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comprise ⬃75% of the volume of mammalian ventricles, but they account for only ⬃30% of all myocardial cells (50). Ninety percent of the remaining myocardial
cells are cardiac fibroblasts (5). Under physiological conditions, cardiac fibroblasts are responsible for maintaining the
extracellular matrix (5) and also produce a wide variety of
autocrine and paracrine factors (11).
In response to ischemia and/or myocyte injury, a localized
immune response is initiated. This results in fibroblast recruit-

ment (14), and fibroblasts proliferate and transform into myofibroblasts (46). Like fibroblasts, myofibroblasts are also proliferative and mobile, and they synthesize numerous autocrine
and/or paracrine factors (43). In addition, myofibroblasts can
contract, and this may assist in reduction of myocardial scar
size during wound resolution (44).
Despite the important roles played by cardiac fibroblasts and
myofibroblasts, the ionic basis for their membrane potential is
not fully understood. Furthermore, no information is available
concerning whether modulation of the membrane potential of
adult cardiac fibroblasts or myofibroblasts can influence their
physiological function(s). Rook et al. (37) studied some of the
electrophysiological characteristics of cultured neonatal rat
cardiac fibroblasts. These fibroblasts were not electrically excitable, had resting membrane potentials (RMPs) between ⫺20
and ⫺30 mV, and expressed outwardly rectifying ionic current(s). The RMP in adult rat atrial cardiac fibroblasts is also
relatively depolarized (⫺37 ⫾ 3 mV) (22). In these in situ
experiments, membrane potential hyperpolarized during atrial
relaxation and depolarized during atrial contraction (20, 21, 23,
27–29). These oscillations in membrane potential, termed “mechanically induced potentials,” were blocked by 40 M gadolinium. Patch-clamp analysis of freshly dissociated adult rat
atrial fibroblasts provided evidence for a gadolinium-sensitive
nonselective cation conductance that was enhanced by compression and inhibited by stretch (22). In these freshly dissociated adult atrial fibroblasts, no conventional voltage-gated
currents were identified.
In the present study, both freshly dissociated fibroblasts and
cultured myofibroblasts were studied using the whole cell
patch-clamp technique. The primary goal was to identify the
main ionic currents and determine their role in control of RMP.
After it was demonstrated that both cell populations consistently expressed K⫹ currents, expression of mRNA encoding
␣-subunits of a variety of K⫹ channels was assessed. In the
final set of experiments, myofibroblasts were studied to determine whether modulation of membrane potential could affect
physiological function, as judged by 1) changes in cell number
and 2) changes in the extent of deformation of collagen I gels
that had been seeded with myofibroblasts. Some of these
findings have been reported recently in abstract form (8, 9).
The delayed rectifier K⫹ currents have been studied in detail in
a recent study from our laboratory (42).
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Giles. K⫹ currents regulate the resting membrane potential, proliferation, and
contractile responses in ventricular fibroblasts and myofibroblasts. Am J
Physiol Heart Circ Physiol 288: H2931–H2939, 2005. First published
January 11, 2005; doi:10.1152/ajpheart.01220.2004.—Despite the important roles played by ventricular fibroblasts and myofibroblasts in
the formation and maintenance of the extracellular matrix, neither the
ionic basis for membrane potential nor the effect of modulating
membrane potential on function has been analyzed in detail. In this
study, whole cell patch-clamp experiments were done using ventricular fibroblasts and myofibroblasts. Time- and voltage-dependent
outward K⫹ currents were recorded at depolarized potentials, and an
inwardly rectifying K⫹ (Kir) current was recorded near the resting
membrane potential (RMP) and at more hyperpolarized potentials.
The apparent reversal potential of Kir currents shifted to more positive
potentials as the external K⫹ concentration ([K⫹]o) was raised, and
this Kir current was blocked by 100 –300 M Ba2⫹. RT-PCR measurements showed that mRNA for Kir2.1 was expressed. Accordingly,
we conclude that Kir current is a primary determinant of RMP in both
fibroblasts and myofibroblasts. Changes in [K⫹]o influenced fibroblast
membrane potential as well as proliferation and contractile functions.
Recordings made with a voltage-sensitive dye, DiBAC3(4), showed
that 1.5 mM [K⫹]o resulted in a hyperpolarization, whereas 20 mM
[K⫹]o produced a depolarization. Low [K⫹]o (1.5 mM) enhanced
myofibroblast number relative to control (5.4 mM [K⫹]o). In contrast,
20 mM [K⫹]o resulted in a significant reduction in myofibroblast
number. In separate assays, 20 mM [K⫹]o significantly enhanced
contraction of collagen I gels seeded with myofibroblasts compared
with control mechanical activity in 5.4 mM [K⫹]o. In combination,
these results show that ventricular fibroblasts and myofibroblasts
express a variety of K⫹ channel ␣-subunits and demonstrate that Kir
current can modulate RMP and alter essential physiological functions.
