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BACKGROUND AND PURPOSE

Small (Kca2) and intermediate (Kc.3.1) conductance calcium-activated potassium channels (Kc,) may contribute to both
epithelium- and endothelium-dependent relaxations, but this has not been established in human pulmonary arteries and
bronchioles. Therefore, we investigated the expression of Kc.2.3 and Kc.3.1 channels, and hypothesized that activation of
these channels would produce relaxation of human bronchioles and pulmonary arteries.

EXPERIMENTAL APPROACH
Channel expression and functional studies were conducted in human isolated small pulmonary arteries and bronchioles. Kc.2
and Kc.3.1 currents were examined in human small airways epithelial (HSAEpi) cells by whole-cell patch clamp techniques.

RESULTS

While Kc,2.3 expression was similar, Kc,3.1 protein was more highly expressed in pulmonary arteries than bronchioles.
Immunoreactive Kc,2.3 and Kc,3.1 proteins were found in both endothelium and epithelium. Kc, currents were present

in HSAEpi cells and sensitive to the Kc.2.3 blocker UCL1684 and the Kc.3.1 blocker TRAM-34. In pulmonary arteries
contracted by U46619 and in bronchioles contracted by histamine, the Kc.2.3/ Kca3.1 activator, NS309, induced
concentration-dependent relaxations. NS309 was equally potent in relaxing pulmonary arteries, but less potent in bronchioles,
than salbutamol. NS309 relaxations were blocked by the Kc.2 channel blocker apamin, while the Kc,3.1 channel blocker,
charybdotoxin failed to reduce relaxation to NS309 (0.01-1 uM).

CONCLUSIONS AND IMPLICATIONS

Kca2.3 and Kc.3.1 channels are expressed in the endothelium of human pulmonary arteries and epithelium of bronchioles.
Kca2.3 channels contributed to endo- and epithelium-dependent relaxations suggesting that these channels are potential
targets for treatment of pulmonary hypertension and chronic obstructive pulmonary disease.
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Abbreviations

1-EBIO, 1-ethyl-2-benzimidazolinone; COPD, chronic obstructive pulmonary disease; CyPPA, cyclohexyl-[2-(3,5-
dimethyl-pyrazol-1-yl)-6-methyl-pyrimidin-4-yl]-amine; EDHF, endothelium-derived hyperpolarizing factor; EET,
epoxyeicosatrinoic acid; EpDHF, epithelium-derived hyperpolarizing factor; GEA 3175, 3-(2-chloro-3-methylphenyl)-5-
[[(4-methylphenyl)sulphonyl] amino]-hydroxide; Karp channel, ATP-sensitive potassium channel; Kc,1.1 channel, large
conductance calcium-activated potassium channel; Kc.2 channel, small conductance calcium-activated potassium
channel; Kc,3.1 channel, intermediate conductance calcium-activated potassium channel; NS309, 6,7-dichloro-1H-
indole-2,3-dione 3-oxime; SKA-31, naphtho[1,2-d]thiazol-2-ylamine; TRAM-34, 1-[(2-chlorophenyl)diphenylmethyl]-1H-
pyrazole; U46619, 9,11-dideoxy-9a,11a-epoxymethanoprostaglandin F,,; UCL1684, 6,12,19,20,25,26-hexahydro-
5,27:13,18:21,24-trietheno-11,7-metheno-7H-dibenzo [b,n] [1,5,12,16]tetraazacyclotricosine-5,13-diium dibromide

Introduction

The respiratory epithelium and the pulmonary arterial
endothelium release factors that are thought to be important
in the regulation of pulmonary arterial pressure and bron-
chial tone (Flavahan et al., 1985; Morrison et al., 1990). In the
pulmonary arterial system, endothelium-derived NO (Ignarro
et al., 1987; Feletou et al., 1995), prostacyclin (Frantz et al.,
1989) and an endothelium-derived hyperpolarising factor
(EDHF) (Feletou et al., 1995; Zhang et al., 2006) appear to be
involved in regulating vascular tone. Activation of calcium-
activated potassium channels of small conductance (Kc.2,
subtype Kc,2.3) and intermediate conductance (Kc.3.1) are
required for initiation of EDHF-type relaxations in several
vascular beds including human arteries (Edwards et al., 1998;
Buus etal., 2000; Grgic etal., 2009; Chadha etal.,, 2011;
channel nomenclature follows Alexander et al., 2011). In the
rat pulmonary circulation, we have recently found that the
Kci3.1 channel and the Na*/K'-ATPase are involved in this
EDHF-type relaxation (Kroigaard et al., 2010), but the contri-
bution of K¢,2.3 and Kc.3.1 channels for EDHF-type relaxa-
tion in human pulmonary arteries is not known.

