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Abstract

Nitric oxide (NO) is produced by nitric oxide synthase (NOS) in dermal fibroblasts and is im- 
portant during wound healing.  Intermediate conductance Ca2+-activated K+ (IK; IK1; KCa3.1; IKCa;  
SK4; KCNN4) channels contribute to NOS upregulation, NO production, and various NO-mediated es- 
sential functions in many kinds of cells.  To determine if the action of NO is linked to IK channel regu- 
lation in human dermal fibroblasts, we investigated the expression of IK channels in the cells and the  
effects and mechanisms of NO on the channels using RT-PCR, Western blot analysis, immunocytochem- 
istry and whole-cell and single-channel patch-clamp techniques.  The presence of functional IK  
channels at the RNA, protein and membrane levels was demonstrated and S-nitroso-N-acetylpenicillamine  
(SNAP) was shown to significantly increase IK currents.  The effects of NO were abolished by pre- 
treatment with KT5823 or 1H-[1,2,4]-oxadiazolo [4,3-a]quinoxalin-1-one (ODQ) but not with KT5720.   
In addition, IK currents were increased by protein kinase G1α or 8-bromo-cGMP but not by forskolin,  
8-bromo-cAMP, or catalytic subunits of protein kinase A (PKAcs).  On the other hand, PKAcs with 
cGMP did not increase IK currents, and pretreatment with KT5720 did not block the stimulating 
effects of 8-bromo-cGMP on the IK channels.  These data suggest that NO activates IK channels 
through the PKG but not the PKA pathways, and it seems there is no cross activation between protein 
kinase G and PKA pathways in human dermal fibroblasts.
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Introduction

Nitric oxide (NO) is a well-known transient para- 
crine and autocrine signaling molecule that exerts key  
regulatory and homeostatic functions in a variety of 
physiological and pathological processes.  It is bio-
synthesized endogenously from L-arginine by nitric 
oxide synthase (NOS).  All of the three different iso- 
forms of NOS, namely neuronal NOS (nNOS), en-

dothelial NOS (eNOS), and inducible NOS (iNOS), 
are expressed in skin tissues (1) and are involved in 
growth and differentiation of skin cells (38).  They 
also play significant roles in responses to skin re-
pair and reconstruction (41).

Fibroblasts, the most abundant cell type in the  
skin dermis, produce the fibrous extracellular matrix  
that gives the skin its mechanical resistance.  Although  
fibroblasts are unexcitable cells, they express surpris- 
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ingly diverse ion channels (8).  Among them, voltage- 
gated K+ (Kv) and Ca2+-activated K+ (KCa) channels 
are found in nearly every cell, suggesting that these 
channels may be of physiological importance.

KCa channels are important modulators of cel- 
lular activity because they regulate membrane poten- 
tial and intracellular K+ concentration.  KCa channels  
also constitute a major link between second messen- 
gers and the electrical activity of cells.  It is now 
possible to distinguish three families of KCa channels  
based on differences in their biophysical and phar-
macological properties as well as differences in the  
genomic sequences.  According to their conductance,  
these include large conductance KCa (BK or KCa1.1) 
channels, intermediate conductance KCa (IK or 
KCa3.1) channels, and small conductance KCa (SK or  
KCa2.x) channels.

The ubiquitous BK channels are composed of 
pore-forming α subunit and auxiliary 4β subunits the  
gating of which is regulated by Ca2+ and membrane 
voltage (34).  These channels are important in mem- 
brane repolarization during action potentials, neuronal  
firing rates, the control of neurotransmitter release in  
excitable cells and proliferation and differentiation  
of endothelial cells and keratinocytes (14, 40).  The  
BK channels show a unitary conductance of 100~250  
pS in a physiological K+ gradient and 200~300 pS in  
symmetrical 140 mM K+ solution (21).  SK channels  
are characterized by their small unitary conductance 
(4~14 pS) in physiological solutions and opened by  
submicromolar levels of Ca2+.  The SK1, SK2 and SK3  
genes encode the family of SK channels, which are  
apamin-sensitive, Ca2+-activated, voltage-independent  
and influence neuronal excitability (3).

In particular, IK channels, encoded by the IKCa1  
genes (13), are expressed in a variety of normal and 
tumor cells, where they participate in important cell 
functions such as cell proliferation (17, 23, 25).  The  
IK channels are gated by intracellular Ca2+ and voltage- 
independence.  They have intermediate single channel  
conductance values of 20~80 pS in physiological solu- 
tions.  Sodium nitroprusside, an NO donor, increases  
IK channels in the interstitial cells of Cajal that regu- 
late pacemaker activity and excitability (42), and L- 
arginine-methylester (L-NAME) increases IK channel  
expression in vascular smooth muscle (33).

At present, however, little is known about the ef- 
fects of NO on IK channels in human skin fibroblasts.   
Thus, the present study was undertaken to investigate  
functional expression and characteristics of IK chan- 
nels in human fibroblasts and to determine the effects  
and underlying mechanisms of NO on the channels.

Materials and Methods

Cell Preparation and Culture

This study was conducted according to the Dec- 
laration of Helsinki principles.  Human abdominal skin  
tissues, the use of which was approved by the insti- 
tutional review board of Chung-Ang University Hos-
pital (No. I2007005), were obtained from women  
between the ages of 22 and 35 years old who received  
a repeat Caesarean operation.  The subjects provided  
written informed consent.  A piece of abdominal tissue  
was obtained from the scar and washed with phos-
phate-buffered saline solution (PBS, GIBCO, Grand 
Island, NY, USA).  The dermal tissues were minced  
and transferred to PBS solution.  After centrifugation,  
the tissues were agitated and cultured in medium con- 
taining Dulbecco’s Modified Eagle’s Medium (DMEM,  
GIBCO), fetal bovine serum (FBS, 20%, GIBCO),  
and penicillin (1%, Sigma, St. Louis, MO, USA) in a  
5% CO2 incubator.  Confluent fibroblasts were detached  
with trypsin (0.05%) and EDTA (0.02%) in DMEM  
for a few minutes.  Cells used in this study were from  
early passages (3 to 7) to limit possible variations.

