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Received 7 April 2014; revised 15 September 2014; accepted 5 October 2014; online publish-ahead-of-print 24 October 2014

Time for primary review: 38 days

Aims Myofibroblasts (MFBs) as appearing in the myocardium duringfibrotic remodelling induce slowconduction followinghet-
erocellular gap junctional couplingwith cardiomyocytes (CMCs) inbioengineered tissuepreparationskeptunder isomet-
ric conditions. In this study, we investigated the hypothesis that strain as developed during diastolic filling of the heart
chambers may modulate MFB-dependent slow conduction.

Methods
and results

Effects of defined levels of strain on single-cell electrophysiology (patch clamp) and impulse conduction in patterned
growth cell strands (optical mapping) were investigated in neonatal rat ventricular cell cultures (Wistar) grown on flexible
substrates. While 10.5% strain only minimally affected conduction times in control CMC strands (+3.2%, n.s.), it caused a
significant slowing of conduction in the fibrosis model consisting of CMC strands coated with MFBs (conduction times
+26.3%). Increased sensitivity to strain of the fibrosis model was due to activation of mechanosensitive channels (MSCs)
in both CMCs and MFBs that aggravated the MFB-dependent baseline depolarization of CMCs. As found in non-strained
preparations, baseline depolarization of CMCs was partly due to the presence of constitutively active MSCs in coupled
MFBs. Constitutive activity of MSCs was not dependent on the contractile state of MFBs, because neither stimulation
(thrombin) nor suppression (blebbistatin) thereof significantly affected conduction velocities in the non-strained fibrosis
model.

Conclusions The findings demonstrate that both constitutive and strain-induced activity of MSCs in MFBs significantly enhance their
depolarizing effect on electrotonically coupled CMCs. Ensuing aggravationof slowconduction may contribute to the pre-
cipitation of strain-related arrhythmias in fibrotically remodelled hearts.
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1. Introduction
Old age, genetic predisposition, and insults to the heart like mechanical
overload and infarction are well-established causes of fibrotic remodel-
ling of the working myocardium.1 Remodelled tissue is characterized by
the presence of excess amounts of collagen that compromises mechan-
ical pump function and promotes arrhythmogenesis by disruption of the
normally uniform electrical substrate for impulse propagation.2 Excess
secretion of extracellular matrix proteins is primarily attributed to ‘acti-
vated’ fibroblasts (myofibroblasts, MFBs) that appear in the working
myocardium of diseased hearts.3 Apart from contributing to structural
tissue remodelling, MFBs have been shown to exert direct arrhythmo-
genic effects on cardiomyocytes (CMCs) following the establishment
of heterocellular gap junctional coupling based on connexin 43

(Cx43) and connexin 45 (Cx45) in cell culture systems.4 In the presence
of heterocellular gap junctional coupling, experiments showed that de-
polarizing current flow from moderately polarized MFBs to well-
polarized CMCs causes the latter to undergo partial depolarization
thereby inducing slow conduction, precipitation of ectopic activity,
and initiation of re-entrant arrhythmias.5 –7

In contrast to cell cultures grown on rigid substrates that undergo iso-
metric contractions, intact cardiac tissue exhibits phasic length changes
during the pump cycle with maximal strain present in end-diastole. With
few exceptions, it has generally been found that stretching healthy
cardiac tissue within physiological limits (from slack length to the
length of maximal tension development) causes a proportional increase
in conduction velocities (u) when measured in observer coordinates
(uobserv as obtained, e.g. from optical recordings), while conduction
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times between two specific reference points within the stretched tissue
(CTprep) remain largely unchanged (for detailed review cf.8). While
these findings are normally discussed in the framework of CMC
stretch sensitivity, work by Kamkin et al. suggested that cardiac fibro-
blasts may be involved in the response of the myocardium to stretch
as well. They reported that mechanical stress causes changes in fibro-
blast polarization due to activation of mechanosensitive channels
(MSCs) that may, if electrotonically coupled to CMCs, affect the
electrophysiology of the latter.9 Similarly, Kohl et al. have shown in a
model that strain-induced fibroblast depolarization may affect the
discharge rate of electrotonically coupled sinoatrial pacemaker cells,
thereby contributing to the adaptation of the heart rate to atrial filling
pressure.10

Given these findings, the question arises to which extent MFBs may
modulate conduction velocities in diseased fibroticmyocardia subjected
to stretch and relaxation. Because a direct investigation of this question
in intact tissue exhibiting a complex cellular composition and architec-
ture is not feasible with presently available methodologies, we devel-
oped an in vitro cell culture system with controlled geometry and
defined cellular composition that permits the direct assessment of the
differential contribution of CMCs and MFBs to changes of u during appli-
cation of defined levels of stretch and relaxation. Using this model, we
investigated the hypotheses that (i) immunocytochemically defined
cardiacMFBs respond to stretch with a reduction in membrane polariza-
tion, that (ii) stretch-induced depolarization of MFBs aggravates slow
conduction in strands of electrotonically coupled CMCs, and that (iii)
mechanical strain exerted by contractile MFBs on adjacent CMCs
may directly affect propagation. Our findings show that physiological
levels of longitudinal fibre strain as observed in intact healthy tissue
during diastolic filling (,10%)11 have no significant effects on CTprep

in preparations consisting predominantly of CMCs. In the presence of
electrotonically coupled MFBs, however, CTprep increases proportion-
ally to applied stretch, suggesting that MFBs act as potent sensors of
mechanical stress that cause substantial slowing of conduction in elec-
trotonically coupled CMCs. Such MFB-mediated sensitization of fibrotic
cardiac tissue to strain may contribute to the mechanistic understanding
of arrhythmogenesis in fibrotically remodelled hearts subjected to
mechanical stress.

