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Abstract. Cardiac fibroblasts are involved in the
maintenance of myocardial tissue structure. How-
ever, little is known about ion currents in human
cardiac fibroblasts. It has been recently reported that
cardiac fibroblasts can interact electrically with car-
diomyocytes through gap junctions. Ca’"-activated
K™ currents (Ix[ca) of cultured human cardiac
fibroblasts were characterized in this study. In whole-
cell configuration, depolarizing pulses evoked Ik (ca)
in an outward rectification in these cells, the ampli-
tude of which was suppressed by paxilline (1 pm) or
iberiotoxin (200 nm). A large-conductance, Ca®"-
activated K* (BKc,) channel with single-channel
conductance of 162 £ 8 pS was also observed in
human cardiac fibroblasts. Western blot analysis re-
vealed the presence of a-subunit of BK, channels.
The dynamic Luo-Rudy model was applied to predict
cell behavior during direct electrical coupling of car-
diomyocytes and cardiac fibroblasts. In the simula-
tion, electrically coupled cardiac fibroblasts also
exhibited action potential, however, they were elec-
trically inert with no gap-junctional coupling. The
simulation predicts that changes in gap junction
coupling conductance can influence the configuration
of cardiac action potential and cardiomyocyte excit-
ability. [y can be elicited by simulated action
potential waveforms of cardiac fibroblasts when they
are electrically coupled to cardiomyocytes. This study
demonstrates that a BK¢, channel is functionally
expressed in human cardiac fibroblasts. The activity
of these BK, channels present in human cardiac
fibroblasts may contribute to the functional activities
of heart cells through transfer of electrical signals
between these two cell types.
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Introduction

The large-conductance, Ca’"-activated (BKcy)
channels, which are formed by a-subunit tetramers,
are encoded by a nearly ubiquitous, alternatively
spliced gene, SLO (KCNMAI) (Butler et al., 1993),
and distinguished from most other K™ channels in
that their activation is under dual control, i.e.,
allosterically switched on either by membrane depo-
larization or by increased intracellular Ca*". Previ-
ous studies have demonstrated the existence of BK ¢,
channels in vascular smooth myocytes, which are
responsible for the regulation of vascular tone
(Amberg et al., 2003; Wu et al., 2003). BK, channels
have been reported to be present in the cardiac inner
mitochondrial membrane and to be responsible for
the cardioprotective effect (Sato et al., 2005). The
presence of a small-conductance, Ca* " -activated K *
channel in human and mouse cardiomyocytes has
been described (Wang et al., 1999; Xu et al., 2003). A
recent report demonstrated the presence of voltage-
gated K™ currents in ventricular fibroblasts (Chilton
et al., 2005). However, it remains poorly understood
whether BK ¢, channels are functionally expressed in
human cardiac fibroblasts.

Heart cells consist of cardiac myocytes and non-
myocyte populations. Among nonmyocytes, cardiac
fibroblasts constitute a significant fraction. Cardiac
fibroblasts have been proposed to be important
determinants of both structure and function of the
myocardium (Kohl, Hunter & Noble, 1999; Gaudesius
et al., 2003; Kizana et al., 2005). These cells can con-
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tribute to structural, biochemical, mechanical and
even electrical characteristics of cardiac function
(Gaudesius et al., 2003; Camelliti, Borg & Kohl, 2005;
Kamkin et al., 2005; Kohl et al., 2005). It has been
recently reported that fibroblasts in the heart can
interact electrically with cardiomyocytes through gap
junctions (Camelliti et al., 2004; Rohr, 2004). The
connexins that constitute the channel at gap junctions
(C x 43 and C x 45) between cardiomyocytes and fi-
broblasts have been found at the point of contact of
these two cells (Gaudesius et al., 2003; Camelliti et al.,
2004; Rohr, 2004). The current may flow through these
proteins that span the plasma membranes of cardio-
myocytes and fibroblasts because connexin molecules
in the plasma membrane of one cell can link up with
those in an adjacent cell to form the channels. With the
aid of a cardiac coculture system, a previous study
demonstrated the role of gap junctional coupling for
in vitro impulse conduction via nonmyocytes by
showing that replacement of HeLa-C x 43 (i.c., HeLa
cells transfected with C x 43) with wild-type HeLa cells
lacking a direct electrotonic conduction afforded by
C x 43 retarded the spread of excitation (Gaudesius
et al., 2003). Therefore, based on experimental obser-
vations, it has been proposed that cardiac fibroblasts
act as a substrate for electrical coupling. Cardiac fi-
broblasts could form a coupled network of cells, which
is functionally interconnected to the cardiomyocytes
(Camelliti et al., 2004, 2005). When genetically modi-
fied, cardiac fibroblasts were also demonstrated to
become excitable and to be able to functionally link to
cardiomyocytes (Kizana et al., 2005).

In this study, we identified functional expression
of BK, channels in cultured human cardiac fibro-
blasts but not in heart-derived H9¢c2 myoblasts. In
addition, along with the theoretical simulations, we
predict that alterations in the membrane potential
can be observed in cardiomyocytes and cardiac fi-
broblasts when they are adjacently electrically cou-
pled through gap junctions.

