivo data are presented as the increase from baseline RBF
(Δ RBF)±SEM. To evaluate whether the change in RBF in-
duced by ACh was significant, a paired Student’s t test was

utilized. Repeated measures ANOVA followed by Newman-
Keuls test was used for statistical analysis within groups. A P
value <0.05 was considered statistically significant. Graphs
were drawn using GraphPad Prism.

Results

Effect of IKCa and SKCa blockers on EDH responses
in vitro

Measurements of interlobar artery tension in the wire myo-
graph during addition of cumulative concentration of ACh
showed that the IKCa blocker TRAM-34 (1 μM) and the
SKCa blocker apamin (50 nM) significantly attenuate the
EDH response (Fig. 1a; P< 0.05). In the original tracing
shown in Fig. 1c, the effect of cumulative concentrations of
ACh on a vessel pre-constricted with 100 nM NE is shown.
Addition of a combination of apamin and TRAM-34 clearly
attenuated the EDH response (from 69±4 % relaxation to 23
± 2 %; P<0.05, Fig. 1a, d). The pre-constricting effect of
100 nM NE was reduced when the vessels were incubated
with TRAM-34 and apamin (from 8.0±0.8 to 5.3±0.5 mN,
Table 1).

Effect of Kir and Na+/K+-ATPase blockers on isometric
EDH responses

Incubation with Ba2+ and ouabain also attenuated the EDH
response significantly (Fig. 1b). Ba2+ and ouabain treatment
did not significantly affect pre-constriction with NE in these
experiments (Table 1). In the control experiments, the EDH
response induced by 10 μM ACh relaxed the vessels by 82
±5 % of the NE pre-constriction value. Inhibition of Kir chan-
nels alone with Ba2+ (30 μM) reduced the EDH response by
70± 4 % (results not shown). After blocking with ouabain
(1 mM) alone, the EDH response at 10 μMACh was reduced
by 44±4 % (results not shown). The reduction of the EDH
response was larger when the blockers were combined (31
±2 % relaxation, Fig. 1b).

Effect of gap junction blockers on EDH responses

We applied two gap junction blockers: carbenoxolone
(100 μM) and 18-α glycyrrhetinic acid (100 μM). The pre-
constricting effects of 100 nM NE were significantly reduced
(P<0.05) when the vessels were incubated with the inhibitors
(Table 1). Both carbenoxolone and 18-α glycyrrhetinic acid
significantly attenuated the EDH-induced relaxation (from 82
±5 to 41±6 %, Fig. 2a; and 83±3 to 28±3 %, respectively,
Fig. 2b).

We tested if carbenoxolone or 18-α glycyrrhetinic acid
affected overall endothelial function. These experiments were
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conducted without L-NAME and indomethacin. After incuba-
tion with gap junction inhibitors, pre-contraction with 100 nM
NEwas followed by addition of increasing doses of ACh. The
vessels dilated normally in response to ACh after exposure to
the gap junction blockers (e.g., pre-constriction reduced by 77
±5 % after 10 μM ACh and 82±3 % after addition of 18α-
GA and 10 μM ACh, results not shown).

Effect of incubation time on EDH responses

In the first experiments, we incubated the vessels for
30 min with the respective K+ channel inhibitors. To
compare with the incubation time used in vivo, we in-
cubated the vessels for 4 min (TRAM-34 and apamin)
or 2.5 min (Ba2+ and ouabain). Pre-constriction with
100 nM NE was followed by 1 and 10 μM ACh. We
only used two ACh concentrations in order to reduce
the exposure time to the inhibitors. With both inhibitor

combinations, we found a significant decrease in the
EDH response at both ACh concentrations (Fig. 3;
P< 0.05). The inhibitory effect was slightly attenuated
compared to the effect seen after 30 min. However,
the results suggest that the inhibitors are effective in
reducing the EDH response even after the shorter expo-
sure times.

Physiological status of rats used in in vivo experiments

A total of 28 Sprague-Dawley rats were used for the in vivo
experiments. Bodyweight, MAP, and RBF (Table 2) were
comparable between groups. Treatment with indomethacin
and L-NAME significantly increased MAP in all groups. In
the TRAM-34 and apamin group and Ba2+ and ouabain group,
RBF decreased significantly after L-NAME and indomethacin
treatment (Table 2). Treatment with Ba2+ and ouabain or Ba2+

alone also decreased RBF further (Table 2).