2. Methods

2.1 Cell culture model
Experiments were conducted in agreement with the relevant institutional
and Swiss Federal guidelines for animal experimentation. Primary cultures
of 1-day-old Wistar neonatal rat ventricular CMCs and MFBs were estab-
lished using previously published methods.12 Animals were decapitated,
hearts removed, and the ventricular tissue was dissociated with trypsin.
The resulting cell suspension containing CMCs and non-CMCs was sub-
jected to differential pre-plating in order to separate fast adhering fibroblasts
(dominating the cell type of non-CMC fraction) from slowly adhering CMCs.
Adherent fibroblasts underwent a phenotype switch to MFBs within 1–2
days and were used in experiments after 8 days.

2.1.1 Single-cell cultures
For patch-clamp experiments, CMCs or MFBs were seeded at 40–500 cells/
mm2 on collagen- (Type I or IV, Sigma) coated glass coverslips or on silicone
membranes. Before cell seeding, silicone membranes (Silastic, SMI, USA)
were mounted on a digital caliper and pre-stretched by �20%. A cell
culture well was produced by glueing a silicone ring (28/2 mm; Semadeni,

Switzerland) to the membrane with silicone adhesive. Experiments were
performed on 3- to 4-day-old preparations.

2.1.2 Patterned growth cultures
Foroptical recording of impulse propagation under non-strained conditions,
CMCs were seeded at a density of 1500 cells/mm2 on photolithographically
pretreated coverslips that were designed to produce uniform cell strands
measuring 0.6 × 5 mm.12 For strain experiments, lines of collagen were
applied with a fine point nib (500–900 mm wide) to the bottom of the flex-
ible culture wells. Hybrid CMC–MFB cell strands were obtained by coating
24-h-old CMC strand preparations with MFBs at a density of 500 cells/mm2,
which resulted in a CMC-to-MFB ratio of 3 : 1. Experiments were performed
on 3- to 4-day-old preparations.

2.2 Optical measurement of impulse
conduction
Impulse propagation along strand preparations was assessed optically using
the voltage sensitive dye di-8-ANEPPS (Biotium). Experiments were con-
ducted at 368C and signals were recorded after pre-stimulation of the pre-
parations for 10 s at 2 Hz. Recordings were made with a ×20 objective
(spatial resolution: 50 mm). Signals acquired at 20 kHz were digitally filtered
prior to analysis ( fo: 0.5 kHz). Optically recorded action potential ampli-
tudes were normalized (%APA) and maximal upstroke velocities
(dV/dtmax) were calculated in units of %APA/ms. For the case of an APA
of 100 mV, values given in units of %APA/ms are identical to those in units
of V/s.

2.3 Patch-clamp recording
Cell electrophysiology of CMCs and MFBs was assessed using standard
whole-cell patch-clamp techniques (HEKA EPC-10). Signals were filtered
(1 kHz), digitized (2.9 kHz), and stored for off-line analysis. The pipette
filling solution contained (in mmol/L): K-aspartate 120, NaCl 10, MgATP 3,
CaCl2 1, EGTA 10, and HEPES 5 (pH 7.2). Pipette resistances ranged from
4 to 6 MV. Series resistance and, after rupturing of the patch, cell capacitance
were compensated and voltage values were corrected for liquid junction
potentials (212.4 mV). I–V relationships of CMCs and MFBs were obtained
with voltage ramp protocols. Whole-cell currents were normalized to cell
capacitance and are reported as pA/pF. For stretch/relaxation experiments,
recordings were obtained within 25 min after application of defined levels of
strain.

2.4 Wrinkle experiments
Substrates for the wrinkle assay (Excellness, Switzerland) were coated with
collagen type IV, sterilized with UV, and coated with MFBs at low density
(100 cells/mm2). During experiments, preparations were continuously
superfused at 368C with Hank’s balanced salt solution (HBSS) containing
1% neonatal calf serum (NCS). Time lapse video recordings served to
assess the changes of wrinkle patterns following drug addition. A custom-
made software (MatLab; The MathWorks, Natick, MA, USA) was used
to quantify the time course of the change in the wrinkle area during
experiments.

2.5 Immunocytochemistry
The presence of MFBs was confirmed by staining the preparations for
a-smooth muscle actin and counterstaining the nuclei with DAPI using
standard protocols.

2.6 Solutions
In all experiments, preparations were superfused at 2–3 mL/min with HBSS
containing 1% NCS and 10 mmol/L of HEPES (pH 7.40). For gadolinium
(Gd3+) experiments, a solution devoid of phosphate and bicarbonate was
used that contained (in mmol/L): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1.2,
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glucose 20, HEPES 5 (pH 7.40). Drugs used were obtained from Sigma,
except thrombin (Biopur AG, Switzerland).