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Materials. Collagenase type II was purchased from Worthington
Biochemical; DMEM/F12, standard minimal essential medium, FCS,
trypsin EDTA solution, fungizone, gentamycin, penicillin-streptomycin solution were purchased from GIBCO/Invitrogen; and DiBAC4(3)
and collagen I were purchased from Molecular Probes and StemCell,
respectively. All other chemicals were obtained from Sigma-Aldrich.
Fibroblast isolation. All procedures complied with Canadian
Council on Animal Care regulations. The methods used are in compliance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH Pub. No. 85-23, Revised 1996) and
with University of Calgary guidelines. Adult male Sprague-Dawley
rats were anaesthetized with isoflourane and methoxyflourane. Hearts
were Langendorff perfused at 8 ml/min (37°C) with 1) 1 mM CaCl2Tyrode solution for 5 min; 2) CaCl2-free Tyrode solution for 5 min,
and 3) 4 M CaCl2-Tyrode solution containing 0.04 mg/ml collagenase II and 0.004 mg/ml protease XIV for 9 –12 min. Ventricular
tissue was then cut into ⬃1-mm2 pieces and further digested in 10 M
CaCl2, 1 mg/ml collagenase II, 0.1 mg/ml protease XIV, and 0.5%
BSA-Tyrode solution in a 37°C shaker bath.
For electrophysiological studies, fibroblasts were diluted in KrafteBrühe buffer [containing (in mM) 100 K-glutamate, 10 K-aspartate,
25 KCl, 10 KH2PO4, 2 MgSO4, 20 taurine, 5 creatine, 0.5 EGTA, 20
glucose, and 5 HEPES, with 1% BSA]. Cells were maintained in this
medium for 1 h at 22 ⫾ 1°C before being stored at 4°C and were used
within 6 h of being refrigerated. Refrigerated cells were allowed to
warm 30 min before the initiation of electrophysiological studies.
When placed under cell culture conditions, cardiac fibroblasts
quickly transform into myofibroblasts (15, 47– 48). To obtain a
predominantly myofibroblast population, ventricular fibroblasts in KB
buffer were spun (2,000 rpm, 10 min) and then resuspended in
DMEM with 10% FCS, penicillin-streptomycin (10 /ml), gentamycin (50 g/ml), and fungizone (0.0125 g/ml). Cells were incubated
in a 250-ml Falcon flask (VWR) in a 37°C CO2 water-jacketed
incubator (Forma Scientific). After the first passage, the majority of
these cells demonstrated robust staining for smooth muscle ␣-actin, a
marker of myofibroblasts that is absent in fibroblasts (46) (data not
shown).
Electrophysiological measurements. Cells were placed on the stage
of a Nikon Diaphot inverted microscope and superfused continuously
at 22 ⫾ 1°C with Tyrode solution containing (in mM) 140 NaCl, 5.4
KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 5.5 glucose, and 7.14 mannitol
(pH adjusted to 7.4 with NaOH). Tyrode solutions with selected
external K⫹ concentrations ([K⫹]o) were prepared by isotonic substitution with NaCl. Patch pipettes were made from borosilicate glass
shanks (World Precision Instruments) with a P-87 Flaming/Browning
pipette puller (Sutter Instruments). Pipette tips were polished (Narishige Scientific Instrument Lab microfoge). These patch pipettes had
resistances of 6 –12 M⍀ when filled with a solution containing (in
mM) 12 NaCl, 20 KCl, 110 K-aspartate, 1 CaCl2, 1 MgCl2, 4 K2ATP,
10 EGTA, and 10 HEPES (pH adjusted to 7.2 with KOH).
Whole cell voltage-clamp experiments were done using an EPC 7
amplifier (List Electronic) interfaced to a Digidata 1322A dataacquisition system controlled by Clampex version 8.1 software (Axon
Instruments). Data was analyzed with pCLAMP software (Axon
Instruments) and Origin 6.1 (OriginLab) and plotted as isochronal
current-voltage (I-V) curves.
Cell capacitance was measured by integrating the capacitative
transient evoked during 10-mV depolarizing steps from a holding
potential of ⫺50 mV. Input resistance was calculated from current
changes in response to 10-mV depolarizing steps from a holding
potential of ⫺60 mV.
Whole cell I-V relationships were determined from a holding
potential of ⫺50 mV. The protocol consisted either of 500-ms voltage
steps, applied in 10-mV increments between ⫺140 mV and 30 mV, or
of a 1-s voltage ramp from either ⫺140 to 50 mV or ⫺125 to 20 mV.

Responses to BaCl2 or to changing [K⫹]o were obtained after their
application with a rapid perfusion system (ALA Scientific Instruments). Leakage current through the pipette/plasmalemma seal was
estimated from the seal resistance and applied voltages and was
subtracted from raw current records. Membrane voltages have been
corrected for a junction potential of 10 mV, as calculated by pCLAMP
software.
