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OPEN ACCESS Fibrotic myocardial remogleling is typically accompanied ¥ thg appearanc':e. of
myo broblasts (MFBs). In vitro, MFBs were shown to slow conduction and precipitate
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using confocal microscopy of single and co-cultured neonal rat ventricular CMCs
and MFBs. Conduction was investigated as a function of MFB desity in three
distinct cellular tissue architectures: CMC strands with mdogenous MFBs, CMC
strands with coating MFBs of two different sizes, and CMC sands with MFB
inserts. Simulations were performed to identify individdaontributions of heterocellular
gap junctional coupling and of the speci ¢ electrical phentype of MFBs. With increasing
MFB density, both endogenous and coating MFBs slowed condution. At MFB
densities of 5-30%, conduction slowing was most pronouncedin strands with
endogenous MFBs due to the MFB-dependent increase in axial esistance. At
MFB densities > 40%, very slow conduction and spontaneous activity was prirarily
due to MFB-induced CMC depolarization. Coating MFBs causednon-uniformities
of resting membrane potential, which were more prominent wh large than
with small MFBs. In simulations of MFB inserts connecting tw CMC strands,
conduction delays increased with increasing insert lengt#h and block appeared
for inserts >1.2mm. Thus, electrophysiological properties of engineed CMC-MFB
co-cultures depend on MFB density, MFB size and their spect positioning in respect
to CMCs. These factors may in uence conduction characteritics in the heterocellular
myocardium.
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INTRODUCTION CMC strands at prede ned densities) exert a depolarizing e ect
on electrotonically connected CMCs, thereby causing cotidnc
Cardiac tachyarrhythmias based on re-entrant excitatioa a slowing. Furthermore, we found in monolayer cultures of CMC
serious heart rhythm disorders associated with a variety ahat MFBs induce regular ectopic activity in a cell-density
heart diseases. In re-entrant arrhythmias, the electegeitation  dependent manner\(iragoli et al., 200).
wave (action potential, AP) continuously re-excites myadéar Previous computer simulations of cardiac tissue have
regions that have recovered from refractoriness. This- seltorroborated the pro-arrhythmic e ects of broblastsgcquemet
perpetuating process is independent of the natural pacemakend Henriquez, 2008; Sachse et al., 2008; Maleckar et@8), 20
of the heart, the sinoatrial node. Mechanistically, the iotilion  Using a microstructure model of cardiac tissue, Jacquemet a
of a re-entrant activity depends on conduction block and slowHenriquez showed that broblasts with one-sided conneatio
conduction Kléber and Rudy, 2004 Conduction block, in exert non-linear eects on resting membrane potential,
particular unidirectional block, prevents excitation of aged conduction velocity and action potential duration that deplein
regions within the myocardium during the priming activation a complex manner on broblast density, broblast capacitance
phase. Conduction blocks contribute to ectopic activity andand CMC- broblast coupling Jacquemet and Henriquez, 2008
were shown to increase the susceptibility to atrial brileati Using a computational framework permitting to combine
(Haissaguerre et al., 1998; Chen et al., J.98@ditionally, slow rectangular CMCs and square-shaped broblasts in a brik&-li
conduction around the site of block will, if su ciently del&gl manner, Xie et al. additionally investigated the in uencé o
for the tissue proximal to the block to recover from refradt@ss,  broblasts with double-sided connectionsXie et al., 2009a
cause re-excitation thereby initiating re-entry. By exploring a broad range of broblast densities and CMC-
It is well established that conduction velocity and occage  broblast coupling values, they observed that with incregsin
of conduction blocks are determined by (i) the level of gapcoupling, broblasts with double-sided connections can rst
junctional coupling between adjacent cardiac cells and (iipccelerate conduction by depolarizing the CMCs (supernormal
the membrane currents shaping the AP with voltage gatedonduction), then slow conduction due to their increasing
inward currents being particularly importani(éber and Rudy, electrotonic loading e ect, before nally accelerating caration
2009. The disruption of the normally uniform cardiac tissue again by acting as conductive bridges between CMCs. Nayak
architecture during cardiac brotic remodeling is well abtished et al. investigated the e ects of one-sided and two-sided
to slow conduction and promote conduction blocks due to theCMC- broblast coupling on spiral wave dynamics without
presence of electrically insulating sheets of collagemnelliti  describing the detailed pattern of cellular arrangementshigirt
etal., 200p model (Nayak et al., 20)3Kim et al. developed a high resolution
Myo broblasts (MFBs, “activated broblasts”) are held model of engineered CMC monolayers permitting to simulate
responsible for the excessive secretion of extracellularixmat realistic cell shapes and showed that conduction charatiesi
proteins during brotic remodeling. They were showm are in uenced by the structure of the tissue microarchiteet
vitro to slow conduction and precipitate ectopic activity (Kim et al., 201 However, the e ects of CMC coupling to
following establishment of heterocellular electrotordeiplingto  broblasts were not explored in their study.
cardiomyocytes (CMCs)\(iragoli et al., 2006, 200.7While the To our knowledge, there exists no study that uses a
origin of MFBs in the working myocardium is still under debate high resolution cardiac tissue model implementing reatisti
it is generally assumed that they emerge from resident aardi cell shapes for both CMCs and MFBs that permits a direct
broblasts undergoing a phenotype switch to MFBs secondary tgomparison with former experimental ndings. Under the
insults to the heart like pressure/volume overload and irtfarc ~ tenet that CMCs and MFBs are electrotonically coupled in
MFBs are identi ed by their expression afsmooth muscle actin the myocardium, the mechanistic characterization of pregio
decorated stress bers. They are typically larger than Basts experimental ndings with a high-resolution tissue model is
and produce excess amounts of extracellular matrix proteinkighly relevant insofar as that the detailed cellular aettitire of
like collagen, thereby contributing to the normal process otardiac tissue consisting of CMCs and MFBs and the resulting
tissue repair but also to pathological brotic remodeling tha microconduction patterns are likely to play a major role in
leads to conduction disturbances by disrupting the myocalrdi determining the speci ¢ characteristics of conduction silogy
tissue architectureamelliti et al., 2005; Rohr, 2009%hen  conduction block and precipitation of ectopic activity whictea
broblasts/MFBs connect electrically to CMCs, they can therfundamental for the generation and perpetuation of re-entran
form single-sided connections to one functionally conmett arrhythmias.
group of CMCs or double-sided connections to separate groups Accordingly, it was the aim of the present study to develop
of CMCs Kohl and Camelliti, 2012 a mathematical model of cardiac impulse conduction on the
In previous work Gaudesius et al., 20))3ve showed that basis of a detailed description of the heterogeneous cellular
MFBs inserted into gaps in patterned CMC strands allow therchitecture of tissues consisting of CMCs and MFBs. The
passage of su cient depolarizing current to support resumptionmodel was developed to match as closely as possible the
of conduction distal to the insert. Conduction blocks oomd  experimental preparations that we used previously. The model
only when insert lengths exceeded several hundred micrerset was validated within vitro measurements of preparations with
In another study {liragoli et al., 200§ we showed that MFBs known cellular architecture. We investigated the following
(either interspersed within CMC strands or seeded on top othree distinct tissue architectures: (i) CMC strands canitey
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endogenous MFBs, (i) CMC strands coated with MFBs, andatterned Growth Cell Cultures