2.7 Statistical analysis
Values are given as mean+ SD in the text and in the bar graphs. The number
of samples refer to independent experiments. Data were compared using
the two-tailed Student’s t-test (homoscedastic or heteroscedastic whereap-
propriate), and differences between data sets were considered significant at
P , 0.05.

A detailed description of the methods used can be found in Supplemen-
tary material online.

3. Results

3.1 Validation of the experimental model
The effects of stretch and relaxation on action potential propagation
were investigated in tissue-engineered cell strands grown on silicone
membranes that were fixed to the arms of a sliding digital caliper
(Figure 1A). During experiments, the entire assembly was placed on

the stage of an inverted microscope, the preparation was superfused
at 368C and cell strands under investigation were stimulated with an
extracellular electrode (Figure 1B). A typical example of optically
recorded action potential upstrokes during propagated activity along a
non-strained CMC cell strand is shown in Figure 1C. Experimental pre-
parations consisted either of CMCs (CMC cell strands exhibiting a
low degree of ‘contamination’ with MFBs; Figure 2Aa) or of CMC cell
strands uniformly coated with MFBs (CMC–MFB cell strands;
Figure 2Ab). Important in the context of patch-clamp experiments, fibro-
blasts seededonsiliconemembranesdisplayeda rapidphenotype switch
to MFBs as shown by abundant expression of a-smooth muscle actin
containing stress fibres after 2 days in culture (Figure 2Ac). As shown in
Figure 2B in a time series of images recorded with a high resolution
camera (2048 × 2048 pixels, Ximea), strand preparations retained
their stretched morphology beyond the maximal duration of the experi-
ments. Being initially stretched by 5.5%, the example shown relaxes only
slightly by 0.3% during 31 min of maintained stretch. As summarized in
Figure 2C, this behaviour was typical for all four types of preparations
used in this study, i.e. preparations retained their stretched geometry
during prolonged application of static stretch (CMC strands: 0.01+
0.31%, n ¼ 16; CMC–MFB strands: 20.07+ 0.29%, n ¼ 22; single-cell
CMC preparations: 20.21+ 0.70%, n ¼ 21; single-cell MFB prepara-
tions: 0.26+0.80%, n ¼ 10; no significant differences among different
types of preparations). Optical determinations of the dependence of
conduction velocity on strain in CMC and CMC–MFB strands consisted
of initial control measurements followed by recordings during constant
application of 5% relaxation or 5% stretch, respectively. This was fol-
lowed by control recordings after returning to initial conditions. Pre-
parations were included in the analysis only if measurements obtained
after returning to initial lengths were not statistically different from
initial control recordings.

3.2 Effects of acute length changes
on impulse conduction velocities and
conduction times in cell strands
Conductionvelocities inobservercoordinates (uobserv)wereassessedat
control lengths and immediately after stretching and relaxing the silicone
membranes by 5% each (overall length change of 10.5%). As shown in
Figure 3A, changing the overall length of CMC cell strands by 10.5%
caused uobserv to increase significantly by 7.1% from 325.7+ 26.4 to
348.8+ 39.9 mm/s (n ¼ 25, P , 0.05). With 335.8+ 27.8 mm/s,
uobserv recorded under non-strained control conditions fell exactly
between uobserv measured during relaxation and stretch, respectively.
Maximal upstroke velocities (dV/dtmax) of propagating action potentials
in CMC cell strands were not significantly affected by either manoeuvre
(control: 71.4+3.0%APA/ms; 5% stretch: 71.6+5.0%APA/ms; 5%
relaxation: 71.5+4.0%APA/ms; n ¼ 25, n.s.). A completely opposite
behaviour was observed in CMC–MFB cell strands where changing
the overall length by 10.5% caused uobserv to decrease significantly by
-12.5% from 291.4+48.7 mm/s to 255.0+46.6 mm/s (n¼20, P,

0.005). With 276.7+44.2 mm/s, uobserv recorded under non-strained
control conditions fell between uobserv measured during relaxation
and stretch, respectively. Maximal upstroke velocities were not
significantly affected by the different strain conditions (control: 45.9+
13.4%APA/ms; 5% stretch: 45.6+ 13.4%APA/ms; 5% relaxation:
47.6+11.3%APA/ms; n ¼ 20, n.s.).

Because preparations underwent defined levels of stretch and relax-
ation, changes of conduction times in preparation coordinates (CTprep)

Figure 1 Experimental set-up. (A) Schematic drawing of the stretch
device that consisted of a digital caliper whose jaws were attached to
the culture ‘dish’ formed by a silicone ring glued to the rectangular sili-
cone membrane. (B) Photograph of the stretch device mounted on the
stage of an inverted microscope: (a) silicone membrane, (b) silicone
ring, (c) left jaw of the caliper, (d) stimulation electrode, and (e) inlet/
outlet of temperature-controlled superfusion system. (C) Example of
an optical control measurement of a CMC strand preparation.
Optical signals within hexagonal frames show action potential
upstrokes of a propagated impulse measured by individual detectors.
The morphology of the preparation is shown in the phase contrast
image below with circles indicating the measurement areas of the
central six photodetectors.
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during stretch and relaxation relative to control can be inferred by nor-
malizing uobserv, intervention to uobserv, control, followed by multiplication of
the results with the length changes applied (0.95 for relaxation and 1.05
for stretch). The respective data shown in Figure 3B demonstrate that
conduction times in CMC cell strands were not significantly affected
by an overall lengthening of 10.5%. In contrast, the same amount of
strain caused a highly significant increase of CTprep in CMC–MFB cell
strands (+26.3%; P , 0.0001).