Even less is known about the contribution of K¢,2.3 and
Kc.3.1 channels to epithelium-derived relaxation, and it is so
far unknown whether an epithelium-derived hyperpolarizing
factor (EpDHF) relaxation mechanism involving Kc.2.3 and
Kci3.1 channels exists. Since the pioneering work of Paul
Vanhoutte and colleagues in the mid-eighties, it is well estab-
lished that the epithelium can release factors producing
bronchial dilation (Stuart-Smith and Vanhoutte, 1987; 1988;
Vanhoutte, 1987; Morrison et al., 1990). Indeed, removal of
the epithelium in larger airways enhances the effect of con-
tractile agonists and reduces the relaxing responses in smaller
airways (Stuart-Smith and Vanhoutte, 1987; Kroigaard et al.,
2010). Both NO and PGE; serve as epithelium-derived relax-
ing factors in human airways (Folkerts and Nijkamp, 1998).
In addition, epoxyeicosatrienoic acids were proposed to
evoke non-NO, non-prostanoid EpDHF-type relaxation in
guinea pig airways (Benoit ef al., 2001). Recently, we found
that both Kc.2.3 and Kc¢,3.1 channels were involved in an
EpDHF-type relaxation in rat bronchioles, also associated
with activation of Na*/K'-ATPase (Kroigaard efal., 2010).
However, it is unclear whether K¢,2.3 and Kc,3.1 channels are
involved in EpDHF-type relaxation in human bronchioles.

The objective of this study was to investigate the expres-
sion, cellular localization and function of K¢,2.3 and K¢, 3.1
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channels in human pulmonary arteries and bronchioles. We
hypothesized that activation of these calcium-activated
potassium (Kc,) channels by a Kc,2.3 and Kc.3.1 channel
opener NS309 (6,7-dichloro-1H-indole-2,3-dione 3-oxime)
(Strobaek et al., 2004), leads to relaxation in human pulmo-
nary arteries and bronchioles. To address the hypothesis,
human small pulmonary arteries and bronchioles were
obtained from patients undergoing lung surgery. Expression
of Kc,2.3 and Kc.3.1 channels was examined by quantitative
PCR and immunoblotting and cellular localization by
immunohistochemistry. Functional expression of Kc,2.3 and
Kca3.1 channels was examined in human small airway epi-
thelial (HSAEpi) cells by patch clamp techniques and use
of a compound, naphtho(1,2-d]thiazol-2-ylamine (SKA-31),
structurally related to NS309 (Sankaranarayanan et al.,
2009). Finally, the relaxant effects of NS309 were investi-
gated in isolated human bronchioles and pulmonary
arteries.

Methods

Human tissue

The research was carried out in accordance with the Declara-
tion of Helsinki (2000) of the World Medical Association and
the Local Ethics Committee approved the study (Permission
number: 200440154). Each patient was informed about the
purpose and nature of the project and gave informed
consent. Experiments were performed with human pulmo-
nary arteries and bronchiole branches from 30 patients, who
had undergone surgery for lung carcinoma at the Department
of Thoracic Surgery, Aarhus University Hospital, Skejby,
Denmark. Mean age of the patients examined was 67 years
(55-76 years), and all individuals were smokers or former
smokers. Bronchioles and small pulmonary arteries were care-
fully dissected under a microscope by removing the sur-
rounding tissue.

Cell culture

Human small airway epithelial cells (HSAEpi, Sciencell, third
to sixth passage) were cultured in poly-L-lysine-coated flasks
containing small airway epithelial cell medium (Sciencell),
epithelial cell growth supplement (EpiCGS), penicillin and
streptomycin. For patch-clamp experiments, cells were
trypsinized and seeded on coverslips.



Quantitative PCR of Kc.2.3and Kc.3.1mRNA
in human lung

Human intrapulmonary arteries and bronchioles were iso-
lated in calcium free physiological saline solution (PSS) and
transferred to RNA-later (Ambion, Foster City, CA). Purifica-
tion of total RNA was achieved by using the RNeasy Mini
Fibrous Tissue Kit from Qiagen (Hilden, Germany). Further-
more, removal of genomic DNA was achieved using a DNase
I digestion step (Qiagen). The concentration of the RNA was
estimated by OD measurements at 260 nm. Total RNA
(100 ug-mL™") was reverse transcribed using Oligo-dT primer
and Superscript™ SIII reverse transcriptase (Invitrogen, Her-
cules, CA, USA). Expression of K¢, channels was assessed by
TagMan quantitative PCR (QPCR). 200 ng RNA was used in a
25 uL reaction and quantitative PCR conducted using Ex
Taq™ (TaKaRa, Shiga, Japan). The following cycles were run:
1 cycle at 95°C for 2 min, 40 cycles at 95°C for 15 s, 55°C for
1 min and 70°C for 15 s on a Stratagene Mx3000P machine
(La Jolla, CA). Primers were designed from the National
Center for Biotechnical Information (NCBI) using PerlPrimer
and ordered at MWG-Biotech AG (Ebersberg, Germany):
Kca2.3, F: GATTGACCATGCCAAAGTGAG; Kc.2.3, R: ACAT
GACATTCTGCATCTTGG; Kc.3.1, F: GTTCTACAAACATAC
TCGCAGGA; Ke3.1, R GCGTGTCAATCTGTTTCTCAA.
The fluorogenic probe contained a reporter dye, 6-
carboxyfluorescein (FAM), at the 5-end and a Blackhole
Quencher 1 dye at the 3’-end: Kc,2.3: TCCTCCAAGCTATCC
ACCAGTTGAG; Kc.3.1: TCAACGCGTTCCGCCAGGTGCGG
CTGAAA. The amount of cDNA was normalized to the
reference gene by using the threshold Ct values: ACt =
Ct(target) — Ct(GAPDH), and the results were analysed as a
ratio to GAPDH expression: Ratio = 2*“* and expressed as a
percentage.