Qualitative and quantitative PCR. Total RNA was extracted from
P1 myofibroblasts and reverse transcribed as reported previously. The
PCR amplication protocol was as follows: 15 s at 95°C and 60 s at
60°C for 1 min according to AmpliTaq Gold (Applied Biosystems;
Foster City, CA). GAPDH primers were used to confirm that the
products generated were representative of RNA. Each amplified
product was sequenced by the chain termination method with an ABI
PRIZM 3100 genetic analyzer (Applied Biosystems). Real-time quantitative PCR was performed with the use of Syber green chemistry on
an ABI 7000 sequence detector (Applied Biosystems). Experimental
quantities were calculated relative to the standard curve for a particular set of primers, yielding transcriptional quantitation of gene
products relative to the endogenous standard (GAPDH). The reproducibility of the assay was tested by ANOVA comparing repeat runs
of samples, and mean values generated at individual time points were
compared by Student’s t-test.
The following PCR primers were used: Kv1.1 (GenBank accession
no. NM_173095, 357– 485), amplicon ⫽ 129 bp; Kv1.2 (GenBank
accession no. NM_012970, 1285–1385), amplicon ⫽ 101 bp; Kv1.5
(GenBank accession no. NM_012972, 1385–1491), amplicon ⫽ 107
bp; Kv1.6 (GenBank accession no. AJ276137, 155–259), amplicon ⫽
105 bp; Kir1.1 (GenBank accession no. NM_017023, 1211–1311),
amplicon ⫽ 101 bp; Kir2.1 (GenBank accession no. NM_017296,
278 –378), amplicon ⫽ 101 bp; Kir2.2 (GenBank accession no.
NM_053981, 856 –972), amplicon ⫽ 117 bp; Kir2.3 (GenBank accession no. NM_053870, 1129 –1234), amplicon ⫽ 106 bp; Kir2.4
(GenBank accession no. NM_170718, 739 – 844), amplicon ⫽ 106 bp;
Kir3.1 (GenBank accession no. NM_031610, 804 –905), amplicon ⫽
102 bp; Kir6.1 (GenBank accession no. NM_017099, 968 –1074),
amplicon ⫽ 107 bp; Kir6.2 (GenBank accession no. NM_031358,
1679 –1781), amplicon ⫽ 103 bp; and GAPDH (GenBank accession
no. NM_017008, 1533–1636), amplicon ⫽ 104 bp.
Measurements of changes in membrane potential: DiBAC3(4) studies. P1 myofibroblasts were incubated with normal Tyrode solution
containing 1 M DiBAC4(3) (30 min, 37°C). DiBAC4(3) is a bisbarbituric acid oxolol compound that partitions into the membrane as
a function of membrane potential (12, 49). Hyperpolarization causes
extrusion of the dye and decreased fluorescence, whereas depolarization causes enhanced fluorescence (1, 12, 49). Fluorescence was
monitored with a fluorescent microscope (Olympus America) using
the excitation and emission wavelengths of 470 and 525 nm, respectively. Relative fluorescence intensity was determined with OpenLab
Software (Improvision). DiBAC4(3) was maintained at 1 M in all
solutions.
Collagen I gel deformation assays. Collagen I gels were prepared
according to Takayama and Mizumachi (45). P1 myofibroblasts were
maintained on gels for 7 days before being serum starved for 12 h. Gel
deformation was then initiated at time 0 by freeing gel edges with a
scalpel. Individual gels were photographed with a Digital Camera
(Nikon) at 0, 2, 4, 6, and 8 h. The surface area of each gel at each time
was measured with custom software.
Assessment of myofibroblast number. P1 cells were allowed to
grow to ⬃80% confluence in a Falcon tray and were then serum
starved overnight. Cell number was determined after 24-h incubation
in the presence of 1.7, 5.4, 10, or 20 mM [K⫹]o-Tyrode solution. Cells
were trypsinized and counted with a Coulter cell counter (model ZM,
Beckman Coulter) or a hemocytometer (Reichert).
Statistical analysis. Data are presented as means ⫾ SE. Levels of
statistical significance were assessed by unpaired Student’s t-test. P
values of 0.05 or less were considered statistically significant.
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RESULTS

Currents recorded from adult rat ventricular fibroblasts and
myofibroblasts. Using standard whole cell patch-clamp methods, we investigated the ionic basis for RMP in freshly dissociated adult rat ventricular fibroblasts as well as myofibroblasts
that were maintained under culture conditions for 20 ⫾ 1 days.
