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Aims Fibroblasts, which play an important role in cardiac function/dysfunction, including arrhythmogenesis, have voltage-
dependent (Kv) currents of unknown importance. Here, we assessed the differential expression of Kv currents
between atrial and ventricular fibroblasts from control dogs and dogs with an atrial arrhythmogenic substrate caused
by congestive heart failure (CHF).

Methods
and results

Left atrial (LA) and ventricular (LV) fibroblasts were freshly isolated from control and CHF dogs (2-week ventricular
tachypacing, 240 bpm). Kv currents were measured with whole-cell voltage-clamp, mRNA by quantitative polymerase
chain reaction (qPCR) and fibroblast proliferation by 3H-thymidine incorporation. Robust voltage-dependent tetraethy-
lammonium (TEA)-sensitive K+ currents (IC50 �1 mM) were recorded. The morphologies and TEA responses of LA and
LV fibroblast Kv currents were similar. LV fibroblast Kv-current densities were significantly greater than LA, and Kv-
current densities were significantly less in CHF than control. The mRNA expression of Kv-channel subunits Kv1.5 and
Kv4.3 was less in LA vs. LV fibroblasts and was down-regulated in CHF, consistent with K+-current recordings. Ca2+-
dependent K+-channel subunit (KCa1.1) mRNA and currents were less expressed in LV vs. LA fibroblasts. Inhibiting
LA fibroblast K+ current with 1 mmol/L of TEA or KCa1.1 current with paxilline increased proliferation.

Conclusions Fibroblast Kv-current expression is smaller in CHF vs. control, as well as LA vs. LV. KCa1.1 current is greater in LA vs. LV.
Suppressing Kv current with TEA enhances fibroblast proliferation, suggesting that Kv current might act to check fibro-
blast proliferation and that reduced Kv current in CHF may contribute to fibrosis. Fibroblast Kv-current remodelling may
play a role in the atrial fibrillation (AF) substrate; modulating fibroblast K+ channels may present a novel strategy to
prevent fibrosis and AF.
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1. Introduction
Cardiac fibroblasts constitute �65–70% of cells in the heart.1 Fibro-
blasts are crucial for maintaining the cardiac extracellular matrix skel-
eton. They also produce autocrine and paracrine factors that
contribute to cell signalling and affect cardiomyocyte impulse conduc-
tion and ion-channel expression.2 Under stimuli like stretch, ischaemia,
or infection, cardiac fibroblasts can proliferate and differentiate into a
highly secretory myofibroblast phenotype, which expresses organized

a-smooth muscle actin.3,4 Fibrosis increases myocardial stiffness,
causing diastolic dysfunction. Fibrosis mayalso delay impulse conduction
and facilitate arrhythmias likeatrial fibrillation (AF) andventricular tachy-
cardia.5,6

Althoughfibroblastsandmyofibroblastsare inexcitable, cardiomyocyte–
fibroblast electrical coupling has been demonstrated both in situ and in
vitro,7,8 with both gap junctions and nanotubes potentially involved.9

Fibroblasts possess mechanosensitive channels that can respond to
myocyte contraction and change fibroblast membrane potential.10,11
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Multiple ioncurrents arepresent in cardiac fibroblasts,withdistributions
and properties quite distinct fromcardiomyocytes.4,12 There is evidence
that fibroblast ion channels may be involved in governing proliferation
and differentiation. Ventricular fibroblasts express a variety of Kv
channel a-subunits and Kir current, and changing extracellular K+ con-
centration can affect physiological functions such as survival and prolif-
eration.4,13 In many heart disease paradigms, the atria show a stronger
fibrotic response thanventricles,14,15 with at least someof this difference
due to intrinsically different responses of atrial and ventricular fibro-
blasts to pathological stimuli like platelet-derived growth factor
(PDGF), basic fibroblast growth factor, angiotensin II, endothelin 1,
and transforming growth factor beta-1.15 Pathological processes like
congestive heart failure (CHF) can dramatically increase atrial fibrous
tissue expression, creating a substrate for AF.5,13,15

To date, there has been no comparative analysis of ion-channel ex-
pression and properties between atrial and ventricular fibroblasts. In
addition, the potential functional significance of fibroblast ion-channel
changes in CHF has not been studied. We hypothesized that differential
expression of voltage-gated (Kv) fibroblast K+ channels might exist
between atrium and ventricle and/or between normal and CHF
hearts, and that such differences might affect functional fibroblast prop-
erties. We therefore performed whole-cell patch-clamp studies on
freshly isolated fibroblasts from control and CHF canine hearts.
Ventricular tachypacing was used to induce CHF, as in previous
work.5,14 –16 To study the potential functional significance, we applied
K+-channel blockersonculturedfibroblasts andused 3H-labelled thymi-
dine assays to measure effects on fibroblast proliferation.