Reverse transcriptase-PCR of HSAEpi cells
Reverse transcriptase-PCR (RT-PCR) was done using RNeasy
Mini Kit (Qiagen) for RNA purification, iScript cDNA Synthe-
sis Kit (Bio-Rad, Hercules, CA, USA) for cDNA synthesis and
Taq DNA polymerase (Invitrogen) for PCR. A standard PCR
protocol was used with initial denaturing at 95°C for 3 min
and subsequently 40 cycles of denaturing at 95°C for 25 s,
annealing at 57°C for 20 s and extending at 72°C for 40 s. A
final step of extension was done at 72°C for 3 min. PCR-
products were analysed by gel electrophoresis using 1.5%
agarose in TBE buffer and staining with GelRed™ (Biotium
Hayward, CA, USA). Specific RT-PCR primers were designed to
span intronic sequences. The expected product lengths were
159bp for Kc.3.1, 333 bp for Kc.2.3, 395 bp for Ke.2.2 and
391 bp for Kc,2.1. Primer sequences: hKq3.1 F 5-CATCA
CATTCCTGACCATCG; hKc.3.1 R, - ACGTGCTTCTCTGCCT
TGTT; hKc.2.3 ES’GCTCTCTTGGGGTTTGTACTCAA; hKc.2.3
R, 5-CGCAGGAACATGGGGATAGA; hKc.2.2 F, 5-TCTAAGC
CCGAGCACAACAA; hKe2.2 R, 5-TTGTCCACCATGAACA
ACTGTA; hKc,2.1 F, 5-GGGCCTCCAGGTGGTAGT; hKc.2.1
R, 5-CACCATGAACAGCTGGATCTC.

Immunohistochemistry of Kc.2.3and Kc,3.1

protein in human lung
Evaluation of the distribution of Kc.3.1and Kc.2.3 channels
was achieved using immunohistochemistry with primary

KCa2.3 and KCa3.1 channels in human airways

antibodies against Kc,2.3 (1:200; Santa Cruz Biotechnology,
Santa Cruz, CA) and K¢,3.1 (1:100 or 1:500; Cell Applications,
San Diego, CA). Segments of isolated pulmonary arteries and
bronchioles were fixed in 4% formalin. The tissue was proc-
essed through increasing alcohol percentages to paraffin wax
blocks. Sections of 3 um were cut with a microtome, collected
on glass slides and heated in an oven (80°C). The sections
were de-paraffinized, processed in decreasing alcohol percent-
ages, transferred to distilled water, incubated with 0.3%
hydrogen peroxide for 20 min and rinsed in PBS. Antigen
retrieval was achieved by heating sections in a microwave in
TEG-buffer for 2 x 5 min. They were then quenched in 0.2%
Triton X in PBS for 15 min. Blocking of non-specific antibody
binding was done with 10% fetal calf serum in 1% BSA in PBS
for 20 min. Incubation with the primary antibody in PBS
with 1% BSA was overnight at 4°C. To ensure that there was
no non-specific staining of primary antibodies, sections were
incubated with isotype-matched antibodies (rabbit IgG;
Abcam, Cambridge, UK) instead of primary antibodies. The
sections were rinsed in PBS and incubated for 1 h at room
temperature with secondary antibody, goat anti-rabbit IgG
coupled to HRP (1:2000; Invitrogen) in PBS containing 1%
BSA followed by rinsing in PBS. Finally, DAB was applied for
5 min, the sections rinsed and for histology, and sections
were stained with haematoxylin and 0.1% w/v eosin, and
dehydrated in increasing concentrations of ethanol. Back-
ground staining was controlled by incubating sections only
with secondary antibody. The sections were coverslipped and
analysed by light microscopy.

Immunoblotting of Kc.2.3and Kc,3.1 protein
in human lung

Human pulmonary arteries and bronchioles were carefully
dissected from the surrounding tissue, frozen in liquid nitro-
gen and transferred to —80°C. Protein was extracted in lysis
buffer, and samples were placed in an ultrasonic bath for
45's and centrifuged for 15 min at 13 250 g at 4°C. The
supernatant was frozen at —80°C. Total protein was quanti-
fied using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA).
Protein lysate was mixed with sample buffer and incubated
at 99°C for 10 min. Samples and a pre-stain marker (Bio-Rad,
Hercules, CA) were loaded onto a 4-12% Criterion XT Bis-
Tris gel (Bio-Rad Hercules, CA) and separated by SDS-PAGE
at 200 V. Proteins were transferred to membrane for 1 h at
100 V. The membrane was washed in TBS-T and blocked in
5% skimmed milk in TBS-T for 2 h. Incubation with primary
antibody (B-actin (1:20 000), Kc.2.3 (1:200, Santa Cruz Bio-
technology) and Kc,3.1 (1:200, Cell Applications, San Diego,
CA) and in 5% skimmed milk in TBS-T was done overnight
at 4°C. The membrane was washed in 5% skimmed milk in
TBS-T before incubation with secondary antibody: goat anti-
rabbit IgG conjugated to HRP (1:4000; Santa-Cruz Biotech-
nology), B-actin: goat anti-mouse IgG conjugated to HRP
(1:4000; Sigma, St. Louis, MO). The membrane was devel-
oped by using the ECL-Plus kit (GE Healthcare, Copenhagen,
Denmark). The blot was placed in an X-ray film cassette
and developed in photographic developer. Amounts of
Kca2.3 and Kc,3.1 protein were normalized to B-actin, which
was equally expressed in human pulmonary arteries and
bronchioles.