Materials and Methods

CELL PREPARATIONS

The human cardiac fibroblast, originally derived from normal
human heart tissue, was obtained from Cell Applications (San
Diego, CA). Cells were cryopreserved at first passage and could
be cultured and propagated to at least eight population dou-
blings. Cells were routinely cultured in human cardiac fibroblast
growth medium (Cell Applications) in 50-ml plastic culture flasks
in a humidified environment containing 5% CO,/95% air. Cells
were subcultured weekly after detachment using culture medium
containing 0.25-0.5% trypsin and 0.02% ethylenediaminetetra-
acetic acid (EDTA). All cultures were grown to confluence
before measurements were made. These cells were identified as
fibroblasts because the expression of fibroblast surface protein
has been verified by immunostaining with biotin-conjugated
antibody (Peng et al., 2002). Electrophysiological studies were
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generally performed 5-7 days after cells were subcultured
(60-80% confluence).

The H9c2 cell line, derived from embryonic rat ventricles, was
obtained from American Type Culture Collection (CRL-1446;
Manassas, VA). Cells were grown in monolayer culture in 50-ml
plastic culture flasks in a humidified environment of 5% CO,/95%
air at 37°C. Cells were maintained at a density of 10®/ml in Dul-
becco’s modified Eagle’s medium supplemented with 10% heat-
inactivated fetal bovine serum and 2 mwm glutamine (Lo et al.,
2005).

WESTERN BLOT ANALYSIS

To determine BK ¢, channel protein expression, a confluent dish of
cells was solubilized with radioimmunoprecipitation assay buffer
(50 mm Tris-HCI, 150 mm NaCl, 1% Nondet P-40, 0.5% sodium
deoxycholate, 1% sodium dodecyl sulfate [SDS], at pH 7.5).
Membrane proteins (20 pg) from human cardiac fibroblasts were
separated on 10% SDS-polyacrylamide gels under reducing con-
ditions and electrotransferred to polyvinylidene difluoride paper.
Blots were blocked for 2 h at room temperature with TBST buffer
(10 mm Tris-HCI, 150 mm NaCl, 0.2 % Tween-20, at pH 7.5)
containing 5% nonfat dry milk. Blots were then incubated with
1:750 polyclonal anti-rabbit BK, channel C-terminal peptide
(Alomone Labs, Jerusalem, Israel) in TBST-5% nonfat dry milk
overnight at 4°C, washed with TBST-5% nonfat dry milk five times
for 10 min each time and then incubated with horseradish peroxi-
dase-conjugated secondary antibodies for 1 h. After being washed,
blots were treated with enhanced chemiluminescent plus (Amer-
sham, Arlington Heights, IL) and autoradiographed on X-ray film
(Amersham). This anti-rat BK ¢, channel antibody can cross-react
with the human BKc, channel. As shown below, human cardiac
fibroblasts, unlike cardiac H9c2 cells, displayed a band with a
molecular mass of ~120 kDa, as expected for the a-subunit of the
BK, channel (Tanaka et al., 1997; Wang et al., 2006).

ELECTROPHYSIOLOGICAL M EASUREMENTS

Immediately before each experiment, cells were dissociated with 1%
trypsin and an aliquot of cell suspension was placed in a recording
chamber positioned on the stage of an inverted microscope (DM 11,
Leica, Wetzlar, Germany). Cells were bathed at room temperature
(20-25°C) in normal Tyrode’s solution containing 1.8 mm CaCl,.
Patch electrodes were made from Kimax-51 capillaries (Kimble
Glass, Vineland, NJ) using a PP-830 microelectrode puller
(Narishige, Tokyo, Japan). The pipette resistance was usually 3-5
MQ, and seal resistance was at least 10 GQ. Cell-membrane
capacitance of 48 £ 5 pF (n = 22) was compensated. Series
resistance, always in the range of 33-55 MQ, was electrically
compensated. Patch-clamp recordings were performed as described
previously (Wu et al., 2003).

The signals were displayed on an HM-507 oscilloscope (Ha-
meg, East Meadow, NY) and a PJ550-2 liquid-crystal-display
projector (ViewSonic, Walnut, CA). Currents were low pass-fil-
tered at 1 kHz. A Digidata 1322A interface (Axon Instruments,
Union City, CA) was used for the analog-to-digital/digital-to-
analog conversion. To minimize electrical noise, this interface de-
vice was connected to a Slimnote VX3 computer (Lemel, Taipei,
Taiwan) through a universal serial bus port and then controlled by
pCLAMP 9.0 software (Axon Instruments).

The amplitudes of single BK, channel currents observed in
human cardiac fibroblasts were determined by fitting gaussian dis-
tributions to the amplitude histograms of the closed and open states.
The channel open probability in a patch was expressed as N - P,,
which can be estimated using the following equation: N - P, = (A,
+ 2A; + 3A5 + ... + nA)/(Ay + A tA; tA + ..+ A,
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where N is the number of active channels in the patch, A is the area
under the curve of an all-points histogram corresponding to the
closed state and A;...A,, represent the histogram areas reflecting the
levels of distinct open state for one to n channels in the patch
(Wu et al., 2003). Values are provided as means + standard error
of the mean (SEm) with sample sizes (») indicating the number of
cells examined. Paired or unpaired #-test and one-way ANOVA with
the least significant difference method for multiple comparisons
were used for statistical evaluation of differences among mean
values, P < 0.05 or 0.01 was considered statistically significant.

