
Cardiac fibroblast paracrine factors alter impulse
conduction and ion channel expression of neonatal
rat cardiomyocytes

Dawn M. Pedrotty†, Rebecca Y. Klinger†, Robert D. Kirkton, and Nenad Bursac*

Biomedical Engineering Department, Duke University, Hudson Hall 136, Durham, NC 27708, USA

Received 2 February 2009; revised 25 April 2009; accepted 21 May 2009; online publish-ahead-of-print 28 May 2009

Time for primary review: 29 days

Aims The pathological proliferation of cardiac fibroblasts (CFs) in response to heart injury results in
fibrosis, which correlates with arrhythmia generation and heart failure. Here we systematically exam-
ined the effect of fibroblast-derived paracrine factors on electrical propagation in cardiomyocytes.
Methods and results Neonatal rat cardiac monolayers were exposed for 24 h to media conditioned by
CFs. Optical mapping, sharp microelectrode recordings, quantitative RT–PCR, and immunostaining
were used to assess the changes in the propagation and shape of the action potential and underlying
changes in gene and protein expression. The fibroblast paracrine factors produced a 52% reduction in
cardiac conduction velocity, a 217% prolongation of action potential duration, a 64% decrease of
maximum capture rate, a 21% increase in membrane resting potential, and an 80% decrease of action
potential upstroke velocity. These effects were dose dependent and partially reversible with removal
of the conditioned media. No fibroblast proliferation, cardiomyocyte apoptosis, or decreased con-
nexin-43 expression, phosphorylation, and function were found in conditioned cardiac cultures. In con-
trast, the expression of the fast sodium, inward rectifying potassium, and transient outward potassium
channels were, respectively, reduced 3.8-, 6.6-fold, and to undetectable levels. The expression of
b-myosin heavy chain increased 17.4-fold. No electrophysiological changes were observed from
media conditioned by CFs in the presence of cardiomyocytes.
Conclusion Paracrine factors from neonatal CFs alone produced significant electrophysiological changes
in neonatal rat cardiomyocytes resembling those found in several cardiac pathologies.
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1. Introduction

In the healthy heart, up to two-thirds of the total cell popu-
lation consists of non-myocytes, the majority being cardiac
fibroblasts (CFs) that perform essential functions for the
maintenance of myocardial structure and function.1–3

However, CFs are also activated in the wound healing
response in several cardiac pathologies, including ischaemic
heart disease, inflammation, hypertrophy, and myocardial
infarction, where they can lead to tissue remodelling and
fibrosis.1,3,4 The presence of fibrotic regions within diseased
heart tissue has been shown to correlate with heart failure
and arrhythmias.5,6 Arrhythmogenic properties are primarily
thought to be a result of increased fibroblast number and
extracellular matrix deposition that form direct physical
barriers to electrical propagation.5,7 However, the potential
indirect arrhythmogenic or anti-arrhythmic roles of CFs

exerted through the secretion of different soluble factors
are yet to be explored.

It is well known that CFs produce factors that contribute
to pathological cardiac hypertrophy characterized by
increased cardiomyocyte size and reorganization of contrac-
tile proteins.4,8 In contrast, less is understood about the
potential roles of paracrine factors secreted by CFs in cardi-
omyocyte electrophysiology and, specifically, in cardiac
action potential propagation. The role of non-cardiac para-
crine factors in altering cardiomyocyte function is difficult
to systematically assess in situ because of confounding
factors, including the presence of multiple cell types and
their paracrine factors, the ever changing concentrations
of neurohumoral factors, and the ‘washing’ effect of sur-
rounding capillaries.

Therefore, we assessed the role of paracrine factors from
CFs in cardiac electrophysiological function in vitro using
well-controlled, serum-free conditioned media studies, in
which media conditioned by CFs for 24 h was applied to car-
diomyocytes for 24 h, followed by optical and intracellular
recordings of action potential propagation. In response to† These authors contributed equally to this study.
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CF conditioning, we observed a remarkable slowing of
conduction velocity (CV), increase of the action potential
duration (APD), and depolarization of the resting membrane
potential (RMP) in cardiomyocytes. These effects were dose
dependent and caused by the down-regulated expression
of specific membrane ion channels but not by a change in
gap junction expression or function. Importantly, controlled
co-culture studies between cardiomyocytes and fibroblasts
suggest the existence of a cross-talk mechanism where car-
diomyocytes, when in the presence of fibroblasts, secrete
factors that counteract the described fibroblast paracrine
actions.