British Journal of Pharmacology (2012) 167 37-47 39



C Kroigaard et al.

Patch-clamp electrophysiology

Whole-cell membrane currents were recorded using an Axo-
patch patch-clamp amplifier (Axon Instruments, Foster City,
CA) and the Clampex 9.2 data acquisition software and were
analysed by the Clampfit 9.2 software. For activation of Kc.
currents, HSAEpi cells were dialysed with a KCl-pipette solu-
tion containing 3 uM [Ca*"]se (in mM): 140 KCI, 1 Na,ATP, 1
MgCl,, 2 EGTA, 1.91 CaCl, and 5 HEPES, pH 7.2. The NaCl
bath solution contained (mM): 137 NaCl, 4.5 Na,HPO,, 3
KCl, 1.5 KH,PO,, 0.4 MgCl,, 0.7 CaCl, and 10 glucose
(pH 7.4). For maximal and stable channel activation, the bath
solution contained the Kc,2/ Kc.3.1 channel opener SKA-31
(1 uM). For blocking experiments, the selective Kc.2.3
channel blocker UCL1684 (1 uM) and the Kc,3.1 channel
blocker TRAM-34 (1 uM) were added to the bath. 1 mM stock
solution of TRAM-34, UCL1684 and SKA-31 were prepared in
DMSO. The final DMSO concentration did not exceed 0.3%.

Wire myography

For isometric tension recordings, small pulmonary arteries
and bronchioles with a length of approximately 2 mm were
mounted on two 40 pm steel wires in microvascular myo-
graphs (DMT, Aarhus, Denmark). The baths were heated to
37°C and equilibrated with 5% CO, to maintain the desired
pH of 7.4. Segments were allowed to equilibrate for 10 min
thereafter. For experiments on bronchioles, the organ bath
contained calcium-free PSS during mounting and normaliza-
tion to avoid development of spontaneous tension. For
experiments on arteries, the organ bath contained normal
PSS.

Segments were stretched to 2.4 kPa for optimal measure-
ments, corresponding to a transmural pressure of 18 mmHg.
The viability of the bronchial segments were examined by
exposure to a potassium-rich PSS (60 mM KPSS). This was
initially done twice and in the end of each experiment once.
Viability of arterial segments was tested with a 124 mM KPSS.
Preparations in which the final response to KPSS was not
comparable to the two initial responses to KPSS were not
further considered. After the initial test of viability, vessels
were incubated for 30 min in PSS containing the COX inhibi-
tor, indomethacin (3 pM), to block the synthesis of prostag-
landins. Indomethacin remained present throughout the
entire experiment. Arterial segments were pre-contracted
with the thromboxane analogue, U46619 (9,11-dideoxy-
9a,11a-epoxymethanoprostaglandin F,,, 10 nM). After reach-
ing a level of stable pre-contraction, we used acetylcholine
(10 uM) to ensure preservation of endothelial function. Only
segments exhibiting more than 50% relaxation to acetylcho-
line were included in the study. Bronchioles were pre-
contracted with histamine (2 uM).

Concentration-response curves (0.001-10 uM) were con-
structed for the Kc.2.3 and Kc.3.1 channel opener NS309
(Neurosearch A/S, Ballerup, Denmark), the ‘classical’ Kc.2.3
and Kc3.1 channel opener 1-ethyl-benzimidazolinone
(1-EBIO; Sigma Aldrich, St. Louis, MO); a selective activator of
Kc.2 channels, cyclohexyl-[2-(3,5-dimethyl-pyrazol-1-yl)-6-
methyl-pyrimidin-4-yl]-amine (CyPPA); a NO donor, 3-
(2-chloro-3-methylphenyl)-5-[[(4-methylphenyl)sulphonyl]
amino|-hydroxide (GEA 3175; GEA A/S, Copenhagen,
Denmark) and the p,-adrenoceptor agonist, salbutamol
(Sigma Aldrich).
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The involvement of Kc,2.3 and Kc,3.1 channels in NS309
relaxation was investigated by incubating the segments with
a Kc,2.3 channel blocker (apamin, 0.05 uM), a Kc,3.1 channel
blocker (charybdotoxin, 0.07 uM), charybdotoxin and
apamin in combination and a large conductance calcium-
activated potassium (K Kc,1.1) channel blocker (iberiotoxin
0.1 uM) 15 min before contraction and during construction
of the concentration-response curves for NS309.