DRUGS AND SOLUTIONS

Paxilline and ionomycin were purchased from Biomol Research
Laboratories (Plymouth Meeting, PA) and angiotensin II was from
Sigma (St. Louis, MO). Iberiotoxin and apamin were obtained from
Alomone Labs. Squamocin was kindly provided by Dr. Yang-
Chang Wu (Graduate Institute of Natural Products, Kaohsiung
Medical University, Kaohsiung City, Taiwan) (Wu et al., 2003). The
composition of normal Tyrode’s solution was 136.5 mm NaCl, 5.4
mm KCl, 1.8 mm CaCl,, 0.53 mm MgCl,, 5.5 mm glucose and 5.5
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-
NaOH buffer, pH 7.4. To record K* currents or membrane
potential, the recording pipette was backfilled with a solution con-
sisting of 140 mm KCI, 1 mm MgCl,, 3 mm Na,ATP, 0.1 mm
Na,GTP, 0.1 mm ethyleneglycoltetraacetic acid (EGTA) and 5 mm
HEPES-KOH buffer, pH 7.2. For single-channel current record-
ings, the high-K ™ bathing solution contained 145 mm KCI, 0.53
MgCl, and 5 mm HEPES-KOH buffer, pH 7.4, and the pipette
solution contained 145 mm KCl, 2 mm MgCl, and 5 mm HEPES-
KOH buffer, pH 7.2. The value of free Ca>* concentration was
calculated assuming a dissociation constant for EGTA and Ca®”"
(at pH 7.2) of 0.1 um. To provide 0.1 pm free Ca® " in bath solution,
0.5 mMm CaCl, and 1 mm EGTA were added.

MATHEMATICAL MODEL

The simulations of cardiac action potential shown in this study
were primarily conducted using the theoretical dynamic model of a
mammalian ventricular action potential (Luo-Rudy model) with
significant modifications (Luo & Rudy, 1994). In this model, the
action potential is mathematically reconstructed from ionic pro-
cesses that are formulated on the basis of experimental data ob-
tained mostly from the guinea pig (Luo & Rudy, 1994). Because of
the extent to which formulations of ion currents and model pre-
dictions have been validated, this has become one of the most
extensively used cardiac ventricular cell models. The source pro-
gram code in the C+ + programming language for a single LRd
model cell is available at http://www.cwru.edu/med/CBRTC/
LrdOnline/content.htm. Single-channel Markovian models for the
rapidly and slowly delayed rectifying K* currents (Clancy & Rudy,
2001; Silva & Rudy, 2005) were also reformulated and incorpo-
rated into the model. The pacing for each simulation was set at 1.0
Hz for 50 beats. The source code used in this study is available at
http://senselab.med.yale.edu/senselab/modeldb.

The model of the BK¢, channel was adopted from previous
studies (Moczydlowski & Latorre, 1983; Keener & Keizer, 2002),
given that it is consistently found in human cardiac fibroblasts. The
source code for the modeled equations of BK -, channels adopted at
our laboratory is available either at http://senselab.med.yale.edu/
senselab/modeldb or at virtual cell environment (http://www.nrca-
m.urhc.edu). The parts of solutions to the different set of ordinary
differential equations used in this study were always verified and
approximated using the X-Win32 version of XPPAUT on a Dell
Precision 670 workstation (Round Rock, TX) (Ermentrout, 2002).
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Although the running time for this software package is too slow
to be employed for a long period of pacing (e.g., 50 beats), it can be a
collection of differential equation solvers used for analyzing
and understanding the behavior of physical systems that change
over time. The information for XPP software is readily available
at http://www.math.pitt.edu/~bard/XPP/XPP.html (Ermentrout,
2002).

As far as direct cell-to-cell coupling of cardiomyocte and
fibroblast is concerned, the equations used for the simulations were
as follows:

dVe

CI’HT[(: —Ir+gc % (VC — VF)
dv,

CmTZF = —Ixca) +gc x Vi~ Vo),

where Ve and Vg are the membrane potential of cardio-
myocyte and cardiac fibroblast, respectively; It and I ca) are total
jon currents in modeled cardiomycytes and Ca®”-activated K™
current in modeled cardiac fibroblasts, respectively; and gc repre-
sents the net coupling conductance of all the gap junctions formed
between the two cells. The left-hand terms of the equations repre-
sent a capacitive current, while the terms appearing at the right-
hand side represent active ion currents that have been found to
influence the membrane potential in cardiomyocytes and cardiac
fibroblasts. For the sake of simplicity, we assumed that intercellular
current is proportional to potential difference between cardio-
myocytes and fibroblasts and that the net conductance of the gap
junction is a constant, and that the capacitance between fibroblast
and cardiomyocyte does not differ. K* outward currents in
response to action potential waveform simulated from human
cardiac fibroblasts were also examined, assuming that there is an
electrical coupling of cardiomyocyte and fibroblast. Simulated
action potentials of cardiac fibroblasts used as voltage templates
were re-played to the cells though a digital-analogue converter (Lo
et al., 2001).