3.3 Strain-induced mechanosensitive
currents in MFBs and CMCs
To investigate whether modulation of conduction by strain is based on
changes in resting polarization of CMCs and/or MFBs secondary to acti-
vation of MSCs, we assessed to which extent basic electrophysiological
characteristics of the two cell types are affected by stretch. For this
purpose, cells were grown at low densities on silicon membranes and
were subjected to whole-cell patch-clamp recordings either under non-
strained conditions or immediately after stretching the substrate by 5%

(for detailed clamp protocols cf. Supplementary material online). In ac-
cordance with the protocols used for optical experiments, patch-clamp
recordings were limited to 25 min following onset of static stretch.Mean
I–V relationships obtained from MFBs under control conditions (n ¼
13) and during application of 5% stretch (n ¼ 8) are shown in
Figure 4Aa and b with Figure 4Ac, showing the superposition of the two
I–V relationships. As can be gathered from the difference between the
two relationships (Figure 4Ad), 5% stretch induced an outward rectifying
current that reversedpolarity at 212.8 mV. At 265 mV, a potential typ-
ically observed in CMC coupled to MFB,13 stretch nearly doubled the
inward current present under control conditions from 20.20+ 0.11
to 20.36+ 0.3 pA/pF. Neither cell capacitance (125.7+ 67.9 vs.
125.3+ 74.5 pF) nor input resistance (1.5+0.6 vs. 1.1+ 0.6 GV) of
MFBs were significantly affected by stretch. The same type of experi-
ments conducted with CMCs yielded, as illustrated by the stretch-
induced difference current in Figure 4Bd (difference between the mean
I–V relationships of 12 control and 13 stretched cells), a more
complex response with no consistent stretch-induced changes at

Figure 2 Structural characterization of preparations grown on silicone membranes and validation of the stretch procedure. (A) Structure and cellular
composition of the experimental preparations: (Aa) CMC cell strand with ‘contaminating’ MFBs [a-smooth muscle actin staining (green); nuclear counter-
staining with DAPI (blue); corresponding phase contrast image on the right]. (Ab) Same for a hybrid CMC–MFB cell strand. (Ac) Same for single-cell MFB
preparation asused inpatch-clampexperiments. (B) Phase contrast images of the border region of aCMC strandbeforestretch (control), immediately after
application of stretch, and at the end of a 31-min period of maintained stretch. Enlarged regions on both sides of the images depict the reference points
within the preparation that were used for distance measurements. (C ) Changes of the lengths of the four different types of experimental preparations
(CMC cell strands, CMC–MFB cell strands, CMC single-cell cultures, and MFB single-cell cultures) along the main strain axis during stretch maintained
for the duration and magnitude indicated.
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potentials positive to 250 mV. Below this value, 5% stretch induced an
inward current that reached a maximum at 276 mV (20.2 pA/pF)
before declining again and turning into an outward current at potentials

negative to – 88 mV. Cell capacitance of CMCs was not significantly
affected by stretch (18.4+ 6.6 vs. 17.6+9.6 pF), whereas their input
resistance increased from 1.0+0.5 to 2.4+0.7 GV (P , 0.005). As

Figure 3 Effects of acute length changes of cell strands on conduction velocity and conduction times. (A) Impulse conduction velocity measured optically
(uobserv) along strands of CMCs (left panel) and hybrid CMC–MFB strands (right panel) during shortening (‘relaxation’) and extension (‘stretch’) of the
preparations by 5% each. (B) Effects of stretch and relaxation on conduction times (CTprep) of CMC cell strands (left panel) and hybrid CMC–MFB cell
strands (right panel). Data are normalized to CTprep obtained under control conditions. *P , 0.05; **P , 0.005; ***P , 0.0005.
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shown in Figure 4C, strain-induced inward currents caused a significant
reduction in the membrane potential of MFBs from 235.6+ 5.9 (n ¼
13) to 226.1+3.1 mV (n ¼ 8; P , 0.001) and CMCs from 278.0+
3.2 (n ¼ 12) to 270.8+8.3 mV (n ¼ 13; P , 0.05).