In preparations where the endothelium or epithelium
was removed, this was achieved by rubbing the inner layer
with a human hair. Endothelial function was evaluated by
contracting the pulmonary arteries with U46619 (0.01 pM)
followed by addition of ACh (10 uM). Endothelial removal
was successful, when relaxation to ACh was below 10%.
There is no functional test for evaluating the presence of
bronchiolar epithelium; therefore, epithelial removal was
evaluated by histology as previously described (Kroigaard
etal., 2010).

Data analysis

All pulmonary arteries or bronchioles originated from differ-
ent patients, where n indicates the number of preparations
(one preparation per patient) examined. The results are
expressed as mean *= SEM. The responses with or without
blockers were analysed by two-way ANOVA. To compare dif-
ferences in expression, one-way ANOVA was used. For cell
culture studies, a paired Student’s t-test was used. In all
cases, a probability less than 5% (P < 0.05) was considered
significant. For statistical analysis, we used the computer
software Graph Pad Prism 5.02 (GraphPad Software, San
Diego, CA).

Results

Kc.3.1 and Kc,2.3 channel expression in
human pulmonary arteries and bronchioles

In pulmonary arteries and bronchioles, we detected consid-
erable amounts of K¢,3.1 mRNA by RT-PCR. Quantitative
RT-PCR also revealed that mRNA expression levels were sig-
nificantly lower in pulmonary arteries than in bronchioles
(Figure 1A). Likewise, we detected Kc,2.3 mRNA in pulmo-
nary arteries and bronchioles, with expression levels being
similar in both tissues (Figure 1B). If compared with Kc,3.1
mRNA expression levels, Kc.2.3 mRNA expression was found
to be approximately 100 times higher in both tissues. Immu-
noblotting revealed bands for Kc,2.3 protein at 70 kDa and
Kca3.1 protein at 50 kDa (Figure S1). The Kc,3.1 protein was
more abundant in pulmonary arteries than in bronchioles
(Figure 2A,C). This finding contrasted with the lower levels of
mRNA for Kc,3.1 protein found in pulmonary arteries and
the higher mRNA expression in bronchioles. Kc,2.3 protein
levels were similar in pulmonary arteries and bronchioles
(Figure 2B,D). Moreover, Kc,2.3 and Kc,3.1 protein levels were
similar. These data showed Kc,2.3 and Kc.3.1 proteins were
present in considerable amounts in both pulmonary arteries
and bronchioles. In addition, the observed differences in
mRNA expression levels, as determined by qRT-PCR, were not
predictive of the actual protein levels.



Cellular localization of Kc,2.3 and Kca3.1
proteins in human pulmonary arteries

and bronchioles

Immunohistochemistry revealed immunoreactions for both
Kca2.3 and Kc.3.1 proteins in the epithelium of bronchioles
(Figure 3D,E), and the signals obtained with immunoreac-
tions were clearly different from background (Figure 3F).
While immunoreactivities for Kc,3.1 protein were similar
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Figure 1

Quantitative RT-PCR analysis of Kc,3.1 and Kc,2.3 mRNA expression
in human pulmonary arteries and bronchioles. Data (ratio of GAPDH)
are means * SEM of n =8 human pulmonary arteries or bronchioles
originating from different individuals; *P < 0.05, one-way ANOVA.
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KCa2.3 and KCa3.1 channels in human airways

in bronchioles and arteries (Figure 3A,D), immunoreactive
Kca2.3 protein was more evident in the epithelium of bron-
chioles than in arteries (Figure 3B,E) and clearly different
from background (Figure 3C). This immunohistochemistry
thus showed that K¢,2.3 and Kc.3.1 channels were located in
the human bronchial epithelium as well as in the endothe-
lium of pulmonary arteries.

Patch-clamp electrophysiology

We investigated functional expression of Kc,2.3 and Kc.3.1
channels in HSAEpi cells by whole-cell patch-clamp analysis.
Figure 4A shows representative recordings of composite and
voltage-independent Kc,2 and Kc,3.1 currents elicited by Ca**
dialysis in combination with the Kc.2 / Kc.3.1 opener SKA-31
for stable channel activity. Currents were blocked by half by
the selective Kc,3.1 channel blocker TRAM-34 and were
further reduced by the Kc,2 channel blocker UCL1684. These
data indicated that both channels carry the voltage-
independent K¢, conductance in HSAEpi cells, with both
channels contributing almost equally to the total current
(Figure 4B). At the transcriptional level, expression of mRNA
for Kc,3.1 and K¢,2.3 channels, but not for the other K¢,2.1
and Kc,2.2 channel subtypes was confirmed by RT-PCR as
shown in Figure 4C.

Functional studies in human pulmonary
arteries and bronchioles

The diameter of the pulmonary arteries averaged 649 =
44 ym (n = 45), whereas the diameters of accompanying
stretched bronchioles were larger and averaged 1132 = 85 um

Pulmonary Bronchioles
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Immunoblotting of Kc.3.1 and Kc.2.3 protein. Representative immunoblots showing the amount of (A) Kc.3.1 (50 kDa) (B) Kc.2.3 (70 kDa) and
B-actin (42 kDa) protein (lower panels) in human pulmonary arteries and bronchioles. (C and D) Graphs illustrating the protein level based on
n =5 human tissue samples originating from the same five patients. Data are given as means = SEM.
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Pulmonary artery

Kea3.1

Kca23

minus
primary

Figure 3

Bronchiole

Representative immunostaining of human pulmonary arteries (a—c) and bronchioles (d—f). Immunoreaction for Kc.3.1 (A, D), Kca2.3 (B, E) and
control (C, F) without primary antibody. Arrows indicate immunoreactions and the scale bar 25 um.