Reverse Transcription-Polymerase Chain Reaction  
(RT-PCR)

Total RNA was extracted from isolated human 
abdominal fibroblasts using the PureLink RNA Mini  
kit (Invitrogen, Carlsbad, CA, USA), and 2 μg of total  
RNA was reverse transcribed into first-strand cDNA.   
Reverse transcription was performed with random 
hexamers and the Super Script kit (Invitrogen) ac- 
cording to the manufacturer’s instructions.  The cDNA  
was amplified by 30 cycles of PCR with Perfect PreMix  
(Takara, Shiga, Japan) in a C1000 Thermal Cycler 
(BIO-RAD, CA, USA).  The primer sequences were 
designed using Entrez (NCBI, NIH) and Primer3 
(Whitehead Institute for Biomedical Research, 
Cambridge, MA, USA) based on known mRNA se-
quences (Table 1).  RT-PCR products were resolved 
by 1.2% agarose gel electrophoresis and visualized 
with ethidium bromide staining.

Western Blot Analysis

For analysis of protein levels, cells were rinsed  
twice with ice-cold PBS and then lysed in ice-cold 
lysis buffer by brief sonication.  Protein concentra-
tion was measured by the Bradford assay.  Extracts  
(30 μg of protein) were mixed with 2x sample buffer,  
boiled for 5 min, and then subjected to continuous  
electrophoresis using 10% SDS-PAGE.  The separated  
proteins were transferred to nitrocellulose membranes  
by electrophoretic transfer and blocked in 5% skim  
milk for 1 h at room temperature.  The membranes  
were rinsed and incubated with primary antibodies  
for 2 h at RT.  The following primary antibodies were  
used: KCa1.1α (ab3586), KCa2.2 (ab83733), KCa2.3  
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(ab28631), and KCa3.1 (ab83740) from Abcam (Abcam  
plc, Cambridge, UK) and KCa1.1β (sc14751) from  
Santa Cruz Biotech (Santa Cruz, CA, USA).  To nor- 
malize antigen expression to a major housekeeping  
gene product, membranes were reprobed with a mono- 
clonal antibody against β-actin (ab6272, 1:2000,  
Abcam).  After washing with 0.05% Tween-20 in PBS  
(PBST), the blots were incubated with donkey anti-
goat horseradish peroxidase-conjugated IgG (1:2000 
in PBST, Santa Cruz).  After several washings with 
PBS/0.1% Tween-20, bands were visualized by en- 
hanced chemiluminescence and the membranes were  
exposed to radiographic film.

Immunocytochemistry

Cells were plated on poly-L-lysine-coated Aclar  
plastic coverslips and fixed in 4% paraformaldehyde  
in 0.1 M phosphate buffer for 5 min at RT.  Fixed cells  
were incubated in the following primary antibodies  
specific for human KCa channels: anti-KCa1.1α anti- 
body (1:1000, rabbit polyclonal, Abcam), anti- KCa1.1β   
antibody (1:2000,donkey polyclonal, Santa Cruz), 
anti-KCa2.2, anti-KCa2.3 and anti-KCa3.1 antibodies 
(1:500, rabbit polyclonal, Abcam) overnight at 4°C.   
This was followed by incubation with goat anti-rabbit  
IgG (1:1000, Invitrogen) or donkey anti-goat IgG-HRP  
(1:1000, Santa Cruz) secondary antibodies for 1 h at  
RT.  Cells were counterstained with 4’6-diamino-2- 
phenylindole (DAPI, Sigma) to identify cellular nuclei  
and viewed under an Olympus fluorescence micro-
scope.  Negative controls were also checked for non- 
specific binding and false positive results.

Electrophysiological Recordings

A small aliquot of solution containing human 
dermal fibroblasts was placed in an open perfusion  

chamber mounted on the stage of an inverted micro- 
scope.  The cells were allowed to adhere to the cover  
glass precoated with poly-L-lysine for 10-20 min and 
then superfused with Tyrode solution at 1 ml/min.   
Whole-cell and single-channel currents were recorded  
with an Axopatch 200B patch clamp amplifier (Axon 
Instruments, Union City, CA, USA).  pCLAMP 9.0  
(Axon Instruments) software was used for data acqui- 
sition as well as the analysis of both whole-cell and  
single-channel currents.  Activated currents were fil- 
tered at 2 kHz and digitized at 10 kHz.  Recording  
pipettes were pulled from borosilicate glass capillaries  
(TW150F-4, World Precision Instruments, Sarasota, FL,  
USA) using a microelectrode puller (PP-83, Narishige,  
Tokyo, Japan) and then fire-polished on a microforge  
(MF-83, Narishige).  When filled with pipette solu-
tion, the pipettes exhibited a resistance of 2~3 MΩ in  
whole-cell recordings and 4~6 MΩ in single-channel  
recordings.  In the single-channel recordings, the com- 
mand potential was set at 0 mV, and depolarizing and  
hyperpolarizing pulses were applied.  Channel activity  
was determined by NPo, where N is the number of 
active channels in the patch membrane and Po is the  
open-channel probability.

Solutions and Reagents for Electrophysiology

The composition of the bath solution for whole- 
cell and cell-attached single-channel recordings was 
as follows: 145 mM NaCl, 5 mM KCl, 1 mM CaCl2, 
1 mM MgCl2, 5 mM glucose, and 5 mM HEPES, pH  
adjusted to 7.35 with NaOH.  The pipette solution for  
patch clamping contained: 145 mM KCl, 1.652 mM 
CaCl2 (pCa 6.0), 1.013 mM MgCl2, 10 mM HEPES, 
2 mM EGTA and 2 mM K-ATP, pH adjusted to 7.3  
with KOH.  In the experiments involving free [Ca2+] 
and voltage change utilizing inside-out patch clamp  
techniques, 145 mM K+ pipette solution was also used  