Fig. 1 Concentration-dependent responses to ACh in renal interlobar
arteries after addition of TRAM-34 and apamin or Ba2+ and ouabain. a
Inhibition of IKCa and SKCa channels using TRAM-34 (1 μM) and
apamin (50 nM) attenuated the EDH response significantly (n = 5). b
Adding Kir and Na+/K+-ATPase blockers (Ba2+ (30 μM) and ouabain
(100 nM)) also significantly attenuated the EDH response (n = 6). c

Vasodilatory responses to increasing concentrations of ACh added to
the myograph chamber (increasing in logarithmic steps from 10−9 to
10−5) in the presence of L-NAME and indomethacin (EDH response). d
Effect of apamin and TRAM-34 on EDH. *P< 0.05 showing significant
different values between the two groups
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Influence of Ca2+-activated K+ channels on renal blood
flow in vivo

Intrarenal infusion of ACh at a rate of 1.5 nmol/min,
resulting in an estimated renal arterial plasma concentra-
tion of 0.5 μM, significantly increased RBF (ΔRBF 2.2
±0.4 ml/min, P<0.01 vs. baseline). After treatment with
L-NAME and indomethacin, the EDH-induced increase in
RBF was 0.5±0.1 ml/min. Pre-treatment with TRAM-34
(10 μM) and apamin (0.5 μM) for 4 min slightly reduced

the EDH response to 0.3±0.1 ml/min and treatment for
6 min further decreased the EDH response (ΔRBF 0.1
±0.1 ml/min; Fig. 4a) such that it was no longer signifi-
cantly different from baseline. However, there was no sta-
tistical difference between the EDH responses elicited
without and with apamin and TRAM-34. Changing anes-
thesia from isoflurane to pentobarbital did not influence
the results (Fig. 4b). These results suggest that SKCa-
and/or IKCa channels might play a role in EDH in vivo
but the incubation time seems essential in this regard.

Table 1 Contractile responses to
NE followed by relaxation to
ACh

Tests n (v) Diameter (μm) NE contraction (mN)

1. TRAM-34/apamin 508 ± 21

+ L-NAME+ indomethacin 5 (20) 8.0 ± 0.8

+ TRAM-34 + apamin 5 (19) 5.3 ± 0.5*

2. Ba2+/Ouabain 397 ± 11

+ L-NAME+ indomethacin 6 (22) 7.3 ± 0.8

+ Ba2+ + ouabain 6 (23) 7.8 ± 0.8

3. Carbenoxolone 388 ± 22

+ L-NAME+ indomethacin 4 (15) 6.8 ± 0.6

+ Carbenoxolone 4 (12) 3.2 ± 0.4*

4. 18-α Glycyrrhetinic acid 409 ± 10

+ L-NAME+ Indomethacin 6 (24) 6.3 ± 0.7

+ 18-α Glycyrrhetinic acid 6 (24) 2.8 ± 0.2*

5. Incubation time 439 ± 9

+ L-NAME+ indomethacin 4 (16) 9.4 ± 1.3

+ TRAM-34 + apamin 4 (16) 6.9 ± 1.0

+ Ba2+ + ouabain 4 (16) 16.6 ± 1.2*

Values are means ± SEM. NE contraction is the mean contraction measured in mN in response to 100 nM NE.
Concentrations used: L-NAME (300 μM); indomethacin (3 μM); TRAM-34 (1 μM); apamin (50 nM); Ba2+

(30 μM); ouabain (100 nM); carbenoxolone (100 μM), and 18- α glycyrrhetinic acid (100 μM)

n (v) number of rats (total number of interlobar arteries)

*P< 0.05 vs. L-NAME+ indomethacin

Fig. 2 Concentration-dependent
responses to ACh in renal
interlobar arteries after addition of
gap junction inhibitors
carbenoxolone or 18-α
glycyrrhetin acid. Adding
carbenoxolone (100 μM; n= 4)
(a) and 18-α-glycyrrhetinic acid
(100 μM; n = 6) (b) significantly
attenuates the EDH response.
*P< 0.05 showing significant
different values between the two
groups
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Influence of Kir channels and Na+/K+-ATPases

To test whether intercellular K+, via activation of Kir

channels and/or Na+/K+-ATPases, acts as a mediator of
t he EDH respon se in th e r ena l va s cu l a t u r e ,
indomethacin- and L-NAME-treated rats received
intrarenal infusions of Ba2+ (25 μM) or a combination
of Ba2+ and ouabain (100 μM) before the ACh infusion.
Both treatments reduced RBF significantly (Table 2).
Again, the ACh response was significantly larger than
the EDH response. Inhibition of Kir channels and Na+/
K+-ATPases using Ba2+ and ouabain did not change the
EDH response (Δ RBF 0.4 ± 0.1 ml/min vs. 0.6
± 0.1 ml/min; Fig. 5a). Interestingly, inhibition of Kir

channels alone increased the EDH response to a value
significantly different from the EDH response in the
presence of L-NAME and indomethacin (Fig. 5b).