2. Methods

2.1 Animal model
Animal handling procedures followed the National Institutes of Health
guidelines and were approved by the Animal Research Ethics Commit-
tee of the Montreal Heart Institute. Adult male mongrel dogs (weight
25–35 kg) were studied (control group n ¼ 32, mean weight: 23.1+
0.5 kg; CHF group n ¼ 18, 22.9+ 0.7 kg; see Supplementary material
online, Figure S1A). CHF dogs underwent subcutaneous pacemaker
(St. Jude Medical) implantation under acepromazine (0.07 mg/kg IM)/di-
azepam (0.25 mg/kg IV)/ketamine (5.3 mg/kg IV)–premedication/iso-
flurane (1.5%) anaesthesia, with bipolar pacing leads inserted into the
right-ventricular apex via a jugular vein. After 24-h recovery from
surgery, dogs were ventricular-paced at 240 bpm for 2 weeks.14

Before haemodynamic studies, all dogs were intubated and anaesthe-
tized [acepromazine 0.07 mg/kg IM, diazepam 0.25 mg/kg IV, ketamine
5.3 mg/kg IV; following premedication with isoflurane (1.5%)]. The
heart was exposed via a median sternotomy. The blood pressure was
obtained from an arterial line in the right femoral artery. Left atrial and
ventricular pressures were measured by a direct puncture with an
18-G needle. CHF dogs had significantly lower systolic blood pressure
(112+15 vs. 139+12 mm Hg, P , 0.001) and higher left ventricular
end-diastolic pressure (14.6+1.9 vs. 5.9+0.5 mm Hg, P , 0.001),
compared with control dogs (see Supplementary material online,
Figure S1B). After haemodynamic study, the heart was excised for cell
isolation.

2.2 Fibroblast isolation
Dogs were anaesthetized with intravenous morphine (2 mg/kg) and
a-chloralose (120 mg/kg). The left atrium (LA) and adjacent left

ventricle (LV) were removed and placed in Tyrode solution containing
(in mmol/L): NaCl 136, KCl 5.4, MgCl2 1, CaCl2 2, NaH2PO4 0.33,
HEPES 5, and dextrose 10, pH 7.35 (adjusted with NaOH). The left
circumflex coronary artery was perfused at �50 mL/min with Tyrode
solution, followed by Ca2+-free Tyrode for 10 min. The preparation
was then perfused with Ca2+-free Tyrode solution containing Type II
collagenase (150 U/mL) plus 0.1% albumin for 1 h. Digested LA and
LV tissue was harvested, carefully minced and agitated, centrifuged at
54.6 g for 3 min, and then passed through a 30 mm nylon filter to
remove cardiomyocytes. Cell suspensions were examined microscopic-
ally to ensure ,1% cardiomyocyte contamination. The remaining cell
suspension was then centrifuged at 314.5 g for 10 min, and the
fibroblast-rich sediment collected.

2.3 Cellular electrophysiology
Freshly isolated LA and LV fibroblasts were suspended in Kraft-Brühe
(KB) solution containing (in mmol/L) KCl 20, KH2PO4 10, dextrose
10, mannitol 40, L-glutamic acid 70, b-OH-butyric acid 10, taurine 20,
and EGTA 10 and 0.1% BSA (pH 7.3, KOH), and maintained at room
temperature. Whole-cell patch clamp was performed at 34+18C,
except when measuring K+ reversal potential, which was performed
at room temperature (20+ 28C) to resolve tail currents. Borosilicate
glass microelectrodes with tip resistances between 5 and 10 MV were
filled with nominally Ca2+-free internal solution containing (in mmol/
L) GTP 0.1, K+-aspartate 110, KCl 20, MgCl2 1, ATP-Mg 5, HEPES 10,
Na2-phosphocreatine 5, and EGTA 0.05, pH 7.4 (adjusted with KOH).
To record membrane potential, nystatin (600 mg/mL) was used to
perform perforated patch recording. The bath solution was Tyrode
solution with 2 mmol/L of CaCl2. Currents were recorded with a
holding potential of 240 mV and 300 ms voltage steps with 10 mV
increments. Membrane voltages were corrected for the mean junction
potential of 10.4 mV.