Table 1.  RT-PCR primers for analysis of subunits of the KCa channels

Gene Sense Antisense Length (bp)
GAPDH AGCCACATCGCTCAGACACC GTACTCAGCGGCCAGCATCG 302
KCa1.1α CTACTGGGATGTTTCACTGGTGT TGCTGTCATCAAACTGCATA 444
KCa1.1β1 TCTACTGCTTCTCCGCAC GAGCAGGCAATGACTTCA 363
KCa1.1β2 GGGACTGGCTATGATGGT GTGAATGGAACAGCACGTTG 449
KCa1.1β3 GCTCAACAGTGCTCTGGACA TGGCCACCGTCTTAAGATTT 351
KCa1.1β4 CTGAGTCCAACTCTAGGGCG TGGTCAGGACCACAATGAGA 300
KCa2.1 TGGACACTCAGCTCACCAAG TTAGCCTGGTCGTTCAGCTT 208
KCa2.2 GCGTCGCTGTATTCCTTAGC GCATGACTCTGGCAATCAGA 334
KCa2.3 ACCCCCTCTTCTTTCTCCAA CTCAAAGAAAGCCAGGCATC 173
KCa3.1 GAGAGGCAGGCTGTTAATGC ACGTGCTTCTCTGCCTTGTT 215
KCa1.1; large conductance type of KCa (BK) channels, KCa2.1~2.3; small conductance type of KCa channels (SK1~3), 
KCa3.1; intermediate conductance type of KCa (IK) channels.
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in the bath to ensure a symmetrical K+ gradient.  Free  
[Ca2+] was calculated using a program written by  
Peter Graffiths (Oxford University, U.K.).  S-nitroso- 
N-acetylpenicillamine (SNAP) was purchased from 
Biomol (Plymouth Meeting, PA, USA).  1-ethyl-2-
benzimidazolinone (EBIO), 4-(2-hydroxyethyl)-1-
piperazineethane sulphonic acid (HEPES), bovine 
protein kinase G1-alpha (PKG 1α), 8-bromo-cyclic 
guanosine 3’, 5’-monophosphate (8-Br-cGMP), 
8-bromo-cyclic adenosine 3’, 5’-monophosphate 
(8-Br-cAMP), bovine protein kinase A1 catalytic 
subunit (PKAcs), 1H-[1,2,4]-oxadiazolo [4,3-a]
quinoxalin-1-one (ODQ) and other chemicals were  
purchased from Sigma.  To dissolve clotrimazole (CLT)  
and KT5720, dimethyl sulfoxide (DMSO) was used at  
a concentration of less than 0.1%.  In order to record  
only IK channel currents in the cells, IBTX (100 nM)  
and 4-AP (1 mM) were added into the bath solution to  
exclude the influence of BK channels and Kv channels,  
which are the major K+ channels in human dermal 
fibroblasts.

Statistical Analysis

Data are presented as mean ± standard error of  
the mean (SEM).  Comparisons of measurements be- 
tween groups were conducted using the Student’s paired  
t-test.  A significant level of difference was set at 
either P < 0.05 or P < 0.01.

Results

Identification of KCa Channels in Human Dermal 
Fibroblasts by Molecular Methods

RT-PCR experiments were conducted to deter- 
mine the expression levels of mRNA for the subunits  
of KCa channels in human dermal fibroblasts (Fig. 1A).   
The primer sets used are illustrated in Table 1.  We  
found clear mRNA amplification of the pore-forming  
α subunit of KCa1.1 (BK) channels with auxiliary  
β 1~4 subunits.  Clear mRNA amplification of KCa3.1  
(IK) channels was also observed.  Weak amplification  
products were detected for KCa2.2 and KCa2.3 (SK2  
and SK3, subunits of small conductance KCa channels)  
mRNA but not for KCa2.1.  To detect proteins of each  
KCa channel subunit, the expression of which in human  
dermal fibroblasts was identified by RT-PCR, Western  
blot analysis using commercial KCa channel subunit- 
specific antibodies was conducted, and immunore-
active protein bands for KCa channel subunits were 
found (Fig. 1B).  KCa1.1α and KCa1.1β antibodies 
detected a prominent band of molecular weight ~35  
kDa and ~22 kDa, respectively.  The KCa2.2 antibody  
revealed a band at ~64 kDa.  The KCa2.3 antibody 
also revealed a band at ~82 kDa and KCa3.1 antibody  

showed at a band at~47 kDa.  To further verify the  
presence of KCa channel subunits in human dermal  
fibroblasts, the cells were labeled by immunocyto- 
chemistry (Fig. 1C).  Consistent with the RT-PCR and  
Western blot results, anti-KCa1.1α, anti-KCa1.1β, anti- 
KCa2.2, anti-KCa2.3 and anti-KCa3.1 subunits were 
specifically labeled in the cells.  In the negative con- 
trol, non-specific binding and false positive results 
were not found (data not shown).

Identification of Functional Intermediate Conductance 
KCa Channels by Electrophysiological Methods

High Ca2+ (pCa 6.0) in an internal pipette solu- 
tion was used to activate KCa channels for electro-
physiological patch clamp recordings.  Under these 
conditions, outward K+ currents were generated by 
incremental 10 mV depolarizing steps from -60 mV 
to +50 mV for 400 ms (holding potential was -70 
mV).  These currents oscillated under strong depo-
larization and were well maintained throughout the 
test pulse without marked inactivation (Fig. 2A).   
They showed rapid activation around -40 mV and out- 
ward rectification in the current-voltage (I-V) curve  
(Fig. 2B).  The average size of the currents was 146 ±  
32 pA at a +50 mV test pulse (n = 9).  To block the 
voltage-gated K+ (Kv) and BK channels, which are 
the main K+ currents of human dermal fibroblasts,  
and to isolate only IK channels from these cells, 100  
nM iberiotoxin (IBTX), a specific BK channel blocker  
and 1 mM 4-aminopyridine (4-AP), a specific Kv 
channel blocker, were added to the bath solutions.  
The outward K+ currents were decreased to 61.2 ± 
10.5% of the control at 50 mV by IBTX plus 4-AP (at  
+50 mV, 48.7 ± 21.9 pA, n = 9, *P < 0.05 vs. control,  
Fig. 2, A and B).  In the continued presence of IBTX  
plus 4-AP, further addition of 300 μM EBIO, a spe-
cific IK channel activator, significantly reversed the 
inhibition of the current amplitude caused by IBTX 
plus 4-AP in human dermal fibroblasts (at +50 mV, 
84.2 ± 20.4% of the control, 93.6 ± 32.8 pA, n = 9, 
**P < 0.01 vs. IBTX + 4-AP).  Single-channel cur-
rents were also recorded for the definitive identifica- 
tion of IK channels.  In outside-out mode, a 145 mM  
KCl solution was used in both the pipette and bath 
solutions to generate a symmetrical K+ gradient.  
The activity of the channels (NPo) at +80 mV was  
decreased by IBTX and 4-AP compared with the con- 
trol (0.033 ± 0.012 to 0.012 ± 0.001, n = 8, control 
figure not shown).  The mean single-channel conduc- 
tance of the channels pretreated with IBTX plus 4-AP  
was 116 ± 15 pS in symmetrical high K+ solution, and  
the NPo of the channels was increased to 0.35 ± 0.27 
by the successive additions of EBIO to the bath (n = 8, 
P < 0.05, Fig. 2C).  These results confirmed that the  
channels pretreated with IBTX plus 4-AP were the 
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IK channels.
Increasing the free [Ca2+] on the cytoplasmic sur- 