Results

CHARACTERIZATION OF WHOLE-CELL CA>*-ACTIVATED
K* CURRENT (Jgcap) IN HUMAN CARDIAC FIBROBLASTS

In the first series of experiments, the whole-cell con-
figuration of the patch-clamp technique was used to
investigate ion currents in human cardiac fibroblasts.
To examine K© currents, the cells were bathed in
normal Tyrode’s solution containing 1.8 mm CaCl,
and the pipette solution contained a low concentration
(0.1 mm) of EGTA and 3 mm of adenosine triphos-
phate (ATP). As shown in Figure 1, when the cell was
held at —50 mV, voltage steps (from —60 to +60 mV,
increment 10 mV) elicited a family of large, noisy
outward currents with an outward rectification. The
direction of this membrane current was reversed at -75
mV. When extracellular Ca’" was removed, the
amplitudes of these outward currents were greatly
reduced throughout the voltage step. For example,
at the level of +50 mV/, removal of extracellular
Ca’" significantly reduced current amplitude from
1,306 + 121 to 226 + 28 pA (P < 0.05, n = 8).
Figure 1B shows the averaged current-voltage (I-V)



178

+60 mV +60 mV
A
50 mv 50 mV
60 mv 60 mV
< 2000 control 2000 Ca®*-free
rY
hel
3
3 1000 1000
£
[
"
s
S o 0
O
0 100 200 300 400 500 0 100 200 300 400 500
Time (msec)
B T T T T T
_1s00f } ]
2 ¢
s e
2 10001 i/ .
£ i/
©
= /
S 500} ] 1
3 4 3-0
¥ -
) z ,§,§’§
0 —Q—Q—E—a—g’ 87500

60 40 -20 O 20 40 &0
Membrane potential (mV)

Fig. 1. Effect of removal of extracellular Ca’" on Ik (cay recorded
from human cardiac fibroblasts. The cells were bathed in normal
Tyrode’s solution containing 1.8 mm CaCl,. The cell was held at —
50 mV, and voltage pulses ranging from —60 to +60 m} in 10-mV
increments were applied with a duration of 300 ms. The patch
solution contained 0.1 mm EGTA. (4) Superimposed current traces
obtained in the control (leff) and during exposure (right) to Ca>* -
free solution. The upper parts shown in each current record indi-
cate the voltage protocol examined. (B) I-V relationships of Ix
measured at the end of voltage pulses in the absence (O) and
presence (@) of extracellular Ca®>" (1.8 mm). Each point represents
the mean + standard error (n = 7-10).

relations for the amplitude of outward current mea-
sured at the end of voltage pulses in the presence and
absence of extracellular Ca’*. An increase in the
intracellular EGTA concentration from 0.1 to 10 mm
also almost abolished this current (data not shown).
These outward currents are primarily considered
to be Ca®"-activated K" currents (Igyca)), Which
were rather small when intracellular Ca®" level was
reduced. In addition, no presence of voltage-gated
Na™ or Ca®" current was found in these cells.

To wvalidate the nature of outward currents
decreased by extracellular Ca®", another set of
experiments was conducted in bath solution con-
taining the different concentration of extracellular
K. The current obtained in the absence of extra-
cellular Ca?" was subtracted from that in the
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Fig. 2. Effects of paxilline, iberiotoxin, glibenclamide and apamin
on Igca) in human cardiac fibroblasts. The cells were bathed in
normal Tyrode’s solution containing 1.8 mm CaCl,. Each cell was
held at =50 mV/, and ramp pulses from —60 to +120 m} were
applied with a duration of 1 s. The recording pipette was filled with
0.1 mm EGTA. (4) Original current traces obtained in the absence
(a) and presence (b) of 1 um paxilline. (B) Effect of paxilline, ibe-
riotoxin, glibenclamide and apamin on the amplitude of Ik ca) in
human cardiac fibroblasts. Current amplitude was measured
at +40 mV. "Significantly different from control. Each point rep-
resents the mean + seM (n = 5-9). Pax, 1 uM paxilline; Iber, 200
nMm iberiotoxin; Glib, 10 um glibenclamide; Apa, 200 nm apamin.

presence of extracellular Ca®* (1.8 mm). The reversal
potential for this current in each cell was then mea-
sured. The data for these currents were pooled and
plotted as a function of extracellular K" concentra-
tions. The results revealed a slope of 58 m) per
10-fold increase in extracellular K.

EFrFECTS OF VARIOUS K+ CHANNEL BLOCKERS ON THE
AMPLITUDE OF Iy ca) IN HUMAN CARDIAC FIBROBLASTS

The effects of various K™ channel blockers, including
glibenclamide, paxilline and apamin, on I, in
these cells were further examined and compared. In
these experiments, cells were bathed in normal
Tyrode’s solution containing 1.8 mm CaCl, and ramp
pulses from —60 to + 120 mV with a duration of 1 s
were applied. The results demonstrated that neither
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Fig. 3. Activity of BK¢, channels recorded
from human cardiac fibroblasts. The
experiments were conducted in
symmetrical K" concentration (145 mwm),
- and a cell-attached configuration was
T made. Cells were bathed in high-K "
solution containing 1.8 mm CaCl,.