Freshly dissociated ventricular fibroblasts are spherical and
have an average capacitance of 6.3 ⫾ 1.7 pF (n ⫽ 18). Their
input resistance measured between ⫺60 and ⫺50 mV was
10.7 ⫾ 2.3 G⍀ (n ⫽ 23). With voltage-clamp steps (500 ms)
applied in 10-mV increments between ⫺140 and 30 mV, from
a holding potential of ⫺50 mV, measurements of peak currents
yielded a sigmoidal I-V relationship (Fig. 1A). This suggested
that at least two distinct types of currents were expressed in
these cells. A representative family of currents from an indi-
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vidual fibroblast is shown in Fig. 1A, inset. At membrane
potentials negative to approximately ⫺60 mV, an inwardly
rectifying current was recorded, whereas at membrane potentials positive to approximately ⫺40 mV, a time- and voltagedependent outward K⫹ current was activated. This general
pattern of K⫹ currents was recorded in ⬃90% (33/35) of these
fibroblasts. Approximately 70% (25/35) of these fibroblasts
expressed a measurable inwardly rectifying current. No regenerative responses were recorded from any freshly dissociated
ventricular fibroblasts. The time- and voltage-dependent outward K⫹ currents have been studied in detail in a separate
project in our laboratory (42). For this reason, their properties
will not be further considered here.
A similar pattern of currents was recorded from single adult
rat ventricular myofibroblasts. When maintained under culture
conditions for 20 ⫾ 1 days, myofibroblasts spread and proliferate significantly and also develop numerous cellular processes. Individual myofibroblasts have a much larger capacitance (53.2 ⫾ 9.4 pF, n ⫽ 20) than freshly dissociated fibroblasts. When individual myofibroblasts were voltage clamped
at ⫺50 mV and stepped (1 s) from ⫺130 to 30 mV, both
inwardly rectifying currents and outward time- and voltagedependent K⫹ currents were recorded in 95% (19/20) of these
cells. Figure 1B, inset, shows a representative family of currents from a single myofibroblast. When considered as an
entire population, myofibroblasts appeared to have larger inwardly rectifying current density than freshly dissociated fibroblasts [myofibroblasts: ⫺6.7 ⫾ 2.5 pA/pF (n ⫽ 20) vs.
fibroblasts: ⫺1.9 ⫾ 0.7 pA/pF (n ⫽ 20) at ⫺130 mV].
However, when only those fibroblasts with a measurable Kir
current were considered, this difference was no longer apparent
[myofibroblasts: ⫺6.7 ⫾ 2.5 pA/pF (n ⫽ 20) vs. fibroblasts:
⫺6.3 ⫾ 2.8 pA/pF (n ⫽ 7), at a membrane potential of ⫺130
mV]. Cultured myofibroblasts did not exhibit regenerative
electrophysiological responses when electrical stimuli were
applied.
Kir current is modulated by variations in [K⫹]o and blocked
by Ba2⫹. To more fully characterize the inwardly rectifying
current(s) expressed in fibroblasts and myofibroblasts, responses to changes in [K⫹]o were recorded and blockade by
BaCl2 was assessed. As shown in Fig. 2A, when a single
fibroblast that expressed a strongly rectifying inward current
was superfused with solutions containing increased [K⫹]o, the
apparent reversal potential of this inwardly rectifying current
shifted to more depolarized potentials. This cell was held at
⫺50 mV, and currents were activated with 1-s voltage ramps
from ⫺140 to 50 mV. In 10 mM [K⫹]o, inward current was
recorded at membrane potentials negative to ⫺60 mV, and, in
25 and 75 mM [K⫹]o solutions, larger inward currents were
observed in the hyperpolarized range of membrane potentials.
An estimate of the reversal potentials (EK) of these currents
can be determined from the I-V relationships. In 25 and 75 mM
[K⫹]o, the EK was approximately ⫺47 and approximately ⫺23
mV, respectively. The corresponding EK values are ⫺67 mV
(10 mM [K⫹]o), ⫺44 mV (25 mM [K⫹]o); and ⫺16 mV (75
mM [K⫹]o). On this basis, the predicted shift in EK of a
K⫹-selective current would be 23 mV (10 vs. 25 mM [K⫹]o)
and 51 mV (10 vs. 75 mM [K⫹]o). The recorded shifts in EK
were 17 mV (10 vs. 25 mM [K⫹]o) and 41 mV (10 vs. 75 mM
[K⫹]o). A pattern of similar results was obtained from a single
myofibroblast in which inwardly rectifying currents were stud288 • JUNE 2005 •
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Fig. 1. Family of currents recorded using fibroblasts and myofibroblasts from
ventricles of adult rats. A: currents (means ⫾ SE) recorded with whole cell
patch-clamp techniques from freshly dissociated ventricular fibroblasts. B:
currents (means ⫾ SE) recorded from ventricular myofibroblasts. Insets,
representative families of currents from a single fibroblast (A) and a single
myofibroblast (B). In each of these experiments, the cell was voltage clamped
at ⫺50 mV, and the membrane voltage (Vm) was then stepped in 10-mV
increments in the range of ⫺140 mV (A) or ⫺130 mV (B) to 30 mV. All
experiments were done at room temperature (22 ⫾ 1°C). Im, membrane
current.