2. Methods

A detailed description of materials and methods used in this study is
included in the Supplemental material online. This study conforms
with the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publication NO.
85-23, revised 1996) and the Institutional Animal Care and Use Com-
mittee protocol #A277-06-08.

2.1 Cell cultures

2.1.1 Cardiomyocytes
Ventricular cardiomyocytes were dissociated from 2-day-old neo-
natal Sprague–Dawley rats, preplated in two steps and plated
onto fibronectin-coated coverslips at a density of 2300 cells/mm2

to yield confluent cardiac monolayers, as described previously.9

Forty-eight hours after seeding, culture media were switched to
serum-free (control) media,10 which was used for the remainder
of the culture time.

2.1.2 Cardiac fibroblasts
Neonatal rat CFs were recovered from the preplating steps of the
cardiomyocyte isolation and cultured in maintenance media. Upon
reaching confluence, the fibroblasts were split and passaged at a
1:2 ratio and used at passage one.10

2.2 Conditioned media studies

Fibroblast cultures were washed thoroughly with phosphate-
buffered saline and allowed to condition fresh serum-free
(control) media for 24 h. The resultant fibroblast conditioned
media were filtered through a 0.22 mm filter to remove any cellular
debris and added to 6-day-old confluent cardiac monolayers pre-
viously cultured in control media. After 24 h, conditioned and
control (cultured exclusively in control media) cardiac monolayers
were compared for electrophysiological properties as well as gene
and protein expression.

To assess whether the effects of conditioning were specific to CFs,
media conditioned for 24 h by an innocuous cell type, human
embryonic kidney 293 (HEK-293) cells, were used to condition
cardiac monolayers for 24 h.

Cardiac monolayers were also conditioned for 48 h (by adding
fresh CF-conditioned medium every 24 h) to assess whether the
observed effects were transient or sustained after prolonged
exposure to conditioned media. To determine whether the observed
effects could be reversed after removal of the CF-conditioned
media, cardiac cultures that had been conditioned for 24 h were
incubated in control medium for an additional 24 h.

To examine whether the observed conditioning effects were dose
dependent, CF-conditioned media were diluted with control media
to 50 or 25% of the original concentration and applied to cardiac
monolayers for 24 h. Cardiac monolayers were also exposed for
24 h to CF-conditioned medium that was concentrated 10-fold
using a centrifugal filtering device (3,000MW cutoff, Millipore) and
then diluted to 1� with fresh control media to test whether the

depletion of some factors from the control medium during
conditioning by CFs (instead of, or in addition to, the secreted
paracrine factors) contributed to the observed effects on
cardiomyocytes.

To assess whether CF paracrine action was exerted by secreted
proteins, inactivated CF-conditioned media were applied to
cardiac monolayers for 24 h. Protein inactivation involved treating
CF-conditioned media with 25 mg/mL of trypsin for 2 h at 378C fol-
lowed by heating at 908C to destroy the remaining trypsin activity.11

Finally, in controlled co-culture studies, we assessed whether
CF-conditioned media had the same effect on cardiomyocytes
when conditioning was performed in the presence of cardiomyo-
cytes. Six-day-old cardiac monolayers were placed into the centre
of 60 mm Petri dishes containing a surrounding confluent layer of
CFs for 24 h, allowing for the sharing of media but no physical
contact between the CFs and cardiac monolayers. Fibroblasts
were present at a density that provided the same concentration
of conditioned factors (by using the same number of cells per
volume of media) as in regular CF-conditioning experiments.
Dishes with cardiac monolayers but without surrounding fibroblasts
incubated for 24 h in either control or CF-conditioned media
served as controls.