, | Channel activity was measured at various
/ membrane potentials ranging from + 30 to
/ +70 mV. Channel openings are shown as

/ an upward deflection. (4) Original current

traces obtained at different levels of
holding potential. (B) I-V relationship of
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Fig. 4. Quantitative immunoblot of BK, channels in human cardiac fibroblasts and cardiac H9c2 cells. Left lane shows the presence of the
a-subunit of BK¢, channels in cultured human cardiac fibroblasts, while right lane shows negligible presence of this subunit.

apamin (200 nMm) nor glibenclamide (10 um) was
found to have any significant effect on the amplitude
of Ix(ca) in these cells. However, paxilline (1 pm)
or iberiotoxin (200 nm) was effective in suppress-
ing Ix(ca) (Fig. 2). For example, at the level of
+40 mV, paxilline (1 pm) significantly decreased
current density form 9.4 + 1.0 to 4.0 £ 0.4 pA/pF
Thus, it is likely that outward K™ currents in human
cardiac fibroblasts are sensitive to block by paxilline
or iberiotoxin but not by glibenclamide or apamin.

ProPERTIES OF BK ., CHANNELS IN HUMAN CARDIAC
FIBROBLASTS

In order to characterize the properties of Ik (ca) in
these cells, single-channel experiments were per-
formed. The plot of current amplitude as a function
of holding potential was constructed. Figure 3 illus-
trates the I-V relationship of BK, channel in these
cells, which were bathed in symmetrical K concen-
tration (145 mm). In cell-attached configuration, the
single-channel conductance of BK, channels calcu-
lated from a linear I-V relationship was 162 + 8 pS
(n = 7) with a reversal potential of 0 = 3 mV
(n = 7). The activity of these channels recorded
during cell-attached recordings was also sensitive to

activation by application of ionomycin (10 pum) or
squamocin (10 pum). The activity of BK ¢, channels in
human cardiac fibroblasts could primarily contribute
to the generation of whole-cell Ik (ca).

IMMUNODETECTION OF BK -, CHANNELS IN HUMAN
CARDIAC FIBROBLASTS

To verify the channel proteins present in these cells,
we also performed immunoblots using antibodies
generated against BK, channel o - subunit. In this
analysis, a polyclonal antibody raised against the C-
terminal peptide of the BKc, channel o184-1200),
which can cross-react with the human entity, was
used. The results revealed the presence of one protein
band in human cardiac fibroblasts but not in cardiac
HO9c2 cells. This major band was detected at a relative
molecular weight of ~120 kDa, as expected for the
a-subunit of the BK ¢, channel (Fig. 4) (Tanaka et al.,
1997; Wang et al., 2006). Unlike cardiac H9¢c2 myo-
blasts, these cells were found to display a band with a
molecular mass of ~120 kDa, as expected for the
a-subunit of the BK ¢, channel. In previous results at
our laboratory, positive controls, prepared from the
samples of pituitary GHj cells, also revealed this
band (data not shown).



180

Y.-J. Wang et al.: BK¢, Channels in Human Cardiac Fibroblasts

Cardiomyocyte

Fig. 5. Change in membrane potential of

cardiomyocytes and cardiac fibroblasts in
the absence (A4) and presence (B) of
electrical coupling. The modified model
originally developed by Luo and Rudy was
used to account for electrical coupling of
cardiomyocytes and cardiac fibroblasts.
The simulation was performed with a
constant cycle length of 1 s for 50 beats.
Changes in the membrane potential in both
cardiomyocytes and fibroblasts are well
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SIMULATION STUDIES TO DETERMINE HOW ELECTRICAL
CoupPLING OF CARDIAC FIBROBLAST TO CARDIOMYOCYTE
CONTRIBUTES TO THE MEMBRANE POTENTIAL

It is important to note that intercellular transfer of
electrical signals occurs between fibroblasts and car-
diomyocytes via gap junctions. The activity of ion
channels in cardiac fibroblasts tends to influence the
membrane potential of cardiac action potential,
thereby exacerbating the propensity of cardiac ar-
rhythmias (Gaudesius et al., 2003). Therefore, using a
modified model developed by Luo and Rudy (1994),
we further investigated how changes in gap junction
coupling conductance influenced the configuration of
cardiac action potential. A model for BK ¢, channels
was also used to account for the presence of BKc,
channels in human cardiac fibroblasts (Moczydlow-
ski & Latorre, 1983; Keener & Keizer, 2002). As
shown in Figure 5, when cardiomyocytes and cardiac
fibroblasts are electrically uncoupled, no action
potential in cardiac fibroblasts can be demonstrated.
However, interestingly, when gap junction conduc-
tance of 3 puS/uF was arbitrarily added to the simu-
lated cells, there was a cardiac action potential in
cardiac fibroblasts, along with a slow upstroke
velocity (i.e., about 4.6 mV/ms). In addition, the
configuration of cardiac action potential was altered
after an electrical interaction between cardiomyocytes
and fibroblasts. The duration of action potential at
90% in electrically coupled cardiomyocytes was pro-
longed from 192 to 238 ms. Based on these simula-
tions, it would thus be tempting to postulate that
changes in electrical coupling between cardiomyo-
cytes and fibroblasts can be effective in prolonging
the duration of cardiac action potential. The results