3.4 Contribution of MSCs to conduction
under non-strained conditions
The finding that relaxationof CMC–MFB cell strands caused a significant
decrease of conduction times suggested that MSCs of MFBs were con-
tributing to conduction also under non-strained control conditions. Ac-
cordingly, we investigated the effects of the MSC blockers streptomycin
(SM, 50 mmol/L) and Gd3+ (50 mmol/L; dissolved in appropriate low-
phosphate buffers)14 on the membrane voltage of CMCs and MFBs cul-
tured under non-strained conditions. As shown in Figure 5A, the drugs
had no effect on the resting polarization of CMCs (SM: 275.4+1.3
vs. 275.7+ 1.5 mV; n ¼ 6, n.s.; Gd3+: 276.1+2.9 vs. 276.3+
2.9 mV; n ¼ 11, n.s.), indicating that MSCs of CMCs were not active

under non-strained conditions. In contrast, both MSC blockers caused
MFBs to undergo a significant hyperpolarization (SM: 229.4+7.8 to
234.3+7.4 mV; n ¼ 9, P , 0.005; Gd3+: 232.2+ 11.6 to 248.2+
11.7 mV; n ¼ 9, P , 0.005), suggesting that MSCs contribute important-
ly to the membrane polarization of MFBs under non-strained conditions.
In accordance with these single-cell data and as shown in Figure 5B, SM
had no effect on u (control: 336.3+ 24.4 mm/s; SM: 329.5+
21.4 mm/s; n ¼ 58; n.s.) and dV/dtmax (control: 75.2+ 6.1%APA/ms;
SM: 75.2+ 5.3%APA/ms; n ¼ 58; n.s.) in non-strained CMC cell
strands. In contrast, SM caused a significant increase of both u

(173.8+68.2 to 224.9+ 63.3 mm/s; n ¼ 54; P , 0.005) and dV/dtmax

(29.8+13.3 to 38.5+14.3%APA/ms; n ¼ 54; P , 0.005) in CMC–
MFB cell strands. Because Gd3+ was substantially more effective in
hyperpolarizing MFBs than SM, this compound was expected to
surpass the effect of SM in increasing u in CMC–MFB strands.
However, both CMC and CMC–MFB strands consistently showed con-
duction blocks in the presence of Gd3+, which is likely explained by its
capacity to cause significant depression of sodium and calcium inward

Figure 4 Effects of 5% stretch on single-cell electrophysiology of CMCs and MFBs. (A) Mean I–V relationships of MFBs obtained with ramp protocols
under control conditions (Aa: mean+ SD; SD shown as band) and during application of 5% stretch (Ab). (Ac) Superposition of mean I–V curves obtained
undercontrol conditions (black) and during applicationof 5% stretch (red). (Ad)Meandifferencecurrent inducedby5%stretch. (B) Same asA forCMCs. (C)
Change of membrane potential of CMCs and MFBs in response to application of 5% stretch. *P , 0.05; **P , 0.005.
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currents in CMCs.15,16 Overall, the results demonstrate that MFBs
exhibit basal MSC activity under non-strained conditions that adds
to their depolarized phenotype and, accordingly, contributes to slow
conduction in CMC–MFB cell strands also under non-strained control
conditions.

3.5 Effects of acute changes in the
contractile state of MFBs on their membrane
potential
Tensiondevelopment is acharacteristic featureofMFBsand, in theheart,
is well established to be responsible for infarct scar consolidation.17 The
finding of basal MSC activity in non-strained MFBs raises the question of
whether tension exerted by contractile MFBs on their substrate may
feed back onto their own cell membrane in a manner that causes auto-
activation of MSCs. This hypothesis was investigated by exposing MFBs
to a blocker (blebbistatin) and an activator (thrombin) of MFB contract-
ility.18 The extent and time course of change of tension development by
MFBs following addition of these drugs was assessed using a wrinkle

assay, where the extent of deformation of the extracellular substrate
(wrinkle formation) is a qualitative measure of tension exerted by adher-
ent cells on the substrate.19 In the example shown in Figure 6A, a single
MFB caused extensive wrinkles in the substrate under control condi-
tions. Following addition of 10 mmol/L blebbistatin to the superfusate,
the area occupied by wrinkles declined by �50% within 10 min which
reflects the drug-induced decrease of tension exerted by MFBs on
their substrate (cf. also corresponding time lapse movie in Supplemen-
tary material online). Overall and as shown in Figure 6B, exposure of
MFBs to 10 mmol/L of blebbistatin for 20 min caused a significant reduc-
tion in the wrinkle area by 30.3+ 23.7% (n ¼ 9, P , 0.005). Vice versa,
exposure to 1 U/mL of thrombin caused the wrinkle area to increase by
75.2+43.1% (n ¼ 10; P , 0.005), which reflects a substantial increase
of tension developed by MFBs. Time courses of the decrease (blebbista-
tin) and increase (thrombin) of the wrinkle area are shown in Supple-
mentary material online, Figure S1. Determination of the resting
polarization of MFBs exposed for a similar time to identical concentra-
tions of the drugs demonstrated that blebbistatin had no significant
effect on the membrane potential (control: 231.6+11.2 mV;

Figure 5 Effects of blocking MSCs on resting polarization and impulse propagation. (A) Change of resting polarization of CMCs and MFBs during expos-
ure to SM (left panel) and Gd3+ (right panel). (B) Effect of SM on conduction velocity (u; left panel) and maximal upstroke velocities (dV/dtmax; right panel) of
propagated action potentials in CMC and CMC–MFB cell strands. **P , 0.005.
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blebbistatin: 234.2+11.8 mV; n ¼ 9, n.s.), whereas thrombin, con-
trary to the hypothesis, caused a hyperpolarization despite increasing
the tension developed by MFBs (control: 31.0+6.4 mV; thrombin:
234.2+ 9.2 mV; n ¼ 9,P , 0.05). Thesefindings suggest thatMFB con-
tractility does not directly contribute to basal activity of MSCs in non-
strained preparations by auto-activation of these channels.