2.3 Optical mapping of electrical propagation

A 504-channel optical mapping system and voltage-sensitive
dye (di-4-ANNEPS) were used to record action potential propagation
in electrically stimulated cardiac monolayers, as described
previously.9,12

2.4 Sharp microelectrode recordings

Sharp microelectrodes with tip resistances of 50–80 MV were used
to record propagated action potentials in cardiac monolayers
during 2 Hz pacing and to measure the RMP, maximum depolariz-
ation slope of the action potential, and APD at 80% of
repolarization.

2.5 Immunocytochemistry

Immunostaining was performed as described previously.10,12

2.6 Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching (FRAP) was used to
assess functional connectivity between cardiomyocytes. Briefly,
the recovery of fluorescence in a photobleached cell, through gap
junctional coupling to neighbouring cells, was assessed using confo-
cal microscopy, as described previously.13,14

2.7 Apoptosis detection

The presence of apoptotic cells was quantified using a commercially
available TUNEL fluorescence kit (Chemicon), as per manufacturer’s
instructions.

2.8 Quantitative reverse transcriptase–polymerase
chain reaction

Total RNA was isolated from cardiac monolayers using an RNeasy
Mini Kit (Qiagen). Reverse transcriptase–polymerase chain reaction
(RT–PCR) primers and probes were custom designed (see Sup-
plemental material online, Table S1) and used to perform a
one-step RT–PCR for each sample and gene in triplicate. The
TaqMan PCR data were quantified using the 22DDCt method,15 by
comparing the signal of the target transcript of the treated group
with that of the control group, both relative to an internal
control, 18S.
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2.9 Statistics

Data were expressed as a mean+ SD and analysed by unpaired
t-test or ANOVA, using Excel, S-Plus, and Graphpad software. Differ-
ences were considered statistically significant when P , 0.05.

3. Results

3.1 CF-conditioned media adversely affects
electrical propagation in cardiac monolayers

Immediately upon removal from the incubator, �75% of
cardiac monolayers exposed for 24 h to CF-conditioned
media exhibited spontaneous beating (0.8–3.2 Hz rate),
while unconditioned or acutely conditioned (for 1 h) mono-
layers remained quiescent. Furthermore, cardiac mono-
layers conditioned for 24 h (but not 1 h) exhibited
apparent conduction slowing (Figure 1A1 and A2) and APD
prolongation (Figure 1B1 and B2). Specifically, CV
(Figure 1C1) and maximum capture rate (MCR, Figure 1C3)
were, respectively, decreased to 48% (from 19.5+1.8 to
9.4+1.8 cm/s, P , 0.0001) and 36% (from 7.7+1.8 to

2.8+0.9 Hz, P , 0.0001) of the control values, while APD
(Figure 1C2) increased 217% (from 99.1+17.6 to 211+
58.5 ms, P , 0.0001) of that measured in unconditioned
controls. Prolonging the exposure to CF paracrine factors
from 24 to 48 h induced no additional changes in measured
electrophysiological properties (Figure 1C1–3). The addition
of fresh control medium after 24 h of conditioning resulted
in complete reversal of APD and MCR changes and partial
reversal of the CV to a level 78.2% of that measured in
control cultures (Figure 1C1–3). The addition of the exci-
tation–contraction uncoupler blebbistatin (10 mM16) to the
conditioned media had no measurable effect on the
observed electrophysiological changes (not shown),
suggesting that these changes were not mechanically
mediated.

3.2 Active paracrine factors in CF-conditioned
media are proteins

The effect of the CF-conditioned media was abolished by
proteolytic cleavage with trypsin and protein denaturation
with boiling11 (Figure 1C1–3), which along with the lack of
acute conditioning effects, indicated that the relevant para-
crine factors in the CF-conditioned media were peptides or
proteins. Furthermore, the electrophysiological properties
of cardiac monolayers exposed to media conditioned by
HEK-293 cells remained comparable to control
(Figure 1C1–3), suggesting the specificity of the observed
effects to CF-conditioning.