aligned and illustrated here after 40 driving

40000 4030 40400 beats. Of note, when these two cells are not
Tous b electrically coupled, fibroblast remains
e {msec) nonexcitable.
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Fig. 6. Effect of electrical coupling on membrane potential (upper)
and Ik (ca) (lower) in modeled human cardiac fibroblasts (HCF). In
this simulation, gap junction conductance of 3 pS/uF was incor-
porated to the modeled cells. Changes in the membrane potential
and Ica in adjacent electrically coupled fibroblasts are well
aligned and illustrated here after 40 driving beats. Of note, in
electrically coupled cardiac fibroblasts, an action potential with a
slowing of upstroke velocity was observed and the amplitude of
Ix(cay corresponding to the appearance of action potential was
greatly increased during membrane depolarization.

imply that such coupling increases the propensity of
arrhythmias in myocardium.

Figure 6 illustrates the time course of changes in
membrane potential and the amplitude of Igcy) in
cardiac fibroblasts when electrically coupled to car-
diomyocytes with a gap junction conductance of
3 pS/pF. The Ik (ca) shown in modeled fibroblasts was
activated, with a delay of several milliseconds after
the onset of action potential. The results clearly
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Fig. 7. Effect of gap junction conductance on cardiac action po-
tential in a modeled cardiomyocyte which is coupled or not with a
modeled human cardiac fibroblast (HCF). In this simulation, dif-
ferent levels of gap junction conductance were applied to the cells
and current stimuli were set at 80 pA. Changes in membrane po-
tential are illustrated after 40 driving beats. Of note, the increased
conductance in gap junction tends to prolong action potential
duration. At a gap junction conductance of 5 uS/pF, excitability of
the cardiomyocyte is greatly reduced and no generation of action
potential occurs.

predict that when electrical coupling between these
two cells occurs, the amplitude of Ik, in cardiac
fibroblasts will be greatly increased because mem-
brane depolarization caused the generation of cardiac
action potential. However, the initial rise of action
potential in cardiac fibroblasts is relatively slow
compared to that in cardiac action potential. In
addition, the peak current density amplitude of Ixca)
is relatively small as compared to that elicited by
rectangular pulses as shown in Fig. 1.

EFrFeEcT oOF CHANGES IN GAP JUNCTION CONDUCTANCE ON
CARDIAC ACTION POTENTIAL

Previous studies have demonstrated that expression of
the gap junction proteins C X 45 and C X 43 in the
sinus node region could be altered upon regional
ischemia (Camelliti et al., 2004). Electrical coupling in
the heart can be regulated by adrenergic activation
(Salameh et al., 2006). In our simulation, we also
arbitrarily increased gap junction conductance step-
wise to examine the configuration of cardiac action
potential. During pacing at a frequency of 1.0 Hz,
prolongation of cardiac action potential became
clearly discernible (Fig. 7). More importantly, when
gap junction conductance was elevated to 5 pS/uF,
cell excitability was so depressed that action potential
was no longer generated with a stimulus of 80 pA. The
simulation results predict that cardiomyocytes, when
tightly electrically coupled to cardiac fibroblasts, are
susceptible to alterations in action potential configu-
ration and membrane excitability.
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Fig. 8. K" outward current elicited by an action potential wave-
form of human cardiac fibroblast when it is electrically coupled to
cardiomyocyte. In these experiments, cells were bathed in normal
Tyrode’s solution containing 1.8 mM CaCl,. The upper part shows
simulated waveform of action potentials generated from a elec-
trically-coupled human cardiac fibroblast.

ProperTIES OF K OUTWARD CURRENTS IN RESPONSE
TO ACTION POTENTIALS SIMULATED FROM
ELECTRICALLY-COUPLED FIBROBLASTS

Because the size and time course of ion currents in
response to chang in waveforms of action potentials
was different from those during a rectangular voltage-
clamp pulse (Lo et al. 2001), the outward currents
during simulated action potentials generated from
human cardiac fibroblasts, when it is electrically
coupled to cardiomyocyte, were further character-
ized. In these experiments, simulated waveforms of
action potentials from an electrically-coupled fibro-
blast were digitally generated as voltage templates
and re-played to evoke ion currents in GH3 cells
(Lo et al., 2001). As shown in Fig. 8, the K+ out-
ward current in human cardiac fibroblasts could be
generated in response to simulated action potential
waveforms. Similar results were obtained in seven
different cells. Because the currents in response to
simulated action potential waveforms were sensitive
to block by 1 uM paxilline, the results suggest that
Ix(ca) may actually be K+ flux through the BK¢,
channel. The current trajectory in response to action
potential waveform of simulated electrically-coupled
fibroblasts closely resembles simulated density of
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Ix(ca) shown in Fig. 6. Thus, it is possible that Ixca)
can be evoked by action potential waveforms of
cardiac fibroblasts, if fibroblasts are electrically cou-
pled to cardiomyocytes.