Discussion

In this study, we report that combined inhibition of SKCa

and IKCa channels significantly attenuated the renal
interlobar artery EDH response in vitro as did inhibition
of Kir channels and/or Na+/K+-ATPase. The renal EDH-
induced responses in vitro were related to EDH-induced
responses in vivo. In vivo, we found an EDH-mediated
RBF response. Inhibition of SKCa and IKCa channels or
Kir channels and/or Na+/K+-ATPase did not significantly
reduce the EDH response.

The role of EDH-induced renal vasodilation has been ex-
amined in isolated renal vessels and isolated kidneys but in
vivo studies are sparse. In the hydronephrotic rat kidney, in-
hibition of IKCa or SKCa channels using charybdotoxin or
apamin significantly reduced the EDH response and the com-
bination of the inhibitors abolished the response [53, 54].
Likewise, Jiang et al. reported that treatment with apamin
and charybdotoxin abolished the EDH response in renal
interlobar arteries from Wistar-Kyoto rat [27]. However, in
interlobar arteries from Sprague-Dawley rats, the same au-
thors found no effect of either apamin or charybdotoxin inhi-
bition on the maximum EDH response [28]. We used rat
interlobar arteries to assess EDH-induced renal vasodilation
under isometric conditions. In our hands, TRAM-34 and
apamin significantly reduced the EDH response supporting
the importance of endothelial Ca2+-activated K+ channels.

Accumulation of K+ released from the EC may activate the
Kir channel and/or the Na+/K+-ATPase in the VSMC mem-
brane leading to hyperpolarization of the VSMC and subse-
quent vasodilation, as has been demonstrated in carotid arter-
ies [18]. Kir channels are extensively expressed and functional
[9, 35, 48] in VSMC of the rat renal circulation. In the present
study, we found in vitro that Ba2+ had a minor but significant
effect on the EDH-mediated response whereas the effect of
ouabain was more pronounced. When combined, an additive
effect was found. This is in agreement with studies on porcine

Fig. 3 Incubation time. Adding TRAM-34 and apamin for 4 min and
Ba2+ and ouabain for 2.5 min significantly attenuated the EDH response
in vitro (n = 4). Only two concentrations of ACh are used (log molar
concentration). *P< 0.05 showing significant different values between
the two groups

Table 2 Physiological status of rats used for in vivo experiments

TRAM-34/apamin Ba2+ and ouabain Ba2+ Pentobarbital + TRAM-34/apamin
Group 1 (n= 6) Group 2 (n= 8) Group 3 (n= 9) Group 4 (n= 5)

Bodyweight, g 328 ± 4 308 ± 10 310 ± 9 328 ± 8

MAP, mmHg 101 ± 4 98± 3 95± 3 101 ± 5

MAP L-NAME and indo, mmHg 135 ± 7* 130 ± 6* 123 ± 6* 138 ± 8*

MAP L-NAME and indo + inhibitor, mmHg 138 ± 6* 142 ± 6# 115± 8 139 ± 7

RBF, ml/min 9.4 ± 0.8 8.5 ± 0.5 9.9 ± 0.9 7.1 ± 0.7

RBF L-NAME and indo, ml/min 6.1 ± 0.2* 5.7 ± 0.6* 8.7 ± 1.3 5.1 ± 0.6

RBF L-NAME and indo+ inhibitor, ml/min 6.2 ± 0.4* 4.5 ± 0.8*# 4.4 ± 0.3*# 5.3 ± 0.4

Concentrations used: L-NAME (10 mg/kg/h); indomethacin (5 mg/kg); TRAM-34 (10 μM); apamin (0.5 μM); Ba2+ (25 μM); ouabain (100 μM)

*P< 0.05 vs. baseline; #P< 0.05 vs. L-NAME and indo
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interlobar arteries [7] but in contrast to studies conducted on
rat interlobar arteries and afferent arterioles [27, 53]. These
experiments indicate that in isolated interlobar arteries, the
EDH response is in part initiated by endothelial IKCa/SKCa

channels releasing K+ to activate Kir channels and Na+/K+-
ATPases. However, in the smaller afferent arterioles, this
mechanism does not seem to be crucial [53].