2.4 Real-time quantitative polymerase
chain reaction
Paired LA and LV purified fibroblast pellets from each animal were
flash-frozen in liquid N2 for subsequent RNA isolation. The frozen
pellet was later resuspended in lysis buffer, and the mRNAs were
isolated using Nucleospin RNA II (Macherey Nagel), including
DNase treatment to prevent genomic contamination. mRNA was
reverse-transcribed with the High-capacity Reverse Transcription kit
(Applied Biosystems). Quantitative polymerase chain reaction (qPCR)
was performed with TaqMan probes and primers from Applied Bio-
systems for the housekeeping genes hypoxanthine-guanine phosphor-
ibosyltransferase (HPRT; Cf02626258_m1), beta-2-microglobulin
(Cf02659077_m1), and glucose-6-phosphate dehydrogenase (G6PD;
Cf02646196_m1); as well as KCa1.1 (Cf0268385_m1). We designed
primers for SyBr Green studies to assess the mRNA expression of
Kv1.5 and Kv4.3 (see Supplementary material online, Table S1). The
average of the expressions of HPRT, beta-2-microglobulin, and G6PD
was used as the internal standard for qPCR. qPCR was performed
with Taqman Gene Expression Master Mix and Power Sybr Green
kits (Applied Biosystems). Reactions were run on a Stratagene
MX3000. Relative gene expression values were calculated by the
2−DCt method for the Taqman assays, and by E−DCt for the SyBr
Green experiments.
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2.5 Cell culture and 3H-labelled thymidine
incorporation assay
Freshly isolated fibroblasts from control dogs were collected and cul-
tured in standard Medium 199 with 10% foetal bovine serum for 4–5
days, and then transferred to 24-well plates at 3 × 104 cells per well.
The cells were incubated in serum-free Medium 199 for 24 h to syn-
chronize cell cycle, followed by treatment with tetraethylammonium
(TEA; 0.1 or 1 mmol/L), 4-AP (300 mmol/L), S9947 (1 mmol/L), or paxil-
line (0.1 or 1 mmol/L) for another 24 h. 3H-labelled thymidine was
applied (1 mCi per well) during the last 4 h of treatment. Before meas-
urement, the cells were processed with trichloroacetic acid and
NaOH. The mixture from each well was transferred to a 20 mL tube
containing scintillation fluid and 3H-disintegrations per minute (DPM)
were counted 24 h later.

2.6 Statistical analysis
Data analysis was performed with Microsoft Excel 2003, Axon Clampfit
9, and Graphpad Prism 5. Results are presented as mean+ SEM. Un-
paired Student’s t-tests were used for two group comparisons. To
compare current–voltage (I–V ) relationships, K+-channel subunit
mRNA expression and 3H-DPM proliferation indices between CHF
and control, or different drug and control groups, two-way ANOVA,
was performed. Bonferroni-corrected t-tests were used to assess
individual-mean differences in fibroblast proliferation and subunit
mRNA expression. A two-tailed P-value of ≤0.05 was considered stat-
istically significant.

3. Results

3.1 Basic cellular parameters of freshly
isolated atrial and ventricular fibroblasts
Freshly isolated canine LA and LV fibroblasts were spherical or slightly
oval in shape (see Supplementary material online, Figure S2A). There
werenogrossmorphological differencesbetweenLA andLVfibroblasts.
Themeancell diameterswere9.5+ 0.1 and 9.6+0.2 mmforLAandLV
fibroblasts, respectively (P ¼ NS, see Supplementary material online,
Figure S2B). Cell capacitances averaged 12.4+0.7 pF for LA vs.
12.7+ 0.7 pF for LV fibroblasts (P ¼ NS, see Supplementary material
online, Figure S2C). The resting membrane potential assessed by whole-
cell perforated patch-clamp (corrected for a junction potential of
10.4 mV between pipette and bath solution) averaged 242.8+
1.3 mV for LA and 244.9+1.7 mV for LV fibroblasts (P ¼ NS, see Sup-
plementary material online, Figure S2D). Compared with control fibro-
blasts, CHF fibroblasts showed significantly greater cell diameter (LA
fibroblasts: 12.6+0.4 mm, LV fibroblasts: 12.4+ 0.3 mm; vs. 9.5+
0.1 and 9.6+0.2 mm in control, respectively) and largercell capacitance
(LA fibroblasts: 18.9+1.0 pF, LV fibroblasts: 18.4+ 0.9 pF; vs. 12.4+
0.7 and 12.7+0.7 pF). LA fibroblasts from CHF dogs had significantly
more negative membrane potentials than those from control dogs
(250.0+1.2 vs. 242.8+1.3 mV, P , 0.05). Resting potential differ-
ences between control and CHF LV fibroblasts were not statistically
significant (244.9+1.7 vs. 249.9+2.1 mV, P ¼ NS).