(iif) CMC strands containing an intercalated segment cetisg  Strands of CMCs measuring 0.6 5 mm were obtained
of MFBs. For CMC strands coated with MFBs, we exploredy seeding CMCs at a density of 1500 cells/mmnto
the e ects of two dierent sizes of MFBs. Because the iorphotolithographically generated strips of collagen type IV
current repertoires of di erent cell types and heterocellulapg (Sigma) as described in detail beforieéofir et al., 2003 For
junctional coupling can be individually controlled in the del, models of cardiac brosis, 24 h old CMC strands were coated wit
simulations allowed untangling the relative contribut®af each MFBs at a density of 500 cells/mm

of these factors to the observed electrical phenotypes oéthes

preparations. Fluorescent Staining of Cellular Preparations
For single cell live imaging, MFBs and CMCs were stained
with Vybrant™ Dil (Molecular Probes). Cells were washed
MATERIALS AND METHODS twice with HBSS before being stained with VybrdhDil (5 m
In-vitro Fibrosis Model of stock solution diluted in 1ml HBSS) for 20 min in the
Cell Culture incubator. Thereafter, cells were washed three times wg 8 to

Primary cultures of neonatal rat ventricular CMCs and MFBsPrevent non-speci ¢ binding of the dye and reduce background
were obtained using methods described in detail befétehf  uorescence.