face significantly increased channel activity (-30 
mV, NPo, 0.28 ± 0.056 at pCa 6 to 1.10 ± 0.43 at 
pCa 5.5, n = 11, Fig. 2D) in symmetrical K+ solu-
tion (145K/145K), indicating that the activity of IK  
channels was dependent on Ca2+ concentration.  On the  
other hand, there was no voltage-dependent effect on  
IK channel activity in symmetrical K+ solution because  
the amplitude of the channels was not increased propor- 
tionally by raising the membrane voltage even after 
the NPo and amplitude of the single channels were 
increased by stepping the voltage across the patch 
from -80 to +80 mV (n = 6, Fig. 2E).

Effects of NO on IK Channels 

We investigated the effects of NO on the IK  
channels in human dermal fibroblasts.  The amplitude  

of IK currents after IBTX plus 4-AP pretreatment was  
significantly increased by the addition of 100 μM  
SNAP, an NO donor, to the bath and decreased by the  
successive additions of 10 μM clotrimazole (CLT), a  
non-specific IK channel blocker (Fig. 3A).  As shown  
in Fig. 3B, in the I-V curve for the currents from -60  
mV to +50 mV step potentials and in the bar graph of 
the currents at a +50 mV step pulse, the addition of  
SNAP caused a significant increase in IK currents 
to 222.8 ± 44.9% of the control (at +50 mV, from 
92.0 ± 16.4 pA to 205.7 ± 56.1 pA, n = 10, *P < 0.05 
vs. control, Fig. 3B).

When CLT was added to confirm IK currents, 
the increased currents by SNAP were decreased to 
130.1 ± 13.2% of the control (143.4 to ± 27.5 pA at 
+50 mV, n = 10, *P < 0.05 vs. IBTX + 4-AP).  In a  
cell-attached configuration of single-channel record- 
ings, SNAP also significantly stimulated the IK channels  
(Fig. 3C).  The NPo of the IK channels was increased  

Fig. 1. Identification of KCa channel subunit proteins in human dermal fibroblasts.  (A) mRNA was detected for KCa1.1α, KCa1.1β, 
KCa2.2, KCa2.3, and KCa3.1  channel subunits by RT-PCR.  GAPDH was used as positive control.  (B) Expression of the  
main subunit of KCa channels was detected by Western blot analysis.  Immunoreactive protein bands for each KCa channel 
subunit (KCa1.1α, KCa1.1β, KCa2.2, KCa2.3, and KCa3.1) were also detected.  (C) Immunocytochemical detection of KCa1.1α, 
KCa1.1β,  KCa2.2, KCa2.3, and KCa3.1 channel subunits in cells using channel subunit-specific antibodies.  Green stainings in-
dicate detection of each KCa channel subunit.  DAPI-stained cell nuclei and merged images are also shown.  Images at 400×  
magnification were obtained via fluorescence microscopy.
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Fig. 2. Identification of IK channels by patch clamp recordings in human dermal fibroblasts.  (A) Outward currents traces elicited by 
400 ms voltage step pulses from -60 mV to 50 mV with a holding potential of -70 mV in whole-cell mode recording.  (B) I-V 
curves of the currents from -60 mV to 50 mV with a holding potential of -70 mV and bar graphs of the currents at +50 mV 
command potential showing the effect of EBIO on currents recorded after pretreatment with IBTX plus 4-AP (*P < 0.05 vs. 
control, **P < 0.01 vs. IBTX plus 4-AP).  (C) Current traces evoked by a voltage step of +80 mV from the outside-out mem-
brane patch.  (D) Representative currents from the inside-out membrane patch.  Currents were increased by increasing the 
Ca2+ concentration from pCa 6.0 to 5.5.  (E) Representative current traces recorded from the inside-out patch and I-V curve.   
Currents were elicited by voltage changes between 80 and -80 mV in symmetrical high K+ solution.  Bars on the right of (C)~(E) 
indicate the closed state of the channels.
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by SNAP from 0.0018 ± 0.001 to 0.045 ± 0.038 and 
then decreased to 0.0034 ± 0.0026 by CLT (at -80 
mV, n = 8, *P < 0.05).

To elucidate the functional importance of cyclic  
nucleotide and kinases on the stimulating effects of 
NO on the IK channels, we first investigated the ef-
fects of the cAMP/PKA pathway on the IK channels 
because this pathway is known to be a predominant  
mechanism that modulates IK channel activity in sev- 

eral cell types (23, 36).
KT5720, a specific cAMP-dependent PKA 

blocker, was added with IBTX plus 4-AP to the bath 
for 20 min before SNAP addition.  Pretreatment with  
KT5720, however, did not block the stimulatory ef-
fect of SNAP on the IK channel activity (Fig. 4A).  
IK currents were increased by 100 μM SNAP in the 
presence of 1 μM KT5720 in whole-cell recordings (at 
50 mV, 203.6 ± 29.7% of the control, n = 5, **P <  

