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Heart disease is the number one cause of death in the United
States. After a heart attack, the heart heals by scarring; this
leaves the heart prone to further heart attacks and, eventually,
heart failure. Myofibroblasts, cells that specialize in healing the
wounded tissue through contraction and scar formation, become
activated after the heart has been injured. Although
myofibroblasts were once believed to be mere passive obstacles
to the spread of electrical activity in the heart, there is now
evidence that myofibroblasts actively influence cardiomyocyte
electrophysiology. Electrical coupling between myocytes and
myofibroblasts is suspected to be the culprit in affecting
electrophysiology,1 but the limited amount of coupling found in
situ suggests that myofibroblasts affect cardiomyocyte
electrophysiology through a mechanism other than electrical
coupling. Therefore, because myofibroblasts are contractile2 and
able to relay signals through mechanical coupling,3 I tested the
novel hypothesis that myofibroblast contraction, and not
electrical coupling, can influence cardiomyocyte electrical
activity via intercellular mechanical coupling. Particularly, the
role of mechanoelectric feedback, which is the modulation of
electrical activity by mechanical activity, was examined in
monolayers of co-cultured myofibroblasts and neonatal rat
cardiomyocytes by inhibiting myofibroblast contraction and
blocking mechanosensitive channels, ion channels that open in
response to mechanical activation. Management of injured heart
tissue currently includes pharmacologic therapies to limit adverse
remodeling; however, these therapies often have detrimental
systemic effects. Mechanosensitive channel blockers or
myofibroblast-specific contraction inhibitors may provide a means
to reduce the incidence of arrhythmias (disorders of normal heart
rhythm). General knowledge of mechanoelectric coupling
between myofibroblasts and cardiomyocytes may be an
unrecognized mechanism for arrhythmia that could spur new
forms of therapy.

Introduction

Anisotropic monolayers of neonatal rat ventricular cells
(NRVCs) were obtained by growing cells on parallel, 20µm-
wide fibronectin lines formed by microcontact printing.
Monolayers were treated with 2.5ng/ml TGF-β for 48-72 hours
to promote the cardiac myofibroblast phenotype (referred to
as fibrotic monolayers). Untreated and fibrotic monolayers
were optically mapped with 10µM voltage-sensitive dye, di-4-
ANEPPS, and then, the excitation-contraction uncoupler,
blebbistatin, or MSC blocker, gadolinium or streptomycin, was
superfused over the monolayer to determine its impact on
longitudinal conduction velocity (LCV), transverse conduction
velocity (TCV), minimum cycle length before loss of 1:1
capture (MCL), action potential duration (APD), and upstroke
velocity (dV/dtmax). Further, fibroblasts were transduced with
Connexin43 (Cx43) shRNA lentiviral particles. Two days later,
cells stably expressing shRNA were isolated with puromycin;
knockdown was confirmed using western blots. Fibroblasts
were also transduced with control (scrambled) shRNA
lentiviral particles. The transduced myofibroblasts were
treated with TGF-β for 48 hours, and 400,000 were added
onto 20mm diameter control NRVC monolayers for
subsequent electrophysiological analysis. Traction forces of
untreated fibroblasts and TGF-β treated myofibroblasts were
quantified by elastic micropost arrays of known stiffness.4
Finally, adult guinea pig fibroblasts were obtained from heart
failure animals5 and subjected to TGF-β treatment for 48
hours. These myofibroblasts were then added onto patterned
20mm diameter NRVC monolayers at a concentration of
500,000 cells per monolayer for subsequent
electrophysiological characterization.

Methods

•Cardiac myofibroblast-myocyte junctional analysis
reveals more prominent cadherin staining (mechanical
coupling) than Cx43 (electrical coupling).

•Destabilization of SMA stress fibers and force
production in myofibroblasts, following treatment with a
contraction inhibitor (blebbistatin), improves conduction
in fibrotic monolayers.

•Impaired conduction in fibrotic monolayers is restored
to normal levels following treatment with MSC blockers,
with no apparent effect on myofibroblast SMA fibers.

•Our key finding that myofibroblast-induced slowing of
conduction could be restored with MSC or contraction
blockers was unchanged with TGF-β treated
myofibroblasts with silenced connexin43 or with
myofibroblasts from failing hearts.

•Changes in myofibroblast contractile force paralleled
the changes in conduction velocity brought about by
both TGF-β and blebbistatin.

Summary
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Conclusions
Our data demonstrate that the mechanism for impaired
conduction in an in vitro fibrotic model includes a
mechanical component. Furthermore, our findings
support the current view that myofibroblasts are actively
capable of decreasing conduction in a cardiomyocyte
syncytium, and suggest that mechanical coupling
between myofibroblasts and cardiomyocytes plays a
more prominent role in this regard than electrical
coupling. Finally, we propose a novel mechanism in
which myofibroblasts can affect tissue-level
electrophysiology and slow conduction through the
application of contractile force to the cardiomyocyte
membrane that opens MSCs and depolarizes the
resting potential of the cardiomyocyte.