3.2 Kv currents in freshly isolated fibroblasts
Typical fibroblast currents are illustrated in Figure 1A, with rapidly
activating and slowly inactivating kinetics. Figure 1B shows the response
to 30 mmol/L of TEA (NaCl concentration was reduced to 106 mmol/L

to maintain constant osmolarity). TEA blocked 83+2% of the current
at +60 mV (n ¼ 15 cells), with the effect being reversible (Figure 1C). To
confirm that the current is predominantly carried by K+, we investigated
the reversal potential based on tail current measurements at extracellu-
lar K+ concentration ([K+]o) values of 5, 20, and 100 mmol/L (with NaCl
concentration modified accordingly to maintain constant osmolarity).
Following a 100 ms step from the holding potential (240 mV), tail
current was recorded during 1000 ms voltage steps, as illustrated in
Figure 1D. The experiment was conducted at room temperature to
slow inactivation and clearly resolve tail currents. The reversal potential
was 258.2 mV in 5 mmol/L of [K+]o, 242.3 mV in 20 mmol/L of [K+]o,
and 24.1 mV in 100 mmol/L of [K+]o (Figure 1E). A log plot of the rever-
sal potentials and the best-fit regression line (dotted) are shown in
Figure 1E. The slope of the best-fit line was 41.9 vs. 58.1 mV predicted
from the Nernst equation (solid line in Figure 1E) at [K+]i ¼

130 mmol/L. The deviation from the Nernst equation suggests either
imperfect Kv-current selectivity for K+ or that TEA blocked other
currents.

3.3 Kv-current differences between LA
and LV fibroblasts
Figure 2A shows whole-cell end-pulse current density vs. voltage rela-
tions obtained in parallel from paired LA and LV fibroblasts from individ-
ual dogs. To compare mean LA cell current density with mean LV cell
current density on a per-dog basis, we averaged all LA cell results for
each control dog and all LV cell results fromthe samedog, and compared
the resulting I–V curves. Statistically significant LA–LV differences were
apparent: LV fibroblasts expressed significantly larger current densities
thanLA.TEA-sensitivitywas tested inboth LA andLVfibroblasts, to get a
sense of whether there might be qualitative differences in their Kv cur-
rents. There were no significant LA–LV differences in TEA response
at any concentration (Figure 2B). The estimated 50% inhibitory concen-
trations (ICs50) for TEA were 0.7 mmol/L in LA and 1.1 mmol/L in LV
fibroblasts. We also verified the current sensitive to 4-AP (at
300 mmol/L, Figure 2C) and the selective Kv 1.5 channel blocker S9947
(1 mmol/L, Figure 2D)17 in fibroblasts. LV fibroblasts showed significantly
larger 4-AP-sensitive current (e.g. 61% larger at +70 mV) and
S9947-sensitive current (e.g. 49% larger at+70 mV) than LA fibroblasts.

3.4 Effects of CHF
Figure3A (left panel) shows Kvcurrents fromaCHFfibroblastbeforeand
after 30 mmol/L of TEA. The overall pre-drug morphologywas similar to
that of control fibroblast Kv currents, although the amplitude was
smaller. TEA strongly inhibited the current (Figure 3A), similar to the re-
sponse in control fibroblasts. There were no statistically significant dif-
ferences in current density between LA and LV CHF fibroblasts
(Figure 3B). Figure 3C shows a comparison of 30-mmol/L TEA-sensitive
current densities between control and CHF fibroblasts. Fibroblasts
from CHF dogs expressed significantly smaller Kv currents compared
with those from control dogs, both for LA (e.g. 3.1+ 0.5 CHF vs.
7.0+ 0.8 pA/pF control at +60 mV, P , 0.001) and LV fibroblasts
(e.g. 3.5+0.7 CHF vs. 8.9+1.1 pA/pF control at +60 mV, P ,