We quantified the EDH response in vivo as the change in
RBF following infusion of ACh after blockade of NO and
PGI2 synthesis. The EDH response in vivo was significant
and amounted to ∼18% of the response to ACh in the absence
of L-NAME and indomethacin. We did not find a statistical
difference between the change in RBF following inhibition of
the IKCa and SKCa channels. When IKCa and SKCa channels
were blocked for 4 min, there was still a significant increase in
RBF. However, after 6 min incubation, the change in RBF
after ACh administration was not significantly different from

baseline. This suggests that the IKCa and SKCa channels might
play a role for the EDH response in vivo and this effect is
strongly affected by the incubation time. In contrast to the in
vitro results, inhibition of Kir channels and/or Na+/K+-
ATPases in vivo did not affect the EDH response. On the
contrary, inhibition of Kir channels alone increased renal
EDH response, a finding not compatible with the current un-
derstanding of the action of this channel in the renal vascula-
ture. Thus, we cannot exclude the possibility that this finding
is a result of systemic blockade of this channel, e.g., in the
central nervous system. However, as judged from the changes
in RBF after infusion of Ba2+ or Ba2+ in combination with
ouabain (Table 2), the inhibitors reached and exerted an effect
on the renal circulation which indicates that the failure of these
agents to reduce the EDH response is not due to an inability to
reach the renal circulation and affect the targeted channels.
The discrepancy between the in vivo and in vitro results in
this regard deserves some attention. In vivo, we measured
RBF as the integrated flow of the whole kidney. Non-
adrenergic non-cholinergic (NANC) nerves containing

Fig. 5 Increases in renal blood flow (ΔRBF) after infusion of ACh and
inhibitors of Kir channels andNa

+/K+-ATPases. In isoflurane anesthetized
rats (a), treatment with L-NAME (10 mg/kg/h) and indomethacin
(5 mg/kg) (L/I) significantly decreased the response to ACh infusions
from 1.3 ± 0.1 to 0.4 ± 0.1 ml/min. Pre-treatment with Ba2+ (25 μM)
and ouabain (100 μM) (Ba+Ou) did not affect the in vivo EDH (n = 8).
b Pre-treatment with Ba2+ alone significantly increased the EDH response
(n = 9). *P< 0.05 vs. ACh+L/I

Fig. 4 Increases in renal blood flow (ΔRBF) after infusion of ACh and
SK/IK channels inhibitors. In isoflurane anesthetized rats (a), treatment
with L-NAME (10 mg/kg/h) and indomethacin (5 mg/kg) (L/I)
significantly decreased the response to ACh infusions from a change in
RBF of 2.2 ± 0.4 to 0.5 ± 0.1 ml/min. Pre-treatment with TRAM-34
(10 μM) and apamin (0.5 μM) (TRAM & apa 4 min) for 4 min did not
affect the in vivo EDH (n= 6). After pre-treatment with TRAM-34 and
apamin (TRAM& apa 6 min) for 6 min, there was no significant increase
in RBF after ACh infusion compared to baseline (n= 6). In pentobarbital
anesthetized rats (b), changes in RBF in response to ACh infusions were
similar (n = 5)
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substance P (SP), vasoactive intestinal peptide (VIP), and cal-
citonin gene-related peptide (CGRP) have been shown to sur-
round the renal vasculature [29–31]. All three neuropeptides
have been shown to increase RBF [15, 41, 47]. It is possible
that activation of NANC nerves in vivo contribute to a more
sustained renal vasodilation. For the isometric experiments,
we used interlobar vessels with a diameter of 380–500 μm.
Most of the renal vascular resistance is located in the small
arterioles. As shown byWang et al. [53], the EDH response in
afferent arterioles was not reduced by Ba2+ and ouabain which
is in contrast to what we and others found in interlobar arter-
ies. It is possible that the significance of Kir channels and Na

+/
K+-ATPases changes with vessel size.