3.6 Effects of modulation of MFB
contractility on impulse propagation
in hybrid cell strands
For hybrid cell strands consisting of MFBs cultured on top of CMCs,
mechanical tension developed by MFBs is likely to be transmitted by

Figure 6 Modulation of MFB tension development by blebbistatin and thrombin. (A) Phase contrast images of wrinkle patterns beforeand afterexposure
of the preparation to blebbistatin (10 mmol/L). The panel below illustrates the time course of the reduction of the area occupied by wrinkles. (B) Effects of
blebbistatin (left panels) and thrombin (right panels) on wrinkle formation and membrane potential of cardiac MFBs.
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adhesion junctions to underlying CMCs. Ensuing forces acting on the cell
membrane of CMCs may modulate conduction by activation of MSCs in
CMCs.20 Accordingly, increasing (thrombin) or decreasing (blebbista-
tin) tension developed by MFBs attached to CMCs is expected to
slow and accelerate conduction, respectively. As shown in Figure 7A, ex-
posure of CMC cell strands to 10 mmol/L of blebbistatin for ≥20 min
caused a slight reduction of u from 375.7+ 35.6 to 365.3+42.9 mm/
s (n ¼ 47; P , 0.05) that was accompanied by an equally slight decrease
of dV/dtmax from 78.8+5.6 to 76.7+ 10.1%APA/ms (n ¼ 47; P ,

0.05). In CMC–MFB cell strands, blebbistatin had no effects on u

(control: 230.6+ 34.8 mm/s; blebbistatin: 225.2+ 35.1 mm/s; n ¼ 55;
n.s.) and dV/dtmax (control: 52.2+10.4%APA/ms; blebbistatin: 51.8+
7.8%APA/ms; n ¼ 55; n.s.). As shown in Figure 7B, exposure of CMC
cell strands to thrombin at 1 U/mL for ≥20 min had no effects on u

(control: 352.7+34.2 mm/s; thrombin 348.2+ 44.1 mm/s; n ¼ 45;
n.s.) and dV/dtmax (control: 74.8+8.5%APA/ms; thrombin 73.4+
10.9%APA/ms; n ¼ 45; n.s.). Similarly, in CMC–MFB strands, thrombin
did neither affect u (control: 246.6+53.8 mm/s; thrombin 258.6+
45.9 mm/s; n ¼ 47; n.s.) nor dV/dtmax (control: 45.8+ 14.4%APA/ms;
thrombin: 49.8+11.9%APA/ms; n ¼ 47; n.s.) The finding that neither
blebbistatin nor thrombin affected conduction in hybrid cell strands

suggests that tensionexertedby MFBsonadjacent CMCs is not sufficient
to modulate MSC activity of CMCs to an extent large enough to affect
impulse conduction in hybrid CMC–MFB preparations.

4. Discussion
The results of this study demonstrate that impulse conduction in bioen-
gineeredstrandsof CMCs responds to moderate levels of relaxationand
stretch highly similar to intact tissue, i.e. conduction times remain largely
unchanged for physiological length changes as those encountered in
end-diastole where maximal strain along the direction of the fibres
amounts to �10%.11 In contrast, in the presence of MFBs simulating a
fibrotically remodelled myocardium, impulse propagation is rendered
highly sensitive to strain as reflected by a 3% increase of conduction
time per each percent of lengthening. Given that the myocardium is
maximally strained in end-diastole, these findings suggest that adverse
electrotonic interactions between MFBs and CMCs are equally
maximal at the time of electrical activation of the myocardium,
thereby causing aggravation of slow conduction beyond values reported
before formodelsof thefibrotically remodelled myocardium keptunder
isometric conditions.

Figure 7 Effects of modulators of MFB contractility on impulse propagation in strand preparations. (A) Effects of reducing MFB contractility with bleb-
bistatin on u (left panel) and dV/dtmax (right panel) in CMC and CMC–MFB cell strands. (B) Effects of increasing MFB contractility with thrombin on u (left
panel) and dV/dtmax (right panel) in CMC and CMC–MFB cell strands.
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4.1 Effects of strain on conduction in CMC
preparations
Overall, elongation of CMC cell strands by 10.5% caused a significant in-
crease of optically measured conduction velocities (uobserv) from 326 to
349 mm/s (+7.1%). Under the simplifying assumption that electrical
membrane properties and tissue resistance remained unaffected by
the moderate amount of stretch applied, simple geometrical reasoning
predicts that the increase of u should equal the amount of stretch
applied. uobserv was slightly slower than this predicted value (7.1 vs.
10.5%) and, accordingly, CTprep showed a small increase by 3.2%. In
single CMCs, 5% strain induced a significant depolarization from 278
to 271 mV. This result is in agreement with previous studies using
intact cardiac tissue or freshly isolated adult CMCs.21,22 CMC depolar-
ization was based on a strain-induced inward current that peaked at
276 mV, i.e. close to the resting potential of non-strained cells
(278 mV). The current declined in both the depolarizing and hyperpo-
larizing direction showing reversal potentials at 250 and 288 mV, re-
spectively. While no further identification of this current was

undertaken in the present study, a similar U-shaped mechanosensitive
current observed in murine ventricular CMC was shown to be due to
stretch-dependent inactivation of IK1, which would explain the observa-
tion that strain significantly increased the input resistance of CMCs.23,24