3.3 CF-conditioned media effects are dose
dependent and not the result of fibroblast-induced
media depletion

The observed cardiac electrophysiological effects were pro-
gressively lessened by diluting pure CF-conditioned medium
two- and four-fold with control medium (Figure 2). Specifi-
cally, the four-fold dilution completely neutralized the para-
crine effect on cardiac APD (Figure 2B), while the effects on
CV and MCR were only partially neutralized to 80.3 and
75.4%, respectively, of those in the unconditioned mono-
layers (Figure 2A and C). In addition, media that were con-
centrated 10-fold and then diluted to 1� with fresh control
medium exerted a similar electrophysiological effect on
cardiac monolayers as the CF-conditioned medium
(compare 100% Cond and 10� Conc groups in Figure 2A–
C). This result suggests that CF-secreted paracrine factors,
rather than the depletion of the control medium by CFs
during conditioning, were the cause of the observed electro-
physiological changes.

3.4 CF-conditioned media do not increase
cell apoptosis or fibroblast proliferation
in cardiac monolayers

We further investigated whether the observed paracrine
effects originated from non-electrophysiological changes in
cardiac monolayers. In particular, no increase in the
number of fibroblasts (average of 6% of total monolayer
area based on vimentin staining, Figure 3A1–3) or apoptotic
cells (3–4% of all cells, based on TUNEL staining, Figure 3C1–
3) were found in CF-conditioned vs. control monolayers.
Simultaneously, the cardiac cell size, assessed as the
amount of total protein per nucleus, was slightly but

Figure 1 Effect of CF-conditioned media on electrical propagation in
cardiac monolayers. (A) Representative isochrone maps of control,
CF-conditioned, and recovered cardiac monolayers stimulated by a point
electrode (P) at 2 Hz pacing rate. Recovered monolayers were exposed to
CF-conditioned media for 24 h and then switched to control media for 24 h
to recover. The isochrone lines are labelled in milliseconds. CVs were
19 cm/s (control), 8 cm/s (conditioned), and 15 cm/s (recovered). Circles
represent 504 optical recording sites. (B) Optical action potential traces
from respective monolayers in (A). (C) Parameters of electrical propagation.
Cond, conditioned. Bars from left to right, respectively, correspond to n ¼ 53,
53, 10, 10, 8, and 3 monolayers. Asterisks denote significantly different
results from control; hash symbols indicate significantly different results
from 1 and 2 day conditioned cultures.
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significantly increased (by 20%) due to the CF-conditioning
(Figure 3B1–3), consistent with other studies.17,18

3.5 CF-conditioned media do not change
intercellular connectivity in cardiac monolayers

To assess whether the decrease in CV in conditioned cardiac
monolayers was caused by a decrease in intercellular coup-
ling, we quantified the amount of total (unphosphorylated þ
phosphorylated) (Figure 4A1–3) and unphosphorylated only
(UnPO4, Figure 4B1–3) connexin-43 (Cx43) using immunos-
taining with phosphorylation-sensitive antibodies. The
total area of positive staining for total Cx43 per cell
nucleus was found to be comparable in conditioned
(1.77+0.66 mm2/nucleus) and control (1.60+1 mm2/
nucleus) monolayers (Figure 4A3). Conversely, the total
area of positive staining for UnPO4 Cx43 per cell nucleus
was found to be significantly larger in conditioned mono-
layers (0.04+0.02 mm2/nucleus) than control monolayers
(0.02+0.01 mm2/nucleus) (Figure 4B3). However, the
amounts of UnPO4 Cx43 in both conditioned and control cul-
tures were virtually negligible relative to the total amount

of Cx43 (Figure 4C1–3). Furthermore, the FRAP assessment
showed that control and CF-conditioned cardiomyocytes
recovered fluorescence via gap junctional coupling to neigh-
bouring cells over nearly identical time courses (Figure 4D1–
2). The derived transfer constants13 were comparable for
both groups (0.24+0.10 vs. 0.29+0.07 min21 in control
vs. conditioned monolayers, P ¼ 0.39, Figure 4D3), indicat-
ing that CF-conditioned media did not affect functional con-
nectivity between the cells.