In mice and rat, renal vasculature myoendothelial junctions
have been found in interlobular, afferent, and efferent arteries
with the highest density in the smaller arterioles [36, 50]. We
and others show that inhibition of gap junctions significantly
decreases EDH-induced vasodilation, in the renal vasculature
as well as in other vascular beds, in vitro [2, 8, 13, 16].
However, Jiang and Dusting reported no effect of 18-α
glycyrrhetinic acid in the same preparation [27]. Currently,
we have no complete explanation for this discrepancy, but it
should be noted that these authors used a lower concentration
of 18-α glycyrrhetinic acid (50 μM). The effect of gap junc-
tion inhibition could be even more pronounced in vivo if the
EDH response in smaller arterioles is more dependent on the
myoendothelial junctions. The renal EDH response was
strongly attenuated when gap junctions were blocked using
connexin mimetic peptides against Cx40 in vivo [12]. The
myoendothelial gap junction creates a restricted space
allowing signaling between the EC and the VSMC [5, 32].
Key to this theory is the activation of IKCa or SKCa channels in
the endothelium to induce the hyperpolarization [45]. The
influence of myoendothelial gap junctions on the EDH re-
sponse has previously been compared in different experimen-
tal settings. The EDH-induced vasodilatationwas independent
of myoendothelial gap junctions whenmeasured under isobar-
ic conditions, whereas under isometric conditions, the EDH-
induced vasodilatation was abolished in Cx40 knockout mice
[3]. This is in line with our findings that the EDH response in
the renal interlobar artery depends on gap junctions under
isometric conditions in the wire myograph. Furthermore, we
cannot exclude the possibility that mechanisms suggested to
induce endothelium-induced VSMC hyperpolarization and
vasodilation independent of EC IKCa and SKCa channels, such
as activation of VSMC KATP channels by H2S released from
the EC, play a more significant role in the resistance vessels
[39]. There are also other known mediators of EDH such as
H2O2. H2O2 has most likely several mechanisms of action
[44]. One of them is activation of VSMC PKGI-α which
subsequently activates potassium channels in the VSMC
[42]. Also, the BKCa channel is redox sensitive [57], and could
also be a direct target for H2O2-mediated EDH [44].

Edgley et al . reported that pre-treatment with
charybdotoxin and apamin attenuated the renal EDH response
in vivo in Wistar rats [17]. We also found that pre-treatment
with apamin and TRAM-34 for 6 min significantly abolished
the renal EDH response in vivo. Interestingly, after 4 min pre-
treatment, the inhibitory effect of TRAM-34 and apamin was
not significant. Also, there was no statistical significant differ-
ence between the EDH responses before treatment with the
KCa channel blockers and after treatment. This makes the data
somewhat difficult to interpret but we consider it likely that
the combined blockade of SKCa and IKCa channels attenuate
the EDH response also in vivo.

However, the comparison between our results and those of
Edgley et al. deserves some consideration. Aside from using a
different rat strain (Wistar), Edgley et al. administered ACh as
a bolus while we used a 90-s infusion. It is possible that the
importance of SKCa and IKCa channel may be different in this
prolonged EDH response. Also, Edgley et al. found that only
the peak response was inhibited. This peak response is not
present in our experiments. Possibly, the prolonged EDH re-
sponse depends on other mechanisms than the transient re-
sponse. Also, they used a longer infusion time (10 min) for
the inhibitors but, as shown in both our in vitro and in vivo
experiments, also a shorter incubation time can significantly
reduce the renal EDH response. Furthermore, Edgley et al.
used the more unspecific charybdotoxin to inhibit IKCa chan-
nels while we used TRAM-34. In addition to IKCa channels,
charybdotoxin also inhibits BKCa channels. If the renal EDH
response also depends on BKCa channel activation, this would
be detected by Edgley et al. but not by us.

It has been shown that isoflurane and other volatile anes-
thetics can decrease the EDH response [1, 25, 33, 34] possibly
by a cytochrome P450-dependent pathway. To test this, we
replaced the isoflurane anesthesia with pentobarbital.
However, we did not find any significant changes in the NO/
PGI2-dependent or EDH-induced renal vasodilation after pen-
tobarbital anesthesia.

In conclusion, our results show that the EDH response in
the rat renal vasculature in vitro is significantly affected by
blockade of SKCa and IKCa channels and by blocking Kir

channels and Na+/K+-ATPases. However, in vivo, we did
not find evidence that extracellular K+ act as an EDHmediator
in the renal vasculature. Hence, the true nature and the mech-
anisms behind the renal EDH-induced vasodilation are still
unresolved and remain a topic of great interest to the research
community.
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