0.001). Similar to control fibroblasts, 4-AP- (at 300 mmol/L, see Supple-
mentary material online, Figure S3A) and S9947- (at 1 mmol/L, see Sup-
plementary material online, Figure S3B) sensitive currents were
significantly larger in CHF LV fibroblasts vs. CHF LA fibroblasts.
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3.5 K1-channel mRNA expression
of LA vs. LV fibroblasts
We compared the mRNA expression of Kv1.5 and Kv4.3 subunits, po-
tential contributors to fibroblast Kv currents, in fibroblasts from both
control and CHF dogs. The results are shown in Figure 4. LV fibroblasts
expressed Kv1.5 and Kv4.3 subunits more strongly than LA fibroblasts in
both control (Kv1.5: 1.23+0.15 vs. 0.77+0.10, P , 0.001; Kv4.3:
0.08+ 0.011 vs. 0.05+0.01, P , 0.001) and CHF dogs (Kv1.5:
0.73+ 0.07 vs. 0.29+ 0.04, P , 0.001; for Kv4.3: 0.057+ 0.005 vs.
0.027+ 0.003, P , 0.001). Of note, Kv1.5 mRNA expression was
over 10-fold stronger than that of Kv4.3, consistent with the slowly
inactivating properties of fibroblast Kv current. Consistent with Kv
current down-regulation in CHF (Figure 3), CHF dogs expressed signifi-
cantly less Kv1.5 in LA (smaller by 60%) and LV fibroblasts (smaller by
41%) compared with control. Kv4.3 mRNA expression was significantly
smaller in CHF (P , 0.05) only for LV fibroblasts. The Kv1.5 subunit
mRNA findings were compatible with the results of current recordings.
We also measured the mRNA expression of KCa1.1 (BKCa), believed to
underlie the functionally important Ca2+-dependent K+ current in
fibroblasts.12 KCa1.1 was more strongly expressed in LA vs. LV fibro-
blasts from both control (0.021+0.003 vs. 0.007+0.001, P , 0.001)
and CHF dogs (0.021+0.003 vs. 0.008+ 0.002, P , 0.01). CHF did
not change the mRNA expression of KCa1.1 compared with control.
The mRNA expression of cardiac actin was also measured to exclude
important contamination of fibroblast preparations by cardiomyocytes.

As shown in Supplementary material online, Figure S4, cardiac actin was
virtually undetectable in the fibroblast-enriched preparation.

3.6 K1-channel blocker effects on
fibroblast proliferation
To determine whether Kv current might contribute to the control of
fibroblast function, we used 3H-labelled thymidine incorporation as an
index of fibroblast proliferation. Freshly isolated LA and LV fibroblasts
were cultured for 4–5 days to acquire a large enough number of cells
for theproliferationassay.The cellswere then treatedwithmediumcon-
taining different TEA concentrations (vehicle, 0.1 and 1 mmol/L) for
24 h. A statistically significant enhancement in fibroblast proliferation
was noted at 1 mmol/L of TEA (Figure 5A), a concentration close to
the IC50 for Kv-current inhibition. TEA-sensitive currents (at 1 mmol/
L) were recorded in cultured fibroblasts at a time-point equivalent to
that of TEA treatment (culture day 4–5). Substantial TEA-sensitive
currents, which preserved significant LA–LV differences, were noted
in cultured fibroblasts (Figure 5B). We also exposed cultured fibroblasts
to 4-AP (300 mmol/L) or the highly selective Kv1.5 blocker S9947
(1 mmol/L). 4-AP exposure induced a significantly faster proliferation
rate in LA fibroblasts (Figure 5C). S9947 also tended to increase LA fibro-
blast proliferation, but the results did not achieve statistical significance
(Figure 5C). Like TEA-sensitive currents, 4-AP-sensitive currents in cul-
tured fibroblasts preserved statistically significant LA–LV differences
(Figure 5D).

Figure 1 Representative currents recorded from control cardiac fibroblasts are shown at baseline (A), after treatment with TEA 30 mmol/L (B), and
wash-out of TEA (C). (D) Representative tail current recordings at different extracellular K+ concentration ([K+]o) values: 5, 20, and 100 mmol/L. (E) Mea-
sured reversal potentials plotted against log [K+]o. The dotted line is the best-fit linear regression to our data and the solid line is predicted under ideal K+