3.6 CF-conditioned media significantly alter
expression of cardiac genes encoding ion
channels and contractile proteins

We also quantified the changes in expression of major rat ion
channel genes that could possibly produce the changes in
electrophysiology observed by optical mapping. As shown
in Figure 5A, the expression of the genes encoding the
cardiac sodium channel (SCN5A) and the inwardly rectifying
potassium channel (KCNJ2) in the conditioned cardiomyo-
cytes were, respectively, decreased by 3.8- and 6.6-fold
relative to control. Furthermore, the expression of the
transient outward potassium channel gene (KCND3) in
CF-conditioned cultures was downregulated to undetectable
levels. To verify immunostaining results, we also quantified
the expression of genes coding for the major neonatal rat
ventricular gap junction proteins (Cx43 and Cx45) and
found no difference between conditioned and control
monolayers. Finally, qRT-PCR assessment revealed that
in CF-conditioned monolayers, a-MHC expression was
unchanged (2.2-fold decrease, P ¼ 0.08) while b-MHC
expression increased by 17.4-fold compared to control
cultures.

3.7 CF-conditioned media cause depolarization,
slower rise, and prolongation of action potentials
in cardiomyocytes

On the basis of the altered ion channel gene expression and
optical mapping studies, we expected to find altered prop-
erties of propagated cardiac action potentials (Figure 5B).
Sharp microelectrode recordings in CF-conditioned mono-
layers when compared with control cardiac monolayers
revealed significant RMP depolarization (255.6+1.3 vs.
270.1+1.2 mV, Figure 5C1), slowing of action potential
upstroke velocity (21.5+3.6 vs. 105.9+9.5 V/s,
Figure 5C2) and, consistent with optical mapping, pro-
longation of the APD (99.6+8.3 vs. 44.7+4.5 ms,
Figure 5C3).

3.8 CF-conditioning in the presence
of cardiomyocytes has no effect on cardiac
electrical propagation

To explore whether CF-conditioning is altered in the pres-
ence of cardiomyocytes, the shared media, non-contact
co-cultures consisting of cardiac monolayers surrounded by
CFs were studied (Figure 6A1). Interestingly, the presence
of cardiomyocytes during CF-conditioning prevented the
detrimental CF paracrine action, yielding no change in
cardiac electrophysiological properties compared with
those of control cultures (Figure 6A2–4). These results
suggest that cardiomyocytes secrete factors that either

Figure 2 Effect of CF-conditioned media dilution on electrical propagation
in cardiac monolayers. Conditioned media (100% Cond) were diluted twice
(50% Cond) and four times (25% Cond) by mixing with control media. CF para-
crine factors in conditioned media were also concentrated 10� and diluted
back to 1� using control media (10� Conc group). Electrophysiological par-
ameters in (A–C) are reported as per cent relative to unconditioned control
(dashed line). Bars from left to right, respectively, correspond to n ¼ 10,
10, 10, and 7 monolayers. Hat symbols denote significantly different results
from control; asterisks denote significantly different results from 100%
Cond; hash symbols indicate significantly different results from 50% Cond.
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prevent or neutralize the secretion of damaging CF para-
crine factors.

In order to assess whether these protective cardiac
factors are expressed by cardiomyocytes in a constitutive
fashion or only in the presence of CFs, we applied media
conditioned by cardiomyocytes for 24 h to pure CF cultures;
after 24 h of CF-conditioning we added this medium to
separate cardiac monolayers (Figure 6B1). Interestingly,
CF-conditioning of medium previously conditioned by
cardiomyocytes still exhibited the same adverse effects on
the electrophysiological function of cardiac monolayers
(Figure 6B2–4). These results suggest that in order to
secrete self-protecting factors, cardiomyocytes have to be
in the presence of a significant number of fibroblasts.