(n = 45). In pulmonary arteries, contraction induced by
U46619 (10 nM) was 5.3 = 0.5 N m! and in bronchioles
contraction to histamine (2 uM) was 1.4 + 0.2 Nm'. We
next tested the efficacy of either the Kc.2.3/Kc.3.1 channel
openers, NS309 and 1-EBIO, the opener of ATP-sensitive
potassium  (Ksp) channels, levcromakalim, the f,-
adrenoceptor agonist, salbutamol or the NO donor, GEA
3175, to produce relaxation of pulmonary arteries and bron-
chioles. The results are shown in Figure SA-D.

As expected the NO donor, GEA 3175, induced potent
concentration-dependent relaxations in pulmonary arteries,
starting at 10 nM (approx. 25%); and the greatest relaxation
was observed at the highest concentration tested (approx.
70% at 10 uM; Figure SA). Salbutamol was less effective in
pulmonary arteries (Figure 5A). In pulmonary arteries, levcro-
makalim induced concentration-dependent relaxations, and
the maximum relaxation was observed at 10 uM (Figure 5B).
In pulmonary arteries, NS309 induced concentration-
dependent relaxations, reaching 70% at the highest concen-
tration of NS309 (Figure 5B). 1-EBIO produced similar

42 British Journal of Pharmacology (2012) 167 37-47

relaxations (Figure 5B), with the exception that relaxations
were smaller at 10 uM, than those obtained with 10 uM
NS309. Thus, if compared with direct stimulation of smooth
muscle by the endothelium-independent vasorelaxing agent,
GEA 3175, NS309, 1-EBIO and salbutamol relaxed human
pulmonary arteries with substantially comparable effects at
=1 uM.

In bronchioles, salbutamol was more efficient in produc-
ing relaxation, approximately 55% vs. 25% in pulmonary
arteries at 1 uM (Figure 5C). As expected, GEA 3175 evoked
strong relaxations (approx. 120% at 10 uM). Interestingly,
these were apparently smaller at concentrations in the sub-
micromolar range but larger at 10 uM when compared with
pulmonary arteries. In bronchioles (Figure 5D), levcromaka-
lim produced potent concentration-dependent relaxations,
which reached 120% at 10puM. NS309 also induced
concentration-dependent relaxations in this tissue (approx.
65% at 10 uM), similar to that seen in the pulmonary arteries.
The other dual channel opener, 1-EBIO, also relaxed bronchi-
oles, although it was less potent at the highest dose tested
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(approx. 30% at 10 uM; Figure 5D). Together, NS309 and
1-EBIO were found to be fairly potent bronchodilating agents
in human bronchioles, relative to the established bronchodi-
lating efficacy of salbutamol (approx. 100%) and of a NO
donor, here GEA3175.

The Kc,3.1 channel blocker charybdotoxin reduced the
response to 10 uM NS309 in pulmonary arteries but failed
to reduce the relaxations to 100 nM and 1uM NS309
(Figure 6A,B). In contrast, the Kc2.3 channel blocker
apamin clearly reduced relaxation to NS309 at 100 nM, 1 uM
and 10uM in pulmonary arteries and in bronchioles
(Figure 6A,B); and a combination of charybdotoxin and
apamin did not reduce this relaxation further. In human
pulmonary arteries, the specific Kc,2.2 and Kc,2.3 channel
activator, CyPPA, induced concentration-dependent relaxa-
tions, which were reduced by apamin (Figure S3A). In bron-
chioles, only 100 uM CyPPA induced relaxations which were
reduced in the presence of apamin (Figure S3B). In both bron-

chioles and pulmonary arteries, blocking the Kc,1.1 channels
with iberiotoxin did not change NS309 relaxation (n = 4; data
in Figure S2). This indicated a major contribution of Kc,2.3
channels in the relaxation response. Notably, the marked
relaxation caused by 10 uM NS309 was only reduced by the
combination of apamin and charybdotoxin, indicating other
effects of NS309 at this high concentration.

The relaxation induced by NS309 was reduced in
pulmonary arteries without endothelium (Figure 7A). The
relaxation to salbutamol was also blunted by removing
the endothelium (Figure 7B), whereas relaxation to the
NO-donor GEA3175 was unaffected by removing the endo-
thelium (Figure 7C). In the bronchioles, removing the epithe-
lium reduced the relaxation to NS309 to a similar degree as in
the pulmonary arteries. Salbutamol-evoked relaxation was
also blunted in bronchioles without epithelium (Figure 7E),
whereas GEA3175-induced relaxations were unaltered in
preparations without epithelium (Figure 7F).
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Discussion

The main findings of the present study are that Kc,2.3 and
Kci3.1 channels are localized in the human pulmonary
endothelium and epithelium and that the pharmacological
activation of these channels by a selective activator, NS309,
relaxed both human isolated pulmonary arteries and
bronchioles.