conductance conditions, calculated with the Nernst equation at 208C. (Results in D and E were corrected for a junction potential of 10.4 mV.)
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3.7 KCa1.1 current density and fibroblast
proliferation
Since LA and LV fibroblasts manifested different expression levels of
KCa1.1 (BKCa) mRNA, we used a selective BKCa channel blocker, paxil-
line,18,19 to study this current. Calcium was included in the pipette solu-
tion (with calculated [Ca2+]i ¼ 100 nmol/L) to activate BKCa channels.
Paxilline was used at a concentration (1 mmol/L) much larger than the
IC50 to ensure full block. The result (Figure 6A) shows significantly
larger paxilline-sensitive currents in LA than in LV fibroblasts (e.g.
3.0+0.5 LA vs. 1.6+ 0.2 pA/pF LV at +60 mV, P , 0.001), compatible
with the mRNA results in Figure 4. We also recorded paxilline-sensitive
currents in cultured fibroblasts (Day 4–5), which showed no significant
difference between LA and LV fibroblasts (Figure 6B). We then verified
paxilline effects on proliferation by 3H-thymidine assay (Figure 6C). LA
fibroblasts treated with 0.1 mmol/L of paxilline showed greater prolifer-
ation comparing with vehicle. On the other hand, the effect of paxilline
on LV fibroblasts was smaller and not statistically significant, compatible
with the larger current densities in LA. At a higher concentration
(1 mmol/L), the paxilline effect decreased and was no longer statistically
significant.

4. Discussion

4.1 Summary of the major findings
In the present study, we assessed the expression of Kv currents in freshly
isolated canine fibroblasts. Kv currents and corresponding subunit
mRNA expression were strongly down-regulated in CHF fibroblasts,
and mimicking Kv-current down-regulation with the Kv-current
blocker enhanced fibroblast proliferation. We also noted differential
Kv current and subunit mRNA expression in LA vs. LV fibroblasts,
although the differences were much smaller than those observed for
CHF vs. control. BKCa currents were smaller than TEA-sensitive Kv cur-
rents. Theywere also differentially expressed in LAvs. LV, but in contrast
to Kv currents were more strongly expressed in LA.

4.2 Previous findings regarding ionic
currents in cardiac fibroblasts
Li et al.12 showed multiple ionic currents, including BKCa,
transient-outward current (Ito), Kv current, inward-rectifier K+

current (IKir), Cl2 current (ICl), L-type Ca2+ current (ICaL), and Na+

Figure 2 Baseline current densities and TEA response of control atrial and ventricular fibroblasts (FBs). (A) Current–density voltage relationships of
atrial and ventricular FBs. The voltage-clamp protocol delivered at 0.1 Hz is shown in the inset. Dog-based current densities, obtained with the use of
per-dog LA and LV values (results shown are from 50 atrial cells from 15 control dogs and 46 ventricular cells from the same dogs). (B) FBs were
treated with different TEA concentrations, and the effect of TEA on total end-pulse current at +60 mV was expressed as a fractional reduction:
(IBL2ITEA)/IBL, where IBL, ITEA, current under baseline, and TEA conditions, respectively. The calculated IC50 of TEA was 0.68 mmol/L for atrial and
1.15 mmol/L for ventricular FBs. (C) 4-AP- (300 mmol/L) and (D) S9947- (1 mmol/L) sensitive current densities for control LA and LV FBs. *P , 0.05,
**P , 0.01 for atrial vs. ventricular FBs by two-way ANOVA. n/N, number of cells/number of dogs.
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current (INa) in passage 2–6 cultured human ventricular fibroblasts.
About 90% of cells expressed BKCa current, 15% expressed Ito, and
24% expressed IKir. The Kv currents they recorded were much smaller
than BKCa current. This discrepancy from our findings may be due to
the fact that they studied cultured fibroblasts, whereas here we assessed
freshly isolated cells, and cell culture strongly down-regulates fibroblast
Kv currents.20 Chilton et al.13 demonstrated both inward and outward

K+ currents in freshly isolated fibroblasts from adult rat ventricle.
They focused primarily on inward IKir, which was Ba2+-sensitive and
controlled the resting potential. Of note, they did not detect down-
regulation of Kv currents under culture conditions. The electrical prop-
erties of rat fibroblast outward K+ currents were subsequently analysed
in detail by the same group.21 They noted current morphologies similar
to those studied here: time-dependent activation and slow inactivation

Figure 3 Kv-current properties of atrial and ventricular FBs from CHF dogs. (A) Representative current recordings from FBs from a CHF dog at baseline
(left) and after treatment with 30 mmol/L of TEA (right). (B) Baseline current–density voltage relationships (expressed as total end-pulse current) for CHF
atrial and ventricular FBs. The voltage-clamp protocol (inset) was delivered at 0.1 Hz. (C) and (D) Comparison of TEA-sensitive current densities (baseline
current densities minus current densities in 30 mmol/L of TEA) between control and CHF dogs for both atrial (AFB) and ventricular FBs (VFB).
***P , 0.001 for control vs. CHF FBs by two-way ANOVA. n/N, number of cells/number of dogs.