Discussion

In this study, we clearly identified the presence
of Ca®"-activated K" currents in human cardiac
fibroblasts. The electrophysiological and pharmaco-
logical properties of BK¢, channels have been also
characterized in these cells but not in heart-derived
H9c2 myoblasts. The results demonstrate that the
pharmacological and electrophysiological properties
of these channels are similar to those in other types
of cells described previously (Lippiat, Standen &
Davies, 2000; Wu, 2003; Lin et al., 2004). These BK ¢,
channels were expressed in cultured human cardiac
fibroblasts but not in cardiomyocytes. However, the
physiological significance of BK ¢, channels expressed
in cultured human cardiac fibroblasts remains poorly
understood. Based on our simulation study, it is
anticipated that upon electrical coupling between
cardiac fibroblasts and cardiomyocytes, the ampli-
tude of Ix(ca in cardiac fibroblasts will be greatly
increased as membrane depolarization caused the
generation of cardiac action potential. Indeed the
amplitude of Ix(c,) in cardiac fibroblast can also be
enhanced in response to simulated action potential
wave forms of electrically coupled fibroblast. The
activity of ion channels in cardiac fibroblasts tends to
alter cardiac action potential, thereby exacerbating
the propensity of cardiac arrhythmias.

The macroscopic outward currents in response to
membrane depolarizations seen in human cardiac
fibroblasts were found to reveal a slope of 58 mV per
10-fold increase in extracellular K. This can be
interpreted to mean that, unlike the properties of
proton currents recently described in human cardiac
fibroblasts (El Chemaly et al., 2006), the decrease of
outward current caused by removal of extracellular
Ca,, in human cardiac fibroblasts can follow the
Nernstian behavior of a K " -selective channel.

Consistent with recent observations (Chilton
et al., 2005), this study clearly demonstrated the pres-
ence of voltage-gated K™ currents in human cardiac
fibroblasts. The ability of paxilline or iberitoxin to
block this type of outward K current also suggests
the presence of Ik ca) in these cells. Paxilline, an indole
alkaloid isolated from Penicillium paxilli, has been
reported to be a selective inhibitor of BK ¢, channels
(Wu, 2003). In single-channel recordings, the single-
channel conductance of BK, channels in human
cardiac fibroblasts, was 162 = 8 pS (n = 7), a value
that is similar to that of prototypical BK¢, channels
present in various excitable and non-excitable cells
(Wu, 2003; Wu et al., 2003). However, this value is
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apparently greater than that of small-conductance
Ca’"-activated K" channels (Wang et al., 1999; Xu et
al., 2003) and of G proteins-coupled inwardly rectify-
ing K" (GIRK) channels described previously in atrial
myocytes (Wu, Liu & Hwang, 1998). BK ,-channel
activity recorded in cell-attached configuration was
increased 2 min after exposure to ionomycin (10uM) or
squamocin (10pM). These compounds were reported
to the ionophores for Ca>" ions (Wu et al., 2002).
Immunoblot studies shown here have also revealed the
presense of BK ¢, channel-a subunit as verified in cul-
tured human cortical neurons and in pituitary GH;
cells (Wang et al., 2006). Taken together, it is antici-
pated that the activity of BK, channel’s primarily
constitutes the generation of whole-cell Ix(c,) in hu-
man cardiac fibroblasts, not in cardiac H9c2 cell. In
fact, the BK, channel has been shown to have an
important bearing on the role of the firing in neurons
and endocrine cells, and of the contractile force in
smooth muscle cells (Amberg et al., 2003; Wu et al.,
2003; Lin et al., 2004). Its activation causes membrane
hyperpolarization, which inhibits cell firing and limits
the firing frequency of action potentials.

The BKc, channels are activated by membrane
depolarization and/or by increased intracellular
Ca’". The activity of BK¢, channels in fibroblast
can thus be influenced by action potential from
cardiomyocyte, if these two types of cells are func-
tionally linked. As a result, as predicted from the
present simulations, the configuration of cardiac
action potential will be altered by electrical activity
of fibroblast adjacently coupled to cardiomyocyte, in
pathophysiological conditions where fibroblasts are
formed and electrically coupled to cardiomyocytes.
Heterocellular coupling likely occurs under physio-
logical conditions as well as pathophysiological
ones. The K* outward current to which BKc,-
channel activity seen in cardiac fibroblast contibute
tend to have an impact on electrical activity of
cardiomyocyte. However, as shown Fig. 1 and 2A, a
substantial outward current remained after Ca®"-
activated K" current was blocked, it is also likely
that other types of voltage-gated K* channels con-
tribute to the generation of membrane potential in
cardiac fibroblasts as described previously (Chilton
et al., 2005).