Fig. 3. Effects of NO on the IK channels.  (A) IK currents evoked by voltage steps from -60 mV to 50 mV in IBTX plus 4-AP pre-
treatment to the bath solution from the whole-cell mode recording (holding potential, -70 mV).  IK currents were increased 
by SNAP and then decreased by the successive addition of clotrimazole (CLT).  (B) I-V curves of the currents from -60 mV 
to 50 mV step test pulses (holding potential, -70 mV) and bar graphs of the currents at a +50 mV test pulse showing IK cur-
rents change before and after treatment with SNAP and subsequent CLT addition.  (C) Representative current traces recorded 
from the cell-attached membrane patch at -80 mV and bar graphs showing the effect of SNAP and CLT addition on IK chan-
nels (*P < 0.05).  Bars in on the left indicate the closed state of the channels.
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0.01, Fig. 4B) and in cell-attached patches (NPo, 
0.0015 ± 0.0014 to 0.043 ± 0.032 at -80 mV, n = 9, 
**P < 0.01, Fig. 4C).  Forskolin, a direct activator of  
adenylate cyclase, and 8-Br-cAMP, a membrane-
permeable cAMP analog, were also tested.  IK cur-
rents were not affected by 10 μM forskolin in the 
cell-attached mode (NPo, 0.0820 ± 0.099 to 0.094 ± 
0.084 at -80 mV, n = 4, Fig. 5A) or by 8-Br-cAMP (300 
μM, NPo, 0.012 ± 0.016 to 0.02 ± 0.015, at -80 mV,  

n = 7, Fig. 5B).  Addition of the catalytic subunit of  
PKA (PKAcs, 20 mU) also had no significant ef-
fect on the NPo of IK channel in inside-out patches 
(0.008 ± 0.009 to 0.009 ± 0.014 at -30 mV, n = 11, 
Fig. 5C).  Taken together, our results did not show 
participation of PKA in the activation of the IK 
channel.  To demonstrate that the stimulation of IK 
channels observed by the application of SNAP was 
due to PKG activation, cells were pretreated with 1 

Fig. 4. Effects of NO on the IK channels after KT5720 pretreatment.  (A) IK currents were generated with IBTX plus 4-AP pre-
treatment in the bath by depolarizing stimulation ranging from -60 mV to 50 mV with a holding potential of -70 mV in 
whole-cell mode recordings.  (B) I-V curves of the currents from -60 mV to 50 mV with a holding potential of -70 mV and 
bar graphs of the currents at +50 mV command potential showing the effect of SNAP after KT5720 pretreatment (**P < 0.01).  (C) 
Representative current traces recorded from the cell-attached patch at -80 mV and bar graphs showing the effects of SNAP 
after KT5720 pretreatment.  Bars on the left indicate the closed state of the channels.
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μM KT5823, a specific PKG inhibitor, in the bath 
solution for 20 min.  Under these conditions, SNAP 
failed to increase IK currents in whole-cell mode 
(107.8 ± 10.5% of the control at +50 mV, n = 8, Fig. 6, 
A and B) or cell-attached mode (NPo, 0.0049 ± 
0.001 to 0.0041 ± 0.002, at -80 mV, n = 3, Fig. 6C).  
In addition, after cells were pretreated with 10 μM  
ODQ, a soluble guanylate cyclase blocker, in the bath  
solution for 20 min, SNAP did not increase the IK cur- 

rents in whole-cell mode recordings (93.7 ± 3.74% of  
the control at +50 mV, n = 8, Fig. 7, A and B) or cell- 
attached recordings (NPo 0.0063 ± 0.0025 to 0.0054 ±  
0.0021, at -80 mV, n = 5, Fig. 7C).  When applied to  
the cytoplasmic side of the inside-out patch in a 145  
mM symmetrical K+ bath solution, active PKG (PKG 
1α), also increased the NPo of the IK channels sig-
nificantly (0.153 ± 0.08 to 0.87 ± 0.39, n = 5, *P < 
0.05, Fig. 8A).  The vehicle (10 μM cGMP, 10 μM 

Fig. 5. Effects of forskolin, 8-Br-cAMP, and PKAcs on the IK channels.  IK currents were generated with IBTX plus 4-AP pretreatment  
in the bath in single-channel patch clamp mode recording.  The activity of IK channels was not increased by forskolin (A) or 
8-Br-cAMP (B) in cell-attached patches at -80 mV.  (C) PKA catalytic subunits (PKAcs) alone or together with cGMP had no  
effect on IK channels in inside-out patches at -30 mV.  Bars on the left in single channels indicate the closed state of the channels.
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ATP and 7 mM MgCl2) that is required for PKG ac-
tivation (2) had no effect on IK channels activities  
(NPo, 0.187 ± 0.12, at -40 mV, n = 5).  We also assessed  
the effects of cGMP, which is generated from NO-
soluble guanylate cyclase binding (26).  8-Br-cGMP  

(300 μM), a membrane-permeable cGMP analogue, 
increased the activity of the IK channels in cell- 
attached mode (NPo, from 0.004 ± 0.001 to 0.37 ± 0.17  
at -80 mV, n = 9, *P < 0.05, Fig. 8B).

The possibility of cross-activation between the  

Fig. 6. Effects of NO on IK channels after KT5823 pretreatment.  (A) IK currents were generated with IBTX plus 4-AP pretreat-
ment in the bath by depolarizing stimulation ranging from -60 mV to 50 mV with a holding potential of -70 mV in whole-
cell mode recording.  (B) I-V curves and bar graphs showing the effects of SNAP on the currents with KT5823 pretreatment.  (C) 
Representative IK currents recorded from the cell-attached patch at -80 mV and bar graphs showing the effect of SNAP after 
KT5823 pretreatment.
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PKA and PKG pathways on IK channels was also tested.   
PKAcs with 10 μM cGMP, which is required for the  
activation of the holoenzyme (39), did not increase 
IK channels activities (NPo, 0.0126 ± 0.023, n = 13, 
Fig. 5C).  In addition, pretreatment with KT5720 for  

20 min did not block the stimulating effect of 8-Br-
cGMP on IK channel activities (NPo, 0.001 ± 0.001 
to 0.18 ± 0.09, n = 4, *P < 0.05, Fig. 8C), indicating  
a likely absence of cross-activation between the PKA  
and PKG pathways on the IK channels.