4. Discussion

The prevailing paradigm for explaining arrhythmogenesis in
fibrotic hearts is that structural discontinuities due to
fibrous, collagen-rich tissue5–7 create a non-uniform sub-
strate of slowed conduction that facilitates arrhythmia
induction and maintenance. In addition, the cardiac electro-
physiological substrate is directly affected by the presence
of CFs, which can create conduction obstacles if uncon-
nected to surrounding cardiomyocytes, or as suggested in
recent in vitro studies,19,20 act to form electrotonic sinks
and short-range conductors if electrically coupled to cardio-
myocytes.21 Our study proposes a novel, indirect mechanism
by which fibroblast-rich areas in the diseased heart could

Figure 3 Effect of CF-conditioned media on cellular content, size, and apoptosis in cardiac monolayers. (A) Representative stainings for vimentin-positive fibro-
blasts in control (A1) and conditioned (A2) monolayers. (A3) Fibroblast percent area derived from the total of n ¼ 4 monolayers per group. (B) Representative
stainings showing cell size in control (B1) and conditioned (B2) monolayers. (B3) Total protein divided by number of nuclei was used as an index of cell size; n ¼ 4
monolayers per group. (C) Representative stainings of apoptotic cells in control (C1) and conditioned (C2) monolayers. The inset in C1 is a positive control sup-
plied by the manufacturer. (C3) Per cent of apoptotic nuclei derived from the total of n ¼ 4 monolayers per group. Asterisks indicate significantly different results
from control.
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induce localized conduction slowing in neighbouring cardio-
myocytes and potentially lead to arrhythmia generation.
Using well-controlled conditioned media studies and func-
tional electrophysiological analyses, we have shown that
media conditioned for only 24 h by CFs can exert adverse
effects on the electrophysiological properties of neonatal
rat cardiomyocytes, most notably significant CV slowing,
depolarization of the RMP and APD prolongation. These
effects appear to be dose dependent, stable for at least
48 h, partially recoverable 24 h after removal of the con-
ditioned media, and induced by unknown protein factors
secreted by CFs (but not another innocuous cell type). In
addition, these effects were prevented if fibroblast con-
ditioning occurred in the presence of cardiomyocytes, but

not cardiac conditioned media, suggesting the existence of
a physiological cross-talk mechanism that prevented these
detrimental effects given the normal balance of myocytes
and fibroblasts. The observed effects in cardiac monolayers
were mainly caused by the downregulation of specific
cardiac ion channel genes (SCN5A, KCNJ2, and KCDN3)
rather than decreased intercellular coupling, increased
apoptosis, or fibroblast proliferation. Finally, these electro-
physiological changes were associated with an increase in
cardiac cell size and an upregulation of b-MHC gene
expression (i.e. hallmarks of pathological hypertrophy in
rats).

Cardiac fibroblasts have previously been shown to produce
soluble factors that affect cardiomyocyte size and function.

Figure 4 Effects of CF-conditioned media on the presence and phosphorylation of Cx43 in cardiac monolayers. (A) Representative stainings of total Cx43 in
control (A1) and conditioned (A2) monolayers. (A3) Total Cx43 area per nucleus quantified from n ¼ 5 monolayers per group. (B) Representative stainings of
UnPO4 Cx43 in control (B1) and conditioned (B2) monolayers. Inset, positive control in hypoxic cardiomyocytes. Arrows point to positive staining (red). (B3)
UnPO4 Cx-43 area per nucleus quantified from n ¼ 5 monolayers per group. (C) Merged images of control (C1) and conditioned (C2) monolayers. (C3) The
ratio of UnPO4-Cx43/total Cx43. (D) Time course of FRAP in control (D1) and conditioned (D2) cells averaged from n ¼ 4 cells per group. (D3) The resulting trans-
fer constants (k). Asterisks denote significantly different results from control.
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Specifically, similar to our study, the study by Harada showed
that CF-conditioned media increased protein expression in
cardiomyocytes.17,18 Guo et al.22 reported APD prolongation
and Kv4.2 downregulaton in CF-conditioned cardiomyocytes,
similar to the downregulation of the Kv4.3 subunit gene
(KCND3) and the APD prolongation observed in our study.
In the study by Suzuki,17 CF-conditioned media increased
the incidence of cardiomyocyte spontaneous beating, a
finding which in our study was likely caused by the signifi-
cant membrane depolarization of conditioned cells23,24

(Figure 5B and C1). Although no electrophysiological differ-
ences were found between spontaneously beating and quies-
cent CF-conditioned monolayers, further studies are needed
to discern if the intracellular calcium oscillations in spon-
taneously beating CF-conditioned cells directly alter the
expression of different genes and proteins.