At present, there are few experimental observa-
tions clearly showing fibroblast-cardiomyocyte cou-
pling in native cardiac tissue. Electrophysiological
studies have been hampered by the fact that cardiac
fibroblasts have a high membrane resistance (in the
GQ range), although this may be advantageous for
direct electrical coupling if fibroblasts are functionally
linked to cardiomyocytes. In this study, we employed a
modified dynamic Luo-Rudy model of cardiomyo-
cytes (Luo & Rudy, 1994) in an attempt to delineate the
potential effect of electrically coupled cardiac fibro-
blasts on cardiac action potential. Based on our sim-
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ulation studies, when cardiac fibroblasts are tightly
coupled to cardiomyocytes, they can readily alter the
membrane potential dynamics of cardiomyocytes. The
activity of BK, channels functionally expressed in
cardiac fibroblasts can also be activated. In terms of the
emergence of action potential in cardiac fibroblasts,
the results of our simulation study were very much in
line with experimental observations by Kamkin et al.
(2005). More interestingly, when the coupling strength
was increased with a gc value of 4 pS/pF, cardio-
myocyte excitability was greatly depressed because
Ix(ca) present in cardiac fibroblasts contributed to a
change in membrane potential of cardiomyocytes.
Therefore, using a mathematical model, we propose
that electrical properties of cardiomyocytes are altered
by an increase in electrical coupling to cardiac fibro-
blasts though gap junctions.

Cardiac fibroblasts, which are electrically nonex-
citable, were found to contain background conduc-
tances for K, Na™* and Cl” which can contribute to
the level of resting potential of these cells (Kohl et al.,
1999). In this study, the BK ¢, channel activity was the
only one employed for the simulation of membrane
potential in cardiac fibroblasts for the sake of sim-
plicity. Therefore, in our stimulation data, the resting
potential of electrically coupled cardiac fibroblasts is
relatively more negative compared with the experi-
mental observations (Kamkin et al., 2005). However,
zero current potential recorded by Chilton et al.
(2005) was close to the Nernst potential for K™ and
compatible with the value provided by our simulta-
tions. The present findings showing the intial rise of
action potential in cardiac fibroblasts is relatively slow
as compared to that in cardiomycyte also suggest that
activation kinetics of BK ¢, channels in response to
membrane depolarization is comparatively slower
than that in voltage-gated Na™ channels. Never-
theless, the simulation results are shown to correlate
well with the experimental observations described
previously (Kamkin et al., 2005). Our experimental
studies also showed that Ixc,) can be generated in
response to simulated action potential waveforms of
cardiac fibroblast.

Dissociated chondrocytes have been reported to
be de-differentiated under culture conditions. Prop-
erties of ion channels may be altered in cell cultured
chondrocytes (Wilson et al., 2004). However, none of
reports regarding changes in the activity of ion
channels under culture conditions have been de-
scribed in fibroblasts. It still remains to be clarified
whether the BK ¢, channel characterized in this study
is an artifact of the cells being in culture.

Based on more complicated gating of the channel,
a wide variety of simulations for the BK, channel
have been described (Horrigan, Cui & Aldrich, 1999;
Rothberg & Magleby, 1999). We also incorporated an
allosteric model (Horrigan et al., 1999) for the BKc,
channel to Luo-Rudy phase 1 model. The simulation
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results were similar to those shown in this study.
However, when cardiac fibroblasts were exposed to
various stimuli (e.g., angiotensin II) or when cardio-
myocytes exhibited variable changes in membrane
potential (e.g., early or delayed afterdepolarizations),
the kinetic gating for BK ¢, channels would be sig-
nificantly altered. Therefore, more complex mathe-
matical models incorporated with the cardiomyocyte
model need to be developed to clearly describe how
the activity of BK, channels in cardiac fibroblasts
modulates cardiac action potential through an inter-
action with cardiomyocytes via electrical coupling.

The present model is a minimal one, i.e., a
model of minimal complexity but containing the
essential components to produce electrical interac-
tion between cardiomyocytes and fibroblasts. In this
simulation, we simply considered intercellular cou-
pling between cardiomyocytes and fibroblasts to be
instantaneous and bidirectional. In fact, because
there were variable input resistances of the cells,
suggesting that monodirectional current flow be-
tween these two cells should occur. In addition, the
variety of connexins may provide a rich repertoire
for diverse modulatory possibilities not simply by
voltage but also by a variety of factors, including
intracellular pH, intracellular Ca®*/calmodulin or
second messengers (Peracchia, 2004; Salameh et al.,
2006). Therefore, more detailed simulations need to
be further considered by introducing more realistic
assumptions in asymmetrical and heterogeneous
coupling of cardiomyocytes and fibroblasts. In ad-
dition, as the guinea-pig action potential mathema-
tically used in this study is different from that of any
region of the human ventricle, another model de-
rived from ten Tusscher et al. (2004) was also linked
to cardiac fibroblast, the simulation results were si-
milar (data not shown).

It also needs to be noted that this cell line used in
this study could be representative of a myofibroblast
and not a fibroblast, although the expression of
fibroblast surface protein was identified. The im-
portant difference between myofibroblast and fibro-
blast remains to be further explored on the basis of
structural, immunocytochemical and functional data.

In summary, this study provides evidence that
BK, channels are functionally expressed in human
cardiac fibroblasts. The simulations predict that the
activity of these channels in cardiac fibroblasts may
contribute to alteration in cardiac action potential
when there is a tight electrical coupling between
cardiomyocytes and cardiac fibroblasts. As a result,
cardiac fibroblasts may act as a current sink and
prevent impulse propagation.
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