Figure 4 mRNA expression measured by qPCR for (A) Kv1.5, (B) Kv4.3, and (C) KCa1.1 subunits. Sample numbers were eight (dogs) for all groups.
Comparison between control and CHF FBs: *P , 0.05, **P , 0.01, ***P , 0.001. Comparison between atrial and ventricular FBs: +P , 0.05,
++P , 0.01, +++P , 0.001. All comparisons were ANOVA with Bonferroni-corrected t-tests.
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compatible with a C-type inactivation processes, strong K+-selectivity
and TEA-sensitivity.

4.3 Differential expression of ionic currents
between atrial and ventricular fibroblasts
Chamber-specific gene expression patterns are well recognized in the
heart.22– 24 However, cell specificity is less well appreciated. Previous
work has indicated that atrial tissue is more vulnerable to fibrotic
stimuli than ventricular.14,15 About 25 years ago, Kardami and Fandrich25

reported that the concentration of basic fibroblast growth factor is
greater in atrial than ventricular tissue extracts. Burstein et al.15

showed that cultured atrial fibroblasts show signs of myofibroblast dif-
ferentiation more rapidly under culture conditions than ventricular
fibroblasts. In the same study, microarrays revealed 225 differentially
expressed genes between atrial and ventricular fibroblasts. Differences
in PDGF receptor expression were shown to be of particular import-
ance in the atrial–ventricular fibroblast behaviour differences. Here,
we examined LA vs. LV fibroblast ion-channel expression and found
that LA fibroblasts express less Kv current, but more BKCa current,
than LV. Given the ability of Kv and BKCa current blockade to alter fibro-
blast proliferation, the differences we noted may influence atrial–

ventricular differences in fibrosis. Theoretically, the smaller Kv current
in LA vs. LV could promote fibrosis and contribute to the atrial pro-
fibrotic tendency. However, the LA–LV Kv-current differences were
small and only seen at quite positive potentials, so their functional
importance is questionable. The BKCa differences would be expected
to diminish the atrial fibrotic tendency based on the proliferation-
enhancing effect we saw of 0.1 mmol/L of paxilline. Thus, BKCa may act
as an internal check on atrial pro-fibrotic processes.

4.4 Potential significance of CHF-induced
remodelling of fibroblast Kv channels
Although cardiac fibroblasts are non-excitable cells, they can act as
important current sinks if coupled with cardiomyocytes.26 –28 Fibro-
blasts can act as mechano-electrical transducers, with stretch-activated
channels on fibroblasts that can alter cardiomyocyte membrane poten-
tials in pathological situations.10,29 Fibroblasts have been shown to im-
portantly affect cardiomyocyte electrical activity8,30 and to induce
arrhythmogenesis31,32 in fibroblast–cardiomyocyte co-culture. Critical
determinants of the effects of fibroblasts on cardiomyocyte electrical
activity include the extent of coupling and the number of fibro-
blasts coupled with cardiomyocytes.30–37 Disease-induced changes in

Figure 5 (Left) Effects of K+-channel blockers on FB proliferation. (Right) Current–density voltage relationships in culturedFBs. (A) Results for TEA (0.1
and 1 mmol/L). (B) Results for 1 mmol/L of TEA-sensitive current density. (C ) Results for 4-AP (300 mmol/L) and S9947 (1 mmol/L) effects on FB prolif-
eration. (D) 4-AP-sensitive current densities (at 300 mmol/L). *P , 0.05 by two-way ANOVAwith Bonferroni post hoc test.+P , 0.05 for LAvs. LV current
densities, by two-way ANOVA. Left: N, number of dogs; Right: n/N, number of cells/number of dogs.
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fibroblast ion-channel function of the type we describe here have the
capacity to influence the consequences of cardiomyocyte–fibroblast
electrical interactions and associated arrhythmogenesis.