4.1 The effects of CF-conditioned media on the
expression of genes and proteins related to cardiac
electrophysiological and contractile functions

On the basis of the qRT-PCR analysis (Figure 5A), CF para-
crine factors altered the expression of several cardiac ion
channel genes. Specifically, we observed a 3.8-fold downre-
gulation of SCN5A, the gene encoding the a-subunit of the
cardiac sodium channel (NaV1.5), and a 6.6-fold downregu-
lation of KCNJ2, the gene encoding the inwardly rectifying
potassium channel (Kir2.1). As expected from the downregu-
lation of the Kir2.1 channel and the resulting current
(Ik1),

23,25 the RMP in conditioned cardiomyocytes was
significantly depolarized when compared with that of

unconditioned cells (Figure 5B and C1). The combination
of decreased cell excitability (due to downregulation of
SCN5A gene expression) and reduced sodium current avail-
ability (due to sodium channel inactivation at depolarized
resting potentials) synergistically produced a slow action
potential upstroke and significant conduction slowing,
despite unaltered gap junction gene (Figure 5A) and
protein (Figure 4A–C) expression and function (Figure 4D).
Furthermore, KCND3, the gene encoding the KV4.3 transient
outward potassium channel [i.e. the major repolarizing
current (Ito) in rats], was downregulated to undetectable
levels in the conditioned cardiomyocytes, probably contri-
buting the observed APD prolongation and MCR decrease
(Figure 1C2–3).26 Although the observed decrease in Ito
and/or Ik1 gene expression could account for the extent of
the observed APD prolongation,23,25,26 changes in the
expression of related interacting proteins (e.g. KChIP227)
and other ion channels (e.g. L-type Ca current, Na–Ca
exchanger) cannot be excluded as potential contributors.

We also examined the expression of genes related to
cardiac contractile function. Significant upregulation of
b-MHC, as found in CF-conditioned cardiac cultures, is con-
sidered a hallmark of pathological hypertrophy and heart
failure in rodents.28 In particular, when upregulated in the
place of the a-MHC isoform in rodents, b-MHC yields
reduced shortening velocity of the cardiac myofibers29 and
decreased contractility.30 Recently, upregulation of b-MHC
in a mouse model of cardiac hypertrophy has been shown
to occur predominately in cardiomyocytes neighbouring
the localized regions of fibrosis.29 One of the potential
explanations for this finding based on our results could

Figure 5 Effects of CF-conditioned media on cardiac gene expression and single cell electrophysiology. (A) Gene expression in conditioned relative to control
cultures. Cx, connexin; SCN5A, cardiac sodium channel NaV1.5 a-subunit; KCNJ2, inwardly rectifying potassium channel (Kir2.1); MHC, myosin heavy chain;
KCND3, transient outward potassium channel (Kv4.3) was downregulated to an undetectable level by conditioning. (B) Representative cardiac action potentials
traces from 2 Hz paced conditioned and control monolayers. (C1–3) Action potential parameters obtained from n ¼ 18 (control) and 39 (conditioned) cells. Aster-
isks denote significantly different results from control.
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be that locally secreted paracrine factors from fibrotic
regions induced upregulation of b-MHC in surrounding
cardiomyocytes.

4.2 A balanced paracrine cross-talk may exist
between neonatal rat cardiomyocytes and CFs

Interestingly, CF-conditioning in the presence of cardiomyo-
cytes exerted no adverse effects on cardiac electrophysio-
logical function. On the basis of this finding, we can
speculate the existence of a balanced paracrine cross-talk
between the neonatal rat cardiomyocytes and CFs as
follows. In response to a damaging substance X produced
by CFs, the cardiomyocytes produce protective substance
Y, which in turn acts on CFs to either block their production

of X or bind with X to form an inactive complex. On the basis
of the results that cardiac conditioned media alone do not
prevent CF secretion of damaging factors and that the cardi-
omyocyte self-protection does not take place without the
presence of CFs, we further speculate that cardiomyocytes
must be both (i) ‘activated’ by the CF-conditioned media
and (ii) able to act on neighbouring CFs for this protective
cross-talk action to occur.