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ied (Fig. 2B). In Fig. 2B, difference currents resulting from
BaCl2 (100 M) application currents are plotted during superfusion with 5 and then 10 mM [K⫹]o. Again, the EK is shifted
to more depolarized potentials as [K⫹]o was elevated: at 5 mM
[K⫹]o, EK was approximately ⫺87 mV, whereas at 10 mM
[K⫹]o, it is shifted to approximately ⫺65 mV. The theoretical
EK values are ⫺83 and ⫺67 mV, respectively. The predicted
shift in EK for a K⫹ current would be 16 mV (5 vs. 10 mM
[K⫹]o), whereas the recorded shift was ⬃22 mV in this
myofibroblast (Fig. 2B). These findings confirm that this inward current is carried by K⫹.
Note that a small outward BaCl2-sensitive difference current
was recorded from myofibroblasts in both 5 and 10 mM [K⫹]o.
This important result is illustrated in Fig. 2B, inset. It is this
outward current that is responsible for modulating the resting
potential. Although the peak magnitude of this current is small,
it can maintain and regulate RMP as a result of the very high
input resistance in single isolated fibroblasts and myofibroblasts.
In the experiment shown in Fig. 2C, the ability of low
concentrations of Ba2⫹ to block the Kir current of fibroblasts
was assessed. Figure 2C, inset, shows representative families
of currents from a single fibroblast under control conditions
(top left) and after exposure to 300 M Ba2⫹ (bottom left).
Application of 300 M Ba2⫹ in the presence of 10 mM [K⫹]o
completely blocked the inward component of this family of
currents. Fully reversible blocks of Kir current by 300 M
Ba2⫹ were consistently observed (closed squares, Fig. 2C) and
AJP-Heart Circ Physiol • VOL

was reversible (open squares, Fig. 2C). These data demonstrate
that the K⫹ currents recorded at hyperpolarized membrane
potentials in rat ventricular fibroblasts and myofibroblasts are
mainly due to expression of Kir channels.
mRNAs for Kir2.1 and Kv1.6 are expressed in ventricular
myofibroblasts. To attempt to identify which K⫹ channel
subtypes/families generate these inwardly rectifying and timeand voltage-dependent outward K⫹ currents, total RNA was
isolated from first passage myofibroblasts. These RNA samples
were then probed for the ␣-subunits of a number of Kir and
voltage-gated K⫹ (Kv) channels using primers developed
against rat genes. As shown in Fig. 3A, qualitative RT-PCR
experiments revealed that, of the Kv1 channel subtypes tested,
Kv1.6 transcripts were abundantly expressed in rat ventricular
myofibroblasts, and Kv1.1, Kv1.2, and Kv1.5 transcripts were
expressed at lower levels. Quantitative real-time PCR analysis
also showed abundant expression of Kv1.6, with expression of
Kv1.6 relative to GAPDH of 0.032 ⫾ 0.002 (n ⫽ 3) (Fig. 3B).
The expression levels of the other Kv1 subtypes were ⬍0.003
(n ⫽ 3) (Fig. 3B). Similarly, in rat ventricular myofibroblasts,
qualitative RT-PCR experiments revealed that Kir2.1 and
Kir6.1 transcripts were expressed, whereas other transcripts
examined (Kir1.1, Kir2.2, Kir2.3, Kir2.4, Kir3.1, and Kir6.2)
were not (Fig. 3C). Quantitative real-time PCR analysis also
revealed significant expression of Kir2.1 and Kir6.1. The
expression of Kir2.1 and Kir6.1 was 0.008 ⫾ 0.002 and
0.006 ⫾ 0.001, respectively (n ⫽ 3), and the expression level
of the other Kir channel subtypes was ⬍0.003 (n ⫽ 3) (Fig.
288 • JUNE 2005 •
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Fig. 2. Inwardly rectifying K⫹ (Kir) currents
are modulated by variations in external K⫹ concentration ([K⫹]o) and are blocked by BaCl2.
Currents were activated by clamping the fibroblast at ⫺50 mV and then applying a voltage
ramp lasting 1 s from ⫺140 to 50 mV. Note that
varying [K⫹]o from 10 to 25 or 75 mM caused a
shift in the reversal potential of the inwardly
rectifying current recorded in freshly dissociated
ventricular fibroblasts (A) together with nonlinear changes in current size. B: difference currents resulting from BaCl2 (10⫺4 M) application.
These were recorded from a single myofibroblast in 5 and then 10 mM [K⫹]o. In these
experiments, currents were activated by clamping the myofibroblast at ⫺50 mV and then
applying a voltage ramp lasting 1 s from ⫺130
to 20 mV. The outward component of each
Ba2⫹-sensitive difference current is shown at
high gain in the inset to illustrate the strong
inward rectification. C: sensitivity of this K⫹
current to Ba2⫹ block in fibroblasts is illustrated
by the representative family of currents under
control conditions (top left) and in the presence
of 300 M Ba2⫹ (bottom left, means ⫾ SE, n ⫽
6). In these experiments, each fibroblast was
voltage clamped at ⫺50 mV, and a series of
10-mV voltage-clamp steps was applied from
⫺140 to 30 mV.