Fig. 7. Effects of SNAP on IK currents after ODQ pretreatment.  (A) IK currents were generated with IBTX plus 4-AP pretreatment  
in the bath by depolarizing stimulation ranging from -60 mV to 50 mV with a holding potential of -70 mV in whole-cell mode  
recording.  IK currents were not increased by SNAP after pretreatment with ODQ for 20 min.  (B) I-V curves and bar graphs 
showing the effects of SNAP on IK currents after ODQ pretreatment.  (C) Representative current traces recorded from the 
cell-attached patch at -80 mV before and after treatment with SNAP with ODQ pretreatment.  Bar graphs show the effect of 
SNAP on IK channels pretreated with ODQ at -80 mV.  Bars on the left indicate closed state of the channels.
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Discussion

In the present study, we identified the expres-
sion of functional IK channels in human dermal 
fibroblasts and the stimulating effects of NO on the 

channels through the PKG but not the PKA path-
ways.  In our experiments, electrophysiological re-
cordings showed that IK channels in human dermal 
fibroblasts had an intermediate unitary conductance  
of 116 pS in symmetrical K+ (145 mM) solutions, Ca2+  

Fig. 8. Effects of PKG1α and 8-Br-cGMP on IK channels.  IK currents were generated with IBTX plus 4-AP pretreatment in the bath  
with single-channel patch clamp mode recording.  (A) Cytoplasmic PKG1α increased IK currents with the vehicle on the NPo  
of IK channels at -40 mV (*P < 0.05) in the inside-out mode.  (B) 8-Br-cGMP increased the NPo of IK channels in the cell-
attached patch, even in the presence of KT5720 (C).  Bars on the left of all single channel recordings indicate the closed 
state of the channels.
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dependence but no voltage dependence, enhancement  
by EBIO, inhibition by clotrimazole and non-inacti-
vating oscillating properties were observed when ex- 
posed to strong depolarization voltage.  These findings  
are consistent with previous reports (13, 24).

IK channels, originally termed Gardos channels  
in erythrocytes (9), are predominantly expressed in  
various non-excitable cell-types in peripheral tissues,  
including those of the hematologic system (15, 20, 35).   
The IK channels have many functions, including regu- 
lation and differentiation of cell volume (12, 35), tran- 
sepithelial secretion (7), activation and proliferation  
of lymphocytes (15), proliferation of renal fibroblasts  
(20), and proliferation and migration of vascular smooth  
muscle cells (32).  IK channels contribute to iNOS 
upregulation, NO production and subsequent NO-
induced neurodegeneration in microglia (16).  IK 
channels are essential for NO-mediated vasorelax-
ation in the human umbilical veins and mesenteric  
arteries (6, 31) and also constitutively expressed in  
endothelial cells (5).  Activation of IK channels con- 
tributes to the activation of NOS and the subsequent 
generation of NO and is required to elicit endothe-
lium-dependent hyperpolarization (31).  From these  
results, IK channels are highlighted as potential thera- 
peutic targets in cardiovascular diseases, acute brain  
damage, neurodegenerative diseases, renal fibrosis and  
other diseases.

In human dermal fibroblasts, NO is produced by  
eNOS and iNOS (37).  NO accelerates recovery from  
burn wounds because it promotes re-epithelializa- 
tion and wound closure by means of enhanced inflam- 
matory cell infiltration, angiogenesis and facilitation  
of collagen synthesis in the wound bed (42).  Con-
versely, the inhibition of NO synthesis is followed  
by a reduction in wound-breaking strength and 
markedly decreased collagen deposition (29).  Thus,  
NO production by dermal fibroblasts could be impor-
tant during wound healing and possibly also in the  
later stages of proliferation and tissue remodeling after  
skin injury in humans.  NO exerts many physiological  
effects after its binding to sGC.  As a result, SGC be- 
comes active and catalyzes the production of cGMP,  
which activates PKG.  In addition, PKA also activates  
eNOS, which produces NO.  In smooth muscle cells  
(19) and in rat aortic endothelium (27), NO modulates  
the BK channels through PKG activation via the cGMP  
pathway.  In a previous study, we also reported that 
NO stimulates the BK channels in human dermal fi-
broblasts through the cGMP/PKG pathway (18) and 
also through partial cross-activation of the cGMP/ 
PKA pathway (28).

The primary amino acid sequence of the human  
IK channels contains a putative phosphorylation site 
for PKA and PKG, which implicates possible regula- 
tion of the IK channels not only by Ca2+ but also by  

additional second-messenger systems (30).  In sup-
port of this, the cAMP/PKA pathway is known to 
modulate the IK channels in several cell types (10, 
23, 36).  Regulation by other kinases such as PKG 
(11) or PKC (4) has also been reported.  From these 
reports, we hypothesized that a similar pattern of 
kinase regulation of the IK channels would occur in  
human dermal fibroblasts; however, the results of this  
study suggest that PKA is unlikely to be involved in  
the regulation of IK channels in human dermal fibro- 
blasts.  We found that, increasing the level of cAMP  
directly with 8-Br-cAMP or indirectly by the acti- 
vation of adenylyl cyclase with forskolin or the catalytic  
subunit of PKA did not alter IK channel currents.  In- 
stead, 8-Br-cGMP or PKG significantly increased the  
activity of IK channels.  These results strongly indicate  
that the activity of IK channels in human dermal fi- 
broblasts is regulated by the PKG- but not by the 
PKA-mediated second-messenger pathways.

In the present study, we found that NO also 
stimulated the IK channels significantly, and the NO  
effect was blocked by ODQ or KT5823 indicating 
that NO acts through the PKG pathway via stimula-
tion of sGC.  PKA-dependent phosphorylation is un- 
likely to be involved in the regulation of the IK channels  
since the stimulating effect of NO on the channels 
was not blocked by KT5720; however, the sensitivity  
of the IK channels to kinases may differ between cell  
lines and native cells, as described for other channels  
(23, 43).  Here, we found that IK channel activities  
were not increased by PKAcs, and the stimulatory  
effect of 8-Br-cGMP on the channels was not blocked  
by KT5720 pretreatment.

In summary, the results of this study suggest that  
the PKG but not the PKA pathways may be involved  
in the stimulating effects of NO on IK channel ac- 
tivities.  PKG also constitutes a key enzyme in the  
mediation of cGMP signaling in human dermal fibro- 
blasts.

Acknowledgments

This research was supported by the Chung-Ang  
University Research Grants in 2010.