Our data on tissue expression of the two channels support
previous findings and provides additional insights regarding
channel expression in human lung tissues. Thus, in trachea
and lung, previous studies suggested a high expression of
Kc.3.1 channels using RT-PCR, Northern blotting and RNA
array (Jensen etal., 2001; MaoXiang etal., 2004). Kc3.1
mRNA expression is well established in systemic arteries
(Grgic etal., 2009) and, in particular, human mesenteric
endothelium (Kohler et al., 2000; Chadha et al., 2011). Here,
we found that the mRNAs for Kc.3.1 and Kc.2.3 channels were
expressed both in human pulmonary arteries and bronchi-
oles. Notably, the expression level of Kc,3.1 mRNA was higher
in bronchioles than in pulmonary arteries. However, K¢.3.1
protein expression was found to be higher in pulmonary
arteries than in bronchioles, showing that mRNA expression
level did not necessarily correlate with protein levels, as pre-
viously reported (Griffin et al., 2002; Minagawa et al., 2008).
Nonetheless, the present findings showed that Kc,3.1 chan-
nels were expressed in considerable amounts in both human
pulmonary arteries and bronchioles, and that Kc,3.1 channels
were likely to be more prominent in human pulmonary
arteries.

Previous studies reported that Kc,2.3 channels were
expressed not only in various tissues especially in brain but
also in peripheral tissues, such as the lung (MaoXiang et al.,
2004) and in arteries (Grgic et al., 2009). In agreement with
these previous reports, our study found expression of mRNA
for Kc,2.3 protein in human pulmonary arteries and bronchi-
oles. Moreover, protein levels of Kc,2.3 in human pulmonary
arteries and bronchioles were comparable.

Our immunohistological approaches revealed that K¢,3.1
channels were localized to the endothelium and the
epithelium of human pulmonary arteries and bronchioles.
The Kc2.3 channels were found in human bronchiolar
epithelium and arterial endothelium. Thus, these results,
together with previous reports by our group (Kroigaard
et al., 2010), suggest that the Kc,2.3 and Kc,3.1 channels are
preferentially localised in the epithelial cell layer of the
bronchioles and the endothelial cell layer of human pulmo-
nary arteries. That mRNA expression and proteins of both
channels led to functional channels at the membrane level
in human bronchial epithelium was supported by the detec-
tion of Kc, currents with the electrophysiological and phar-
macological fingerprints of Kc,2.3 and Kc,3.1 channels in
HSAEpi cells.

Concerning endothelium-dependent vasodilatation, our
present study demonstrated that NS309 and the classical but
less potent channel opener 1-EBIO induced dose-dependent
relaxations in human pulmonary arteries. Considering the
higher potency of NS309 over 1-EBIO, NS309-induced relaxa-
tions were larger than those elicited by 1-EBIO at the highest
dose tested. NS309 relaxation was reduced by endothelial cell
removal, suggesting that it induced endothelium-dependent

KCa2.3 and KCa3.1 channels in human airways

relaxations. Relaxations induced by NS309 were indeed medi-
ated by activation of K¢,2.3 and Kc,3.1 channels, as indicated
by the blocking effects of apamin and of charybdotoxin at the
highest NS309 concentration tested. However, at high con-
centrations (10 uM) of NS309, this channel opener caused
relaxations in preparations without endothelium and these
relaxations were partly insensitive to charybdotoxin and
apamin. These relaxations resistant to apamin and charyb-
dotoxin were most likely caused by a blockade of L-type
calcium channels (Morimura ef al., 2006; Dalsgaard et al.,
2009), thus indicating loss of specificity for Kc.2.3 and Kc,3.1
channels of NS309 at concentrations =10 uM. Concerning
the relaxations by lower NS309 concentrations, apamin was
effective in virtually abolishing the response, while charyb-
dotoxin was ineffective here.

In summary, these results suggest that NS309 mainly acti-
vated Kc,2.3 channels and, to a lesser extent, Kc,3.1 channels
to elicit endothelium-dependent relaxations in human pul-
monary arteries, irrespective of a similar expression of the
two channels. This discrepancy may be explained by consid-
ering the mechanism by which NS309 stimulates Kc.2.3 and
Kca3.1 channels. We found that NS309 increased the open
probability of the two channels at a given Ca®* concentration
but did not activate the closed channels. Thus, our finding of
a predominant activation of K¢,2.3 channels could indicate
basal activity of Kc.2.3, but not of K¢,3.1, channels in this
preparation, which was then potentiated by NS309 at con-
centrations in the submicromolar range. Concerning Kc.3.1
channels, the lack of a contribution of these channels to
relaxations induced by 0.01-1 uM NS309 is in line with pre-
vious studies that showed that the related Kc.3.1/Kc.2.3
channel activator, SKA-31, per se, was also not able to produce
Kc.3.1 channel-mediated vasodilatation in murine carotid
arteries; while SKA-31 potentiated Kc,3.1 channel-mediated
vasodilatation to acetylcholine (Sankaranarayanan et al.,
2009). Thus, activation of Kc,3.1 channels by this class of
activators appeared to require first pre-stimulation, for
instance, by Ca®" mobilization following receptor activation.
Indeed, the contribution of K¢,3.1 channels to vasodilatation
was only seen during acetylcholine stimulation and genetic
deficiency was shown to impair this vasodilatation, selec-
tively (Brahler et al., 2009). Despite these circumstances, our
functional studies suggested that NS309 activation of Kc,2
channels (and at high concentration also of Kc¢,3.1 channels)
produced relaxation in human pulmonary arteries, highlight-
ing these channels as vasorelaxing effector proteins in the
pulmonary circulation. This is furthermore supported by the
observation that the selective opener of Kc.2 channels,
CyPPA, induced apamin-sensitive relaxations in human pul-
monary arteries.