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Fig. 3. Molecular identification of K⫹ Channel ␣-subunits
in rat ventricular myofibroblasts. RT-PCR was used to
detect delayed rectifier-type voltage-gated K⫹ (Kv)1 channel transcripts (A and B) and Kir channel transcripts (C and
D) using RNA from adult rat ventricular myofibroblasts.
PCR products were generated through the use of rat genespecific primers for Kv1.1, Kv1.2, Kv1.5, Kv1.6, Kir1.1,
Kir2.1, Kir2.2, Kir2.3, Kir2.4, Kir3.1, Kir6.1, and Kir6.2. A
100-bp molecular weight marker was used to estimate the
size of the amplicon, as shown on the right of A and C. PCR
products were sequenced to confirm their identity. RT-PCR
performed in the presence of GAPDH-specific primers
demonstrates that the products are representative of RNA. C
and D: quantitative RT-PCR for Kv1 and Kir channel
␣-subunits relative to GAPDH from the same RNA preparation of rat cardiac myofibroblasts. Results are expressed
as means ⫾ SE.
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Decreasing [K⫹]o enhances myofibroblast proliferation
and/or survival. The functional consequences of modulating
membrane potential by altering [K⫹]o have been evaluated.
Cardiac myofibroblasts can proliferate in culture (48 – 49).
Accordingly, the effect of altering [K⫹]o and membrane potential on myofibroblast number was studied. When first passage myofibroblasts were incubated for 24 h with either 1.7,
10, or 20 mM [K⫹]o solutions, the total number of myofibroblasts was significantly different from control (5.4 mM) [K⫹]o
conditions. As shown in Fig. 5, when [K⫹]o was decreased to
1.7 mM (open bar), the number of myofibroblasts was significantly increased relative to control numbers [solid bar;
85,102 ⫾ 4,038 cells/well (n ⫽ 6) control conditions compared
with 137,093 ⫾ 4,962 cells/well (n ⫽ 6) with 1.7 mM [K⫹]o
present, P ⬍ 0.01]. In contrast, when [K⫹]o was increased to
either 10 (hatched bar) or 20 (crosshatched bar) mM, the
number of myofibroblasts decreased relative to control (10 mM
[K⫹]o, 52,408 ⫾ 4,764 cells/well, n ⫽ 6, P ⬍ 0.01 relative to
control; 20 mM [K⫹]o, 51,763 ⫾ 3,481 cells/well, n ⫽ 6, P ⬍
0.01 relative to control). These findings indicate that exposure
to low [K⫹]o, which induces hyperpolarization, can enhance
myofibroblast proliferation and/or survival. In contrast, exposure to elevated [K⫹]o, which produces a depolarization, did
not promote proliferation and/or may have compromised survival. In this assay, cell number were determined 24 h after
each maneuver, with no distinction being made between proliferation versus survival.
Increasing [K⫹]o enhances myofibroblast contractility. Depolarization would be expected to result in myofibroblast
contraction, as judged by a collagen I gel deformation assay
(8). Decreased collagen I gel surface area has been shown to be
an indirect but reliable indication of myofibroblast contraction
(32–33, 45– 46). As shown in Fig. 6, when myofibroblasts were
placed on collagen I gels, the gel surface area decreased
significantly over 8 h under control [K⫹]o conditions (open
circles, 140.4 ⫾ 2.5 mm2 at time 0, n ⫽ 24, vs. 93.0 ⫾ 2.6 mm2
at 8 h, n ⫽ 8, P ⬍ 0.001). These results confirm that these
myofibroblasts exhibited normal contractile activity. When
exposed to 20 mM [K⫹]o (closed circles) for 8 h, the average
surface area of the collagen I gels was significantly smaller
than under control conditions (86.7 ⫾ 2.1 mm2 at 20 mM
[K⫹]o vs. 93.0 ⫾ 2.6 mm2 at 5.4 mM [K⫹]o, n ⫽ 8, P ⫽ 0.03),
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3D). These findings, in conjunction with our electrophysiological results, strongly suggest that Kv1.6 and Kir2.1 are responsible for delayed rectifier and Kir currents in rat ventricular
myofibroblasts, respectively.
Kir current is the primary determinant of RMP in fibroblasts
and myofibroblasts. Kir current is the primary determinant of
RMP in many cell types (cf. Refs. 1, 8, and 38). In 5.4 mM
[K⫹]o, the RMP of myofibroblasts was ⫺80 ⫾ 1.8 (n ⫽ 20), a
value similar to the theoretical EK [approximately ⫺83 mV:
22°C, assuming an internal K⫹ concentration ([K⫹]i) of ⬃139
mM]. The time- and voltage-dependent outward K⫹ current
was recorded only at membrane potentials positive to ⫺40 mV.