Another potentially important role of fibroblast ion channels is the
regulation of fibroblast proliferation and associated fibrosis. There is evi-
dence in the literature that changedfibroblast channel function canaffect
the pro-fibrotic properties of fibroblasts. In Alzheimer disease models,
acute TEA exposure depolarizes fibroblast membrane potential, causes
intracellular Ca2+ elevation, and enhances fibroblast proliferation.38 –40

In fibroblast-like synoviocytes, both paxilline (200 nmol/L) and TEA
(5 mmol/L) increase intracellular calcium concentration.41 In cultured
human cardiac fibroblasts, both 1–3 mmol/L paxilline and KCa1.1
knockdown have been shown to suppress proliferation.42 This finding
differs from our observations with 0.1 mmol/L of paxilline.42 Possible
explanations of the discrepancy include species-specificity (human vs.
dog) and differences in the preparation (5- to 6-day cultured cells in
our study vs. second—sixth passage cultured human fibroblasts). To
examine the role of Kv currents, we exposed cells to 0.1 and 1 mmol/
L of TEA, the latter producing �50% Kv-current inhibition (Figure 2),
an effect of the order of that produced by CHF (Figure 3). We also

used 4-AP and the selective Kv1.5 blocker S9947, obtaining qualitatively
similar results, compatible with a contribution of Kv-current down-
regulation to the well-recognized pro-fibrotic effects of CHF.

4.5 Novel elements of this study
To our knowledge, the present study is the first to examine atrial–ven-
tricular differences in fibroblast ion-channel current and mRNA expres-
sion. It is also the first to explore the potential role of Kv currents in
cardiac fibroblast function. Our results suggest that the reduced
Kv-current expression resulting from CHF-induced remodelling of LA
and LV fibroblasts may contribute to the fibrotic changes occurring at
both the atrial and ventricular levels.

4.6 Study limitations
In the present study, we used freshly isolated cells rather than cultured
cells in order to demonstrate the ionic currents under the most physio-
logical conditions possible. While the proportion of myofibroblasts is
small in freshly isolated cells, we cannot determine the extent to
which myofibroblast transformation, particularly in CHF cells, might
have contributed to our findings. The same general limitation also

Figure 6 (A) Paxilline-sensitive current densities (control current densities minus current densities with 1-mmol/L of paxilline) for control atrial and
ventricular FBs. Freshly isolated atrial and ventricular FBs (A) and after 4–5 day culture (B). Voltage-clamp protocol (0.1 Hz) is in inset. n/N, number of
cells/number of dogs. (C) Paxilline effect on FB proliferation. Sample numbers were five (dogs) for all groups. *P , 0.05 vs. baseline by two-way
ANOVA with Bonferroni-corrected t-test. +++P , 0.001 for atrial vs. ventricular FB current density, by two-way ANOVA.
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applied to 3H-thymidine assays. Because fibroblasts must be cultured for
4–5 days to obtain enough material for thymidine assay, fibroblast
phenotype may have changed prior to assay.20 It is possible that the iso-
lation procedure affects fibroblast integrity. An underlying assumption is
that any effects are similar on control and CHF fibroblasts.

Pharmacological approaches were used to characterize the currents
observed. TEA and 4-AP were employed as classical K+-channel block-
ers that have been used extensively to study voltage-gated K+ channels.
S9947 and paxilline were used as established selective blockers for cur-
rents carriedbyKv1.517 andBKCa

18,19 subunits, respectively. S9947 inhibits
Kv1.5 currents in CHO cells with an IC50 of 0.42 mmol/L. Inhibition of
Kv4.3 and HERG currents is �20% at 10 mmol/L S9947.17 Paxilline
has an IC50 for BKCa current of �2 nmol/L.35 At higher concentrations,
of the order of 5–50 mmol/L, paxilline can also block sarco-/endoplas-
mic reticulum Ca2+–ATPase and affect intracellular signalling.19 Such
non-specific effects may explain why the effect of paxilline on fibroblast
proliferation decreased, becoming statistically non-significant, at
1 mmol/L in our study. We used NaCl to replace KCl to maintain
osmotic balance when varying [K+]e—we cannot exclude an effect on
ion balances by permeation through non-selective cation channels,
although cell dialysis with pipette solution should minimize
ion-concentration changes.

Although LA fibroblast currents were smaller than LV, the
proliferation-enhancing effect of Kv-current blockade was greater in
LA cells. This observation may reflect the generally greater response
of LA vs. LV fibroblasts to a wide range of pro-fibrotic stimuli.15

We worked with random-source mongrel dogs, and had no reliable
information about their age. Fibrosis increases with aging, and fibroblast
properties may also change with aging. Since animal age was unknown, it
is possible that age differences between groups could have affected
results.

We quantified ion-channel subunit changes by qPCR measurements
of mRNA expression only. We attempted to quantify protein expres-
sion with western blots, but were unable to obtain results of sufficient
quality with commercially available antibodies and the relatively small
amount of protein we could obtain from freshly isolated fibroblasts.
This lackof protein expression data should be considered in interpreting
our findings.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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