The epithelium generates more than one factor, inducing
relaxation of the underlying bronchial smooth muscle layer
(Stuart-Smith and Vanhoutte, 1987; Benoit etal., 2001).
Moreover, activation of the Kc,1.1 channel led to relaxation
of airway smooth muscle (Benoit et al., 2001), suggesting a
role of Kc, channels in these responses. Our present study
shows that the Kc,2.3 and Kc.3.1 channel activator NS309
evoked concentration-dependent relaxations in human bron-
chioles that were greater than those evoked by 1-EBIO, a
finding that was explained by the higher potency of NS309,
as discussed above. Moreover, NS309 relaxation was blunted
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by epithelial removal, indicating epithelium-dependent
relaxation.

As in pulmonary arteries without endothelium, NS309 at
high concentrations also relaxed bronchioles without epithe-
lium, suggesting other mechanisms may also contribute to
NS309 relaxations. However, apamin blocked NS309 relaxa-
tion to a larger degree than epithelial cell removal (see
Figure 6B vs. 7B). Based on histological examinations, it is
unlikely that a remainder of the epithelium contributes to
NS309 relaxations in bronchioles without epithelium, and
these findings suggest that apamin-sensitive channels in
other cells in the bronchioles contribute to the NS309 relaxa-
tions. Kc.2.3 appeared to be the channel involved in the
relaxations because apamin was more effective than charyb-
dotoxin in blocking the response. Thus, similar to our find-
ings in the pulmonary arteries, Kc.2.3 channels (exhibiting
some basal activity) appeared to be predominantly used by
NS309 to produce relaxation in human bronchioles. There
are relevant species differences, as in rats both apamin- and
charybdotoxin-sensitive channels are involved in NS309
relaxation in bronchioles (Kroigaard etal., 2010). Kc,3.1
channels are clearly expressed in human bronchioles and
rather than a role in tone regulation, these channels may
control chloride secretion in bronchial cells to maintain
liquid composition and volume (Bardou et al., 2009). Also the
choice of spasmogen/constrictor can influence the relaxation
of bronchodilators (Hernandez et al., 1998) and we cannot
exclude the possibility that using another spasmogen would
increase the relaxation to, for instance, NS309 and reveal
contributions from Kc.3.1 channels. Despite the differential
contribution of the channels to epithelium-dependent
relaxation, our study demonstrates that pharmacological acti-
vation of Kc,2.3 channels was able to relax human bronchi-
oles, most likely by mechanisms similar to those of EDHF-
induced relaxations in arteries.

In terms of pulmonary disease, Kc.3.1 channels were
found to inhibit human airway smooth muscle proliferation
(Shepherd et al., 2007), and activation of these channels
potentiated the degranulation of human lung mast cells
(Dutfty et al., 2001; 2005). Hence blockade of Kc,3.1 channels
was proposed as a useful approach to the treatment of asthma
(Bradding and Wulff, 2009). The present study on intact
human bronchioles and pulmonary arteries suggested that
blockade of Kc,3.1 channels could reduce receptor-mediated
relaxation responses of pulmonary arteries and could thereby
add to dysregulation of arterial tone. While pharmacological
modulators of K¢,3.1 channels could have a Janus face, selec-
tive activators of Kc,2.3 channels could serve as more potent
and safe pharmacological targets to produce pulmonary
vasodilatation and bronchodilatation.

In conclusion, pharmacological enhancement of the
functions of epithelial and endothelial K¢.2.3 channels may
represent a novel approach to treat chronic obstructive pul-
monary disease and associated pulmonary hypertension.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Immunoblotting of Kc.2.3 and Kc.3.1 protein.
Representative immunoblots showing the amount of (A)
Kca2.3 (70 kDa) and (B) Kc.3.1 (50 kDa) protein in human
pulmonary arteries (PA) and bronchioles (B).

Figure S2 The effect of NS309 in human pulmonary arteries
(A) and human bronchioles (B) in the presence and absence
of iberiotoxin (IbTX). Data points represent means = SEM,
with n =4 per data point. The concentration-response curves
were compared by two-way ANOVA, *P < 0.0S versus control
curve.

Figure S3 The effect of CyPPA in (A) human pulmonary
arteries, in which apamin reduced the relaxation to CyPPA,
and (B) human bronchioles, in which apamin reduced CyPPA
relaxation at the highest concentration applied (100 uM,
Bonferroni post test). Data points represent means *= SEM,
with n =3 per data point. The concentration-response curves
were compared by two-way ANOVA, *P < 0.05 versus control.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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