The average RMP of freshly dissociated ventricular fibroblasts
in 10 mM [K⫹]o was ⫺65 ⫾ 5 mV (n ⫽ 14), which is close the
theoretical EK (approximately ⫺67 mV: 22 °C, assuming [K⫹]i
⬃139 mM). Most of our experiments were carried out in the
presence of 10 mM [K⫹]o to increase the amplitude of K⫹
currents and thus enhance identification of their biophysical
properties.
Decreasing [K⫹]o hyperpolarizes and increasing [K⫹]o depolarizes myofibroblasts. The role of membrane potential in
modulating physiological functions of fibroblast and myofibroblast is not known. We began to investigate this important
question by changing [K⫹]o and measuring myofibroblast
functions in terms of proliferation and contractility. As shown
in Fig. 4, membrane potential in myofibroblasts was modulated
by varying [K⫹]o. When [K⫹]o was elevated in the superfusate
of first passage myofibroblasts, the DiBAC3(4) fluorescence
increased, indicating a depolarization (Fig. 4A; from 5.4 to 20
mM; and Fig. 4B: from 5 to 15 mM [K⫹]o). Conversely,
fluorescent intensity decreased, indicating a hyperpolarization,
when [K⫹]o was decreased (to 1.7 mM, Fig. 4A; or 1.5 mM,
Fig. 4, B and C). These changes in dye intensity were reversible when [K⫹]o was returned to control levels (Fig. 4, B and
C). On average, DiBAC3(4) intensity increased by 11 ⫾ 2%
(n ⫽ 26) when [K⫹]o was increased from 5.4 to 20 mM.
Lowering [K⫹]o to 1.7 mM resulted in an 11 ⫾ 1% (n ⫽ 25)
decrease in DiBAC3(4) signal intensity. These data indicate
that modulation of [K⫹]o modulates membrane potential; increased [K⫹]o can cause depolarization, whereas decreased
[K⫹]o results in hyperpolarization in ventricular myofibroblasts.
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Fig. 4. Effect of varying [K⫹]o on membrane potential
in ventricular myofibroblasts. A: representative photomicrographs of ventricular myofibroblasts exposed to
1 M DiBAC4(3) in 5.4 (left), 20 (middle), and 1.7
(right) mM [K⫹]o. DiBAC4(3) emission increased when
[K⫹]o was raised (A and B, middle; C, left portion) and
decreased when [K⫹]o was decreased (A and B, right
portion; C, middle).

suggesting that depolarization had significantly enhanced myofibroblast contractile activity. Exposure of myofibroblasts for
8 h to 10 ng/ml transforming growth factor (TGF)-␤, a very
potent contractile agonist (18, 45– 46), produced a reduction in
collagen I gel surface area approximately equivalent to that
observed in 20 mM [K⫹]o conditions (TGF-␤: 90.4 ⫾ 1.4
mm2, n ⫽ 8, vs. 20 mM [K⫹]o: 86.7 ⫾ 2.1 mm2, n ⫽ 8, not
AJP-Heart Circ Physiol • VOL

significant). In combination, these data indicate that depolarization enhances contractility of myofibroblasts.
DISCUSSION

Summary of main findings. Our results demonstrate that the
major ionic currents in freshly isolated adult rat ventricular
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fibroblasts and myofibroblasts under these cell culture conditions include a Kir current (which is blocked by Ba2⫹ at low
concentrations) and a time- and voltage-gated outward K⫹
current (which is activated when these cells are depolarized).
Consistent with these electrophysiological findings, mRNA for
both Kir2.1 and Kv1.6 channels is expressed in these ventricular myofibroblasts. Variation of [K⫹]o changes membrane
potential and modulates some physiological functions in these
myofibroblasts. Low [K⫹]o (1.5 or 1.7 mM) causes hyperpolarization of myofibroblasts. Under these conditions, significantly greater numbers of myofibroblasts were present after
24-h incubation. In contrast, 15 or 20 mM [K⫹]o-Tyrode
solution, which caused a depolarization, resulted in significantly fewer myofibroblasts after 24-h incubation. Similar
elevated [K⫹]o conditions applied in a gel contraction assay
resulted in enhanced collagen I gel deformation, indicating that
depolarization can enhance myofibroblast contractility.
Expression of K⫹ currents in fibroblasts and myofibroblasts.
This is the first report of a Kir current in cardiac fibroblasts or
myofibroblasts. Only a few previous studies have investigated
K⫹ current expression in cardiac fibroblasts. In cultured neonatal rat cardiac fibroblasts (37) and in freshly dissociated adult
rat atrial fibroblasts (22), no inward currents were recorded at
hyperpolarized potentials. However, in (noncardiac) fibroblasts
and myofibroblasts, this type of Kir current has been described.
Fibroblasts and myofibroblasts are present in all organs (for
detailed reviews, see Refs. 36, 39, 41, and 46) and include
macroglial cells of the brain (30, 36), hepatic stellate cells, and
vascular pericytes, among many others. In addition, a number
of cell lines have been derived from fibroblasts, including
normal rat kidney (NRK) myofibroblasts (19). Kir currents
have been described in astrocytes (26), oligodendrocytes (30),
hepatic stellate cells (24), coronary microvessel pericytes
maintained under culture conditions (4), and NRK myofibroblasts (18).