Importantly, if this hypothetical in vitro scenario is
extrapolated to native cardiac tissue, a physiological cellu-
lar mixture of cardiomyocytes and CFs in the healthy heart
would be expected to be balanced, such that the existence
of an efficient cross-talk between cardiomyocytes and CFs
would prevent the described CF paracrine actions on cardi-
omyocytes. However, if the number of fibroblasts was locally

Figure 6 Effects of CF-conditioning in the presence of cardiomyocytes or cardiac conditioned media. (A1) Experimental setup. Control 1, a cardiac monolayer
exposed to control medium for 24 h. Conditioned 1 (Cond 1), a cardiac monolayer exposed to CF-conditioned media for 24 h. Treatment 1, a cardiac monolayer
surrounded by cardiac fibroblasts (without direct contact) and exposed to control media for 24 h. (A2–A4) Electrophysiological parameters in Cond 1 and Treat-
ment 1, shown relative to Control 1 (dashed line) group. n ¼ 12 monolayers per group. (B1) Experimental setup. Control 2, a cardiac monolayer exposed for 24 h
to media conditioned by another cardiac monolayer for 48 h. Conditioned 2 (Cond 2), the same as Condition 1 in A1. Treatment 2, a cardiac monolayer exposed
for 24 h to media conditioned for 24 h by CFs after being conditioned for 24 h by a cardiac monolayer. (B2–B4) Electrophysiological parameters in Cond 2 and
Treatment 2, shown relative to Control 2 (dashed line) group. n ¼ 12 monolayers per group. Asterisks denote significantly different results from control,
while hash symbols denote significantly different from conditioned.
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increased and/or the number of cardiomyocytes was locally
decreased, such as in fibrosis resulting from infarction, car-
diomyopathies, myocarditis, etc., the protective balance
would be compromised and paracrine action from CFs
could negatively affect the function of surrounding cardio-
myocytes. As a consequence, locally altered electrophysio-
logical properties of cardiomyocytes would increase the
susceptibility of the heart to lethal arrhythmias.

4.3 Clinical implications

Any potential clinical implications of this study can only be
speculated as the neonatal age of the studied cells and
the use of an in vitro culture setting may render our findings
not applicable to the adult heart in vivo. Nevertheless, the
observed CV slowing and APD prolongation due to the down-
regulation of specific ion currents (Ito, IK1, and INa) as well as
the increased b-MHC gene expression (with a trend towards
decreased a-MHC expression) found in this study mirror
some of the functional changes observed in acquired
arrhythmias,31,32 acute and healed myocardial infarction,32

and chronic heart failure.32–34 In contrast, significantly
decreased expression and phosphorylation of Cx43, also
present in some of these diseases,35 have not been observed
in the current study. It is important to note that cardiomyo-
cytes in different pathologies often experience ischaemia,
changes in oxidative stress, mechanical strain, or systemic
renin–angiotensin activation, etc. Our studies, however,
suggest that independent of these factors, increased fibro-
blast paracrine action alone might be sufficient to signifi-
cantly alter cardiomyocyte electrical function and, thus,
might eventually have a prospect as a potential pharmaco-
logical target.

Identifying the related paracrine factors and signalling
mechanisms involved in the hypothesized cross-talk scenario
is the next step in our studies. While media conditioned by
fibroblasts were previously shown to contain VEGF, GFO/
KC, MCP-1, leptin, MIP-1a, IL-6, IL-10, IL-12p70, IL-17,
TNF-a, TGF-b, and RANTES,36 a comprehensive proteomic
and functional analysis will be needed to identify specific
paracrine factors that exerted the observed adverse
effects on cardiomyocyte function. Furthermore, the use
of DNA microarrays to investigate gene expression in fibro-
blasts and cardiomyocytes when cultured alone and in the
non-contact co-cultures may offer further clues to the sig-
nalling pathways involved in the described cardiac–
fibroblast paracrine interactions.

Supplementary material

Supplementary material is available at Cardiovascular
Research online.
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