Assuming that CMCs forming the cell strands underwent the same
degree of strain-induced depolarization, the finding that it had no
major effect on u is likely explained by the circumstance that conduction
in cardiac tissue is little affected by changes in resting polarization in the
range of 280 to 270 mV because of the presence of supernormal con-
duction.25– 27 This is illustrated schematically in Figure 8, where the grey
curve depicts the dependence of conduction velocity on the resting
membrane potential of CMCs as derived from a previous study with cul-
tured strands of CMCs.27 Typical for supernormal conduction, u

increases with increasing CMC depolarization from approximately
285 to 275 mV before declining rapidly with further depolarization.
When inserting the resting potentials measured in this study for non-
strained CMCs (approximately 278 mV) and CMCs subjected to 5%
strain (approximately 271 mV) into this graph, it becomes evident
that the substantial and significant depolarization of CMCs induced by
5% strain has a very limited effect on u which is reflected by the experi-
mental finding that conduction times remained unchanged during this
intervention. Additional factors contributing to the modest dependence
of uon strain may include stretch-dependent modulation of sodium cur-
rents, membrane capacity, and intercellular resistance.8,28– 30 Important
for this study, the results show that conduction in bioengineered strands
of neonatal CMCs behaves identical to intact cardiac tissue from adult
animals, i.e. conduction remains largely unchanged during application
of physiological levels of strain which suggests that this preparation is a
suitable model for investigating the effects of strain on conduction at
the cellular level.8,31,32

4.2 Effect of strain on conduction
in the fibrosis model
In contrast to the lack of significant effects of strain on conduction in
CMC cell strands, applying identical strains to hybrid CMC–MFB cell
strands caused a significant increase of conduction times by 26.3%.
This contrasting result suggests that MFBs ‘sensitize’ CMCs to strain.
The combination of three basic mechanisms as summarized schematic-
ally in Figure 8 is likely to explain this observation: (i) as shownbefore, gap
junctional coupling of moderately polarized MFBs to well-polarized
CMCs causes convergence of the membrane potentials of the two
cell types based on electronic current flow from MFBs to CMCs.5 The
resulting depolarization of CMCs to values less negative than 270 mV
pushes non-strained networks of CMCs beyond membrane potentials
supporting the peak of supernormal conduction, i.e. into a range
where every additional depolarization further slows conduction due
to increasing levels of sodium channel inactivation (Figure 8—green
dashed lines).25 (ii) As shown in this study, such additional depolarization
is produced in CMCs by activation of MSC-dependent inward currents
at potentials below 250 mV that aggravate the pre-existing, MFB
induced depolarized state of CMCs. (iii) Additionally, strain applied to
MFBs evokes mechanosensitive inward currents at potentials less nega-
tive than 212.8 mV. The resulting depolarization of MFBs will accentu-
ate depolarizing current flow to electrotonically coupled CMCs,
thereby further reducing the membrane voltage of CMCs (Figure 8—
green solid lines). Overall, strain-induced activation of MSCs in both
CMCs and MFBs that occur on top of the ‘background’ depolarization
of CMCs by electrotonically coupled MFBs is likely to form the basis
for the increased sensitivity of the fibrotic tissue model to strain. In

Figure 8 Schematic drawing illustrating the differential contribu-
tions of strain to conduction velocities in control CMC cell strands
and in the fibrotic strand model consisting of CMC cell strands overlaid
with MFBs. The grey curve indicates the dependence of u measured in
CMC cell strands on the resting membrane potential of CMCs [‘super-
normal conduction’; modified from ref. (27)]. The red lines refer to
values obtained in CMC cell strands under non-strained control condi-
tions (dashed) and during application of 5% strain (solid). A substantial
stretch-induced depolarization of CMCs (horizontal red arrow) causes
a modest change in conduction velocity (vertical red arrow). The green
lines refer to values obtained in CMC–MFB cell strands (dashed ¼
non-strained; solid ¼ 5% strain). In these preparations, a modest
stretch-induced depolarization (horizontal green arrow) causes a sub-
stantial change in conduction velocity (vertical green arrow).
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analogy, strain sensitivity of conduction may also be increased in other
pathological conditions like hyperkalaemia or ischaemia where cardiac
tissue is depolarized beyond membrane potentials supporting the
peak of supernormal conduction.