In ventricular fibroblasts and myofibroblasts, we consistently recorded time- and voltage-dependent outward K⫹ curAJP-Heart Circ Physiol • VOL

rents. These K⫹ currents are the focus of detailed biophysical
and pharmacological studies in our laboratory (42). These
results show that this K⫹ current has slow time- and voltagedependent activation kinetics. It exhibits C-type inactivation as
judged by its modulation after changes in [K⫹]o as well as by
block by extracellular tetraethylammonium (42). Previous
studies done using cultured neonatal rat cardiac fibroblasts
identified a somewhat similar outwardly rectifying current
(37). Analogous Kv currents have also been described in
numerous noncardiac types of fibroblasts and myofibroblasts,
including astrocytes (26), oligodendrocytes (30), hepatic stellate cells (24), NRK myofibroblasts (18), and coronary microvessel pericytes (4). In contrast, no Kv currents have been
recorded from freshly dissociated rat atrial fibroblasts (23).
Inwardly rectifying K⫹ current is a primary determinant of
RMP. Kir2.1, the classic strongly Kir channel, has been identified in numerous cell types. It was first described in skeletal
muscle (25), and the molecular transcript responsible for it was
cloned from J744 cells, a mouse macrophage cells line (31).
Kir channels may serve a variety of functions, including
maintaining RMP, modulating the threshold for cellular excitability, and contributing to tissue K⫹ homeostasis (for a review, see Ref. 38). In both adult rat ventricular fibroblasts and
myofibroblasts, Kir current is the primary determinant of RMP.
Previous papers reported that in neonatal rat cardiac fibroblasts, RMP was ⫺20 to ⫺30 mV (37), whereas in atrial
fibroblasts, RMP was ⫺37 ⫾ 3 mV (21). No measurable Kir
currents were expressed in these cardiac fibroblasts. In noncardiac fibroblasts and myofibroblasts in which Kir current has
been recorded, RMPs were more similar to the values we
report for ventricular fibroblasts and myofibroblasts. For example, in hepatic stellate cells perfused with 5.4 mM [K⫹]oTyrode solution, RMP was ⫺81 ⫾ 5 mV (24). These authors
concluded that Kir current was the primary determinant of
RMP in these cells. Similarly, in NRK myofibroblasts, Kir
current modulates RMP, which is approximately ⫺70 mV (18).
In contrast, average RMP in pericytes from the coronary
circulation is ⫺49 ⫾ 10 mV in 5.4 mM [K⫹]o-Tyrode solution
(4), suggesting that in these cells, Kir current contributes to,
but is not the primary determinant of, RMP.

Fig. 6. Effect of raising [K⫹]o on ventricular myofibroblast contractility
determined using an assay based on collagen I gel deformation. Changes in
collagen I gel surface area over 8 h are plotted in high [K⫹]o (20 mM) vs.
control [K⫹]o (5.4 mM). *P ⬍ 0.01 relative to control collagen I gel surface
area measured 8 h after selected changes were made in [K⫹]o.
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Fig. 5. Effect of varying [K⫹]o on ventricular myofibroblast proliferation
measured as the total number of myofibroblasts. Reduction of [K⫹]o from 5.4
(solid bar) to 1.7 mM (open bar) resulted a significant increase in the number
of myofibroblasts per well measured after 24-h incubation. Elevating [K⫹]o
from 5.4 (solid bar) to 10 (hatched bar) or 20 mM (crosshatched bar) resulted
in a significant decrease in the number of myofibroblasts per well. *P ⬍ 0.01
relative to 5.4 mM [K⫹]o.
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likely that variations in the chemical and/or electrophysiological milieu surrounding the fibroblast or myofibroblast in vivo
affect their membrane potential and physiological function
(18). For example, elevation in [K⫹]o within the ventricle is
observed in the first few minutes of ischemia (12). On the basis
of our results, an increase in [K⫹]o would affect membrane
potential and functional responses of intraventricular fibroblasts.
In summary, we demonstrated that K⫹ currents expressed in
adult rat ventricular fibroblasts and myofibroblasts have important physiological roles. In most of these cells, Kir current
is the primary determinant of RMP, and changes in [K⫹]o can
significantly alter membrane potential. In turn, change of
membrane potential modulates both proliferation and contractility in myofibroblasts. Ongoing studies are investigating the
effects of electrical coupling of myocytes with fibroblasts
and/or myofibroblasts. In the future, it will be essential to
integrate these findings with the interesting, important capabilities of tissue engineering paradigms so that fibroblast function
can be assessed in a more physiological two- or three-dimensional growth pattern (18). Previous studies have shown that
fibroblast and myofibroblast function and phenotype is strongly
regulated by both their microenvironment and the surrounding
matrix.
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