References

  1. Baudouin, J.E. and Tachon, P.  Constitutive nitric oxide synthase 
is present in normal human keratinocytes.  J. Invest. Dermatol. 
106: 428-431, 1996.

  2. Beebe, S.J. and Corbin, J.D.  Cyclic nucleotide-dependent protein 
kinases.  Enzymes 17: 43-111, 1986.

  3. Bond, C.T., Maylie, J. and Adelman, J.P.  SK channels in excitabil-
ity, pacemaking and synaptic integration.  Curr. Opin. Neurobiol.  
15: 305-311, 2005.

  4. Bowley, K.A., Linley, J.E., Robins, G.G., Kopanati, S., Hunter, M. 
and Sandle, G.I.  Role of protein kinase C in aldosterone-induced 
non-genomic inhibition of basolateral potassium channels in hu-



150 Bae, Lee, Kim, Kim, Kim, Ko, Bang and Lim

man colonic crypts.  J. Steroid Biochem. Mol. Biol. 104: 45-52, 
2007.

  5. Bychkov, R., Burnham, M.P., Richards, G.R., Edwards, G., Weston,  
A.H., Félétou, M. and Vanhoutte, P.M.  Characterization of a 
charybdotoxin-sensitive intermediate conductance Ca2+-activated 
K+ channel in porcine coronary endothelium: relevance to EDHF.  
Brit. J. Pharmacol. 137: 1346-1354, 2002.

  6. Chadha, P.S., Liu, L., Rikard-Bell, M., Senadheera, S., Howitt, 
L., Bertrand, R.L., Grayson, T.H., Murphy, T.V. and Sandow, S.L.  
Endothelium-dependent vasodilation in human mesenteric artery 
is primarily mediated by myoendothelial gap junction’s interme-
diate conductance calcium-activated K+ channel and nitric oxide.  
J. Pharmacol. Exp. Ther. 336: 701-708, 2011.

  7. Devor, D.C., Singh, A.K., Lambert, L.C., DeLuca, A., Frizzell, R.A. 
and Bridges, R.J.  Bicarbonate and chloride secretion in Calu-3  
human airway epithelial cells.  J. Gen. Physiol. 113: 743-760, 
1999.

  8. Estacion, M.  Characterization of ion channels seen in subconflu-
ent human dermal fibroblasts.  J. Physiol. 436: 579-601, 1991.

  9. Gardos, G.  The function of calcium in the potassium permeability  
of human erythrocytes.  Biochim. Biophys. Acta 30: 653-654, 1958.

10. Hayashi, M., Kunii, C., Takahata, T. and Ishikawa, T.  ATP-de-
pendent regulation of SK4/IK1-like currents in rat submandibular 
acinar cells: possible role of cAMP-dependent protein kinase.  
Am. J. Physiol. Cell Physiol. 286: C635-646, 2004.

11. Hirsch, J. and Schlatter, E.  K+ channels in the basolateral mem-
brane of rat cortical collecting duct are regulated by a cGMP-
dependent protein kinase.  Pflugers. Arch. 429: 338-344, 1995.

12. Hoffman, J.F., Joiner, W., Nehrke, K., Potapova, O., Foye, K. and 
Wickrema, A.  The hSK4 (KCNN4) isoform is the Ca2+-activated 
K+ channel (Gardos channel) in human red blood cells.  Proc. 
Natl. Acad. Sci. USA 100: 7366-7371, 2003.

13. Ishii, T.M., Silvia, C., Hirschberg, B., Bond, C.T., Adelman, J.P. 
and Maylie, J.  A human intermediate conductance calcium-acti-
vated potassium channel.  Proc. Natl. Acad. Sci. USA 94: 11651- 
11656, 1997.

14. Ivanchenko, E. and Markwardt, F.  Characterization of large-
conductance Ca2+-dependent and -independent K+ channels in 
HaCaT keratinocytes.  Skin Pharmacol. Physiol. 18: 115-122, 
2005.

15. Jensen, B.S., Hertz, M., Christophersen, P. and Madsen, L.S.  The 
Ca2+-activated K+ channel of intermediate conductance: a pos-
sible target for immune suppression.  Expert Opin. Ther. Targets  
6: 623-636, 2002. 

16. Kaushal, V., Koeberle, P.D., Wang, Y. and Schlichter, L.C.  The 
Ca2+-activated K+ channel KCNN4/KCa3.1 contributes to micro-
glia activation and nitric oxide-dependent neurodegeneration.  J. 
Neurosci. 27: 234-244, 2007.

17. Khanna, R., Chang, M.C., Joiner, W.J., Kaczmarek, L.K. and 
Schlichter, L.C.  hSK4/hIK1, a calmodulin-binding KCa channel 
in human T lymphocytes: roles in proliferation and volume regu-
lation.  J. Biol. Chem. 274: 14838-14849, 1999.

18. Lim, I., Yun, J., Kim, S., Lee, C., Seo, S., Kim, T. and Bang, H.  
Nitric oxide stimulates a large-conductance Ca2+-activated K+ 
channel in human skin fibroblasts through protein kinase G path-
way.  Skin Pharmacol. Physiol. 18: 279-287, 2005.

19. Lu, G., Mazet, B., Sarr, M.G. and Szurszewski, J.H.  Effect of nitric  
oxide on calcium-activated potassium channels in colonic smooth 
muscle of rabbits.  Am. J. Physiol. 274: G848-G856, 1998.

20. Menè, P. and Pirozzi, N.  Potassium channels: the ‘master switch’ 
of renal fibrosis?  Nephrol. Dial. Transplant. 25: 353-355, 2010.

21. Mistry, D.K. and Garland, C.J.  Characteristics of single, large-
conductance calcium-dependent potassium channels (BKCa) from 
smooth muscle cells isolated from the rabbit mesenteric artery.  J. 
Membr. Biol. 164: 125-138, 1998.

22. Neylon, C.B., D’Souza, T. and Reinhart, P.H.  Protein kinase A 
inhibits intermediate conductance Ca2+-activated K+ channels ex-

pressed in Xenopus oocytes.  Pflugers. Arch. 448: 613-620, 2004.
23. Neylon, C.B., Lang, R.J., Fu, Y., Bobik, A. and Reinhart, P.H.  