4.3 Constitutive activity of MSCs in MFBs
The finding that relaxation of cell strands by 5% caused a significant de-
crease of conduction times in hybrid CMC–MFB cell strands, but not in
CMC strands, suggests that the membrane polarization of MFBs but not
CMCs is affected by basal activity of MSCs present under non-strained
conditions. In accordance with previous findings in acutely isolated
atrial fibroblasts,9 the presence of constitutively active MSCs in MFBs
but not CMCs was supported by the finding that two blockers of
MSCs, SM and Gd3+, caused a significant hyperpolarization of MFBs,
but failed to affect the membrane voltage of CMCs under non-strained
conditions. Consistent with the presence of basal activity of MSCs in
MFBs that accentuates membrane depolarization of electrotonically
coupled CMCs under non-strained conditions, superfusion of hybrid
CMC–MFB cell strands with SM caused a significant increase of u and
dV/dtmax, but had no effect on CMC cell strands. While an even larger
effect was expected to occur in the presence of Gd3+ that caused
substantial hyperpolarization of MFBs, Gd3+ dissolved in the low-
phosphate/low-bicarbonate superfusate necessary to prevent buffering
of Gd3+ consistently induced conduction block.14 Induction of block
was likely related to the suppression of sodium and calcium inward cur-
rents by Gd3+, which was reported to occur at concentrations similar to
those used in the present study.15,16 Overall, these findings suggest that
the modest membrane polarization typically recorded from MFBs kept
under non-strained conditions is partly due to depolarizing inward cur-
rents carried by constitutively active MSCs. Candidates for these MSCs
include TRPC6, TRPM4, TRPM7, and TRPV2, which exhibit substantial
expression at the mRNA level.13 Immunocytochemistry revealed that
TRPV2 is targeted to the cell membrane of MFBs at the site of the
leading lamella, whereas TRPC6 shows increased expression at sites
of cell-to-cell contact of neighbouring MFBs (cf. Supplementary material
online).

4.4 Effect of MFB contractility on MSC
activity and conduction in the fibrosis model
Given the presence of basal activity of MSCs in non-strained MFBs, the
question arises as to whether this activity is due to tonic tensile forces
exerted by MFBs that feed back onto their own cell membrane
thereby causing ‘auto-activation’ of MSCs. This hypothesis was tested
by assessing changes in membrane voltage of MFBs superfused with
established activators (thrombin) and blockers (blebbistatin) of MFB
contractility.18 While, as shown by the wrinkle assay, both substances
affected tension exerted by cardiac MFBs on their substrate according
to expectations (increased tension with thrombin and reduced
tension with blebbistatin), they did either not affect the membrane po-
tential of MFBs (blebbistatin) or even caused a hyperpolarization
(thrombin), which makes it unlikely that tension developed by MFBs
causes auto-activation of MSCs.

Consistent with the small effects of blebbistatin and thrombin on the
membrane potential of single MFBs, exposure of hybrid CMC–MFB cell
strands to these drugs failed to affectu and dV/dtmax. These findings dem-
onstrate that modulation of MFB contractility alone is unable to affect
impulse conduction in hybrid CMC–MFB preparations. This conclusion
is supported by previous findings showing that communication

incompetent HeLa cells, even though exerting tensile forces on their
substrate similar to MFBs, fail to affect impulse propagation when
seeded on top of CMC cell strands.5,33

5. Study limitations
In contrast to intact cardiac tissue undergoing phasic variations of strain,
methodological restrictions imposed by the technique used in this study
required measurements to be performed under static strain conditions.
However, given that mechanosensitive currents of CMCs from rats and
humans were reported before to activate promptly with applied strain
and to display virtually no time dependence,22 effects of phasic variations
of strain on impulse conduction may be indirectly deduced from the
strain—u relationship presented in this study. Further limitations of
the study are related to the question as to which extent the in vitro
model reflects the situation in vivo: whereas the model used in this
study is well characterized in terms of cellular morphology, heterocellu-
lar gap junctional coupling, ion current densities, and ratios of
MFB-to-CMC cell membrane areas, the respective data from cells in
situ are still largely missing because their measurement is technically
not yet feasible. Accordingly, while the results contribute to the under-
standing of biophysical mechanisms governing conduction in strained
cardiac tissue consisting of electrotonically interacting CMCs and
MFBs, the extent to which these mechanisms are operational in vivo
has to await thedevelopmentof experimentalmethods suitable to inves-
tigate this question directly in intact tissue. This concerns especially the
lackof unequivocal proof for the presence of heterocellular electrotonic
coupling between MFBs and CMCs in the working myocardium of fibro-
tically remodelled hearts.10,34 Also, it cannot be ruled out that fibro-
blasts present in intact hearts may add an additional layer of
complexity to the response of cardiac tissue to stretch. Finally, the
model used is based on neonatal rat ventricular cells. Whereas this
limits extrapolations of results to intact human cardiac tissue, the
finding that bioengineered preparations consisting predominantly of
CMCs rather accurately reproduce the strain sensitivity of intact
healthy tissue from adult mammals suggests that the biophysical princi-
ples governing the dependence of u on strain are likely similar.

6. Conclusions
Whereas impulse conduction in healthy cardiac tissue shows little de-
pendence on physiological levels of strain, the results of this study
suggest that MFBs present in cardiac tissue undergoing fibrotic remod-
elling may convey increased strain sensitivity to the tissue with conduc-
tion velocities being inversely related to applied strain. Extrapolated to
intact fibrotic tissue, this mechanism would imply that impulse conduc-
tion is slowest at the moment of electrical activation because activation
coincides with the moment of maximal distension of the myocardium in
end-diastole. Moreover, in diseased hearts displaying non-uniform
mechanics, the mechanism may similarly increase non-uniformities of
conduction. Pending verification in intact tissue, both effects would con-
tribute to arrhythmogenesis in fibrotically remodelled myocardia.
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