Results

Figure 1: Immunostain images of control monolayers (A-C) and
fibrotic monolayers (E-G) illustrate the relative distributions of
cardiomyocytes and fibroblasts. Panels A and E display the dramatic
increase in fibroblast density in fibrotic monolayers. Panels B, C, F
and G show the distribution of cardiomyocytes (red) and
myofibroblasts (green). Expression of SMA indicates the conversion
of fibroblasts to myofibroblasts. Undifferentiated fibroblasts are
designated by arrows in (C). Fibrotic monolayers had significantly
decreased LCV (D) and TCV (H) compared with control monolayers.
*P < 0.001 compared with control monolayers.

TREATMENT WITH TGF-β INDUCES SMA 
EXPRESSION AND REDUCES CONDUCTION 

VELOCITY

Figure 3: Isochrone maps (10ms spacing) comparing monolayers
before and after treatment (A)-(D) and summary line graphs of the
same experimental conditions (E)-(G) show that blebbistatin (A,E),
streptomycin (B,F), and gadolinium (C,F) significantly increased LCV
and TCV of fibrotic monolayers, whereas the treatments had no effect
on CV of control monolayers (D,G). The color bar in (A)-(D) indicates
the activation times: blue represents earlier times and red represents
later times. Scale bar is 2mm. *denotes significant difference after
treatment, P < 0.001.

INHIBITION OF CONTRACTILE FORCE OR 
MECHANOSENSITIVE CHANNELS RESTORES 

CONDUCTION

Figure 5: Representative AP traces and summary line graphs
comparing fibrotic monolayers before and after treatment show that
dV/dtmax increased (A,B) and APD decreased (A,C). * denotes
significance after treatment, P < 0.001.

INHIBITION OF CONTRACTION AND 
MECHANOSENSITIVE CHANNELS INCREASES 

UPSTROKE VELOCITY AND SHORTENS ACTION 
POTENTIAL DURATION

Figure 4: Summary LCV (A,D) and TCV (B,E) line graphs for NRVC
monolayers supplemented with myofibroblasts transduced with
scrambled shRNA and myofibroblasts transduced with Cx43 shRNA,
respectively, show significant increases in LCV and TCV with
blebbistatin and MSC blockers. A representative western blot (C)
shows fibroblasts transduced with Cx43 shRNA lentiviral particles
have reduced Cx43 expression. Cx43 shRNA-transduced
myofibroblasts contain SMA stress fibers (green), but insubstantial
Cx43 (red) (F). * denotes significance after treatment, P < 0.01.

CX43 SHRNA MYOFIBROBLASTS RETAIN 
SLOWING EFFECTS ON NRVC MONOLAYERS

Figure 6: Vector plots of traction forces at each post generated from
an untreated cardiac fibroblast (A) and a TGF-β treated cardiac
myofibroblast (B). Cumulative histogram (C) comparing untreated
(n=36) and TGF-β treated fibroblasts (n=42). MSC blockers had no
significant effect on the average myofibroblast strain energy (D),
while blebbistatin significantly reduced the average strain energy (E).
Cumulative energy histogram of control myofibroblasts and Cx43
shRNA myofibroblasts shows no difference (F). * denotes
significance after treatment, P < 0.001.

CHANGES IN MYOFIBROBLAST CONTRACTILE 
FORCE PARALLEL THE CHANGES IN 

CONDUCTION VELOCITY BROUGHT ABOUT BY 
BOTH TGF-β AND BLEBBISTATIN, BUT NOT 
MECHANOSENSITIVE CHANNEL BLOCKERS

Figure 2: Heterocellular junction between either a cardiomyocyte and
fibroblast (A) or a cardiomyocyte and myofibroblast (B). The junction
in (A) appears to have only three sites of junctional Cx43 (denoted by
red arrows), and little junctional cadherin. Cx43 is scarce at the
junction in (B) (denoted by white arrow) while adherens junctions are
more prominent. A mixed population of fibroblasts and myofibroblasts
showed preferential Cx43 and cadherin staining in localized regions
of fibroblasts and myofibroblasts, respectively (C).

MECHANICAL ADHERENS JUNCTIONS 
DOMINATE HOMO- AND HETEROCELLULAR
JUNCTIONS INVOLVING MYOFIBROBLASTS

Figure 7: Voltage maps in specified time increments in a fibrotic
monolayer before (A) and after (B) blebbistatin. The color bar
indicates the normalized transmembrane potential: red represents
peak depolarized potential and blue represents resting potential.
Before treatment, a spiral wave was initiated during 3Hz pacing. After
treatment, conduction was able to propagate across the monolayer
without initiating reentry. The occurrence of spiral waves decreased
in fibrotic monolayers after treatment (n=16, p=0.07) (C). Both the
pacing cycle length needed to initiate spiral waves, as denoted by the
numbers above the bar graphs in (C), and the MCL (D) decreased
after treatment. * denotes significant difference after treatment, P <
0.05.

CONTRACTION AND MSC INHIBITORS REDUCE 
SPIRAL WAVE VULNERABILITY IN FIBROTIC 

MONOLAYERS

Figure 8: Summary LCV (A) and TCV (B) line graphs for NRVC
monolayers supplemented with adult guinea pig heart failure
myofibroblasts (HF CMFs) show significant increases in LCV and
TCV with blebbistatin and MSC blockers. Immunostain image shows
that HF CMFs possess SMA stress fibers. * denotes significance after
treatment, P < 0.05.

ADULT HEART FAILURE MYOFIBROBLASTS 
RETAIN SLOWING EFFECTS ON NRVC 

MONOLAYERS
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