Molecular cloning and characterization of the intermediate-con-
ductance Ca2+-activated K+ channel in vascular smooth muscle: 
Relationship between KCa channel diversity and smooth muscle 
cell function.  Cir. Res. 5: e33-e43, 1999.

24. Ouadid-Ahidouch, H., Roudbaraki, M., Delcourt, P., Ahidouch, H., 
Joury, N. and Prevarskaya,T.  Functional and molecular identifi-
cation of intermediate-conductance Ca2+-activated K+ channels in  
breast cancer cell: association with cell cycle progression.  Am. J. 
Physiol. Cell Physiol. 287: C125-C134, 2004. 

25. Parihar, A.S., Coghlan, M.J., Gopalakrishnan, M. and Shieh, C.C.  
Effects of intermediate-conductance Ca2+-activated K+ channel 
modulators on human prostate cancer cell proliferation.  Eur. J. 
Pharmacol. 471: 157-164, 2003.

26. Peng, W., Hoidal, J.R. and Farruhk, I.S.  Regulation of Ca2+-ac-
tivated K+ channels in pulmonary vascular smooth muscle cells: 
role of nitric oxide.  J. Appl. Physiol. 81: 1264-1272, 1996.

27. Ray, C.J. and Marshall, J.M.  The cellular mechanisms by which 
adenosine evokes release of nitric oxide from rat aortic endothe-
lium.  J. Physiol. 570: 85-96, 2006.

28. Roh, S., Choi., S. and Lim, I.  Involvement of protein kinase A in  
nitric oxide stimulating effect on a BK(Ca) channel of human 
dermal fibroblasts.  J. Invest. Dermatol. 127: 2533-2538, 2007.

29. Schaffer, M.R., Tantry, U., Efron, P.A., Ahrendt, G.M., Thornton,  
F.J. and Barbul, A.  Diabetes-impaired healing and reduced wound  
nitric oxide synthesis: a possible pathological correlation.  Surgery  
121: 513-519, 1997.

30. Schrøder, R.L., Jensen, B.S., Strøbaek, D., Olesen, S.P. and Chris-
tophersen, P.  Activation of the human, intermediate-conduc- 
tance, Ca2+-activated K+ channel by methylxanthines.  Pflugers 
Arch. 440: 809-818, 2000.

31. Sheng, J.Z. and Braun, A.P.  Small- and intermediate-conductance  
Ca2+-activated K+ channels directly control agonist-evoked nitric  
oxide synthesis in human vascular endothelial cells.  Am. J. Physiol.  
Cell Physiol. 293: C458-C467, 2007.

32. Su, X., Zhang, H., Yu, W., Wang, S. and Zhu, W.  Role of KCa3.1 
channels in proliferation and migration of vascular smooth mus-
cle cells by diabetic rat serum.  Chinese J. Physiol. 56: 155-162, 
2013.

33. Terata, Y., Saito, T., Fujiwara, Y., Hasegawa, H., Miura, H., 
Watanabe, H., Chiba, Y., Kibira, S. and Miura, M.  Pitavastatin  
inhibits upregulation of intermediate conductance calcium-
activated potassium channels and coronary arteriolar remodeling 
induced by long-term blockade of nitric oxide synthesis.  Phar-
macology 68: 169-176, 2003.

34. Toro, L., Wallner, M., Meera, P. and Tanaka, Y.  Maxi-KCa, a unique  
member of the voltage-gated K channel superfamily.  News Physiol.  
Sci. 13: 112-117, 1998.

35. Vandorpe, D.H., Shmukler, B.E., Jiang, L., Lim, B., Maylie, J., 
Adelman, J.P., de Franceschi, L., Cappellini, M.D., Brugnara, C. 
and Alper, S.L.  cDNA cloning and functional characterization  
of the mouse Ca2+-gated K+ channel, mIK1. Roles in regulatory 
volume decrease and erythroid differentiation.  J. Biol. Chem. 273:  
21542-21553, 1998.

36. Vogalis, F., Harvey, J.R. and Furness, J.B.  PKA-mediated inhibi-
tion of a novel K+ channel underlies the slow after-hyperpolariza-
tion in enteric AH neurons.  J. Physiol. 548: 801-814, 2003.

37. Wang, R., Ghahary, A., Shen, Y.J., Scott, P.G. and Tredget, E.E.  
Human dermal fibroblasts produce nitric oxide and express both  
constitutive and inducible nitric oxide synthase isoforms.  J. Invest.  
Dermatol. 106: 419-427, 1996.

38. Weller, R.  Nitric oxide, skin growth and differentiation: more  
questions than answers?  Clin. Exp. Dermatol. 24: 388-391, 1999.

39. White, R.E., Kryman, J.P., El-Mowafy, A.M., Han, G. and Carrier,  
G.O.  cAMP-dependent vasodilators cross-activate the cGMP- 
dependent protein kinase to stimulate BKCa channel activity in coro- 



 NO Effects on IK Channel through PKG Pathways 151

nary artery smooth muscle cells.  Cir. Res. 86: 897-905, 2000.
40. Wiecha, J., Munz, B., Wu, Y., Noll, T., Tillmanns, H. and Waldecker,  

B.  Blockade of Ca2+-activated K+ channels inhibits proliferation 
of human endothelial cells induced by basic fibroblast growth  
factor.  J. Vas. Res.35: 363-371, 1998.

41. Zhu, H., Wei, X., Bian, K. and Murad, F.  Effects of nitric oxide on  
skin burn wound healing.  J. Burn Care Res. 29: 804-814, 2008.

42. Zhu, Y., Ye, J. and Huizinga, J.D.  Clotrimazole-sensitive K+ cur-
rents regulate pacemaker activity in interstitial cells of Cajal.  Am. J. 
Physiol. Gastrointest.  Liver Physiol. 292: G1715-1725, 2007.

43. Zong, X., Schreieck, J., Mehrke, G., Welling, A., Schuster, A., 
Bosse, E., Flockerzi, V. and Hofmann, F.  On the regulation of the  
expressed L-type calcium channel by cAMP-dependent phosphory- 
lation.  Pflugers Arch. 430: 340-347, 1995.