et al, 2008 Protocols were in agreement with relevant Imaging of CMC strands with endogenous or coating MFBs
institutional guidelines for animal experimentation and nee Was performed onimmuno-stained preparations. Pattern-growt
approved by the Veterinary O ce of the Canton of Bern, Cultures were washed twice with HBSS and xed with 2%
Switzerland. Briey, the apical two thirds of 1-day old paraformaldehyde for 10 min. After a second washing step,
rat ventricles were cut in small pieces and dissociated iftrands were incubated for 20 min with a blocking bu er (PBS
Hanks' balanced salt solution (HBSS without?®€and M¢?®,  containing 20% goat serum) followed by a 2 h exposition to
Bioconcept) containing trypsin (0.1%, Sigma) and pancreati@nti a-SMA antibodies (mouse monoclonal, Thermo Fisher)
(120mg/ml, Sigma). Tissue digestion was complete following 4—gissolved in PBS containing 1% goat serum and 0.15% Triton
dissociation cycles lasting 15 min each. After each cyisteye X-100. After washing, preparations were incubated for 20 min
pieces were left to sediment and the supernatant, containingith a goat anti-mouse AlexaFluor 488 secondary antibody
the dissociated cells, was removed and stored on ice. THolecular Probes). Preparations were further washed antlyna
dissociated cells were centrifuged and re-suspended imreult mounted. All steps were carried out at room temperature.
medium consisting of M199 with Hanks' salts (Sigma), penicilli ] ]

(20,000 U/L; Sigma), vitamin B12 (ivnol/L, Sigma) and 10% Confocal Imaging and Post-processing

neonatal calf serum (NCS, Biochrom, Bioswisstec). Fatratp ~ 'Mage acquisition was performed on an inverted laser scapnin
broblasts were separated from slowly adhering CMCs bynicroscope (LSM 880 using the ZEN 2.1 software, Zeiss).eSingl
preplating the cell suspension for 2 h 15 min in 75%eell culture ~ Cell imaging was performed with Airyscan in high resolution
asks. The supernatant containing mostly cardiomyocytes wamode using a Plan Apochromat 40x objective (NA1.3, Oil DIC,
collected, passed through a cell strainer and supplemented wi#£iss). Live-stained CMCs and MFBs were imaged with a 2.4 or
vitamin C (18mmol/L, Sigma), epinephrine (I@mol/L, Sigma) 1.8 zoom (pixel size: 165 and 220 nm, respectively). Acquisiti
and bromodeoxyuridine (10@mol/L, Sigma). After counting Was made in line scan mode with an averaging factor of 2. Z-
the cells, appropriate dilution of the suspension was madétacks of entire cells were acquired at a resolution of 150 nm
Cells were plated onto dierent types of culture substrates IFF image series were exported to ImageJ software (National
(cf. below). Medium exchanges were performed 24 h posthstitutes of Health) for post-processing. Maximum lengtiiih
plating with supplemented M199 containing a reduced amoungnd area of cells were determined from maximum intensity ful
of NCS (5%) and every 48 h thereafter. Fibroblasts obtaingefojections as illustrated irFigures 1A,B The height of the
from the pre-plating procedure were thoroughly washed tocells was obtained from orthogonal sections. IMOD (Boulder
remove non-attached or weakly attaching cells and werkboratory) was used for segmentation and 3D reconstitution
kept in supplemented medium without bromodeoxyuridine.Of the cells. Rendering was performed with Rhinoceros 5.0
Cultured broblasts expressedi-smooth muscle actin & (McNeel). Fixated and immunostained cell strands were irdage
SMA) within 24-48h indicating a rapid phenotype switch to USing @ Plan Apochromat 10x objective (NA 0.45, Zeiss) at d pixe
MFBs Rohr, 201). MFBs were kept in culture for 8 days size of 815 nm. Acquisition was made in line scan mode with an
prior to being used in the experiments. Cell cultures wereédveraging factor of 2. Z-stacks covering the entire thisknef
maintained at 35C in a humidi ed atmosphere containing 1.2% the preparations were acquired with a step size of 410 nm. TIFF

CO.. image series were exported to ImageJ and cellular morphometry
of endogenous or coating MFBs was performed on maximum
Single cell culture intensity full projections Figure 1D).

For confocal imaging of single cells, CMCs or MFBs were seeded

on collagen (Type | or Type IV, Sigma) coated glass coverslipkissue Model

at 40-80 cells/mmwhich resulted in low density cultures. Cell CMC Strands with Endogenous and Coating MFBs

culture media and medium exchange protocols were identaal tFollowing our previous approachP(udat and Kucera, 20)4
those described above. simulations were based on randomly seeded cellular networks
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FIGURE 1 | Dimensions of cardiomyocytes (CMCs) and myo broblas ts (MFBs). (A) Example of a single cultured CMC: top view with two projectins along the
yellow lines (left), 3D reconstruction (middle) and schertia of the measurements (right)(B) Same as A for a single cultured MFB(C) Left panel: length, width and
height of single CMCs (pinkn D 9) and MFBs (greenn D 8) with mean SD. Right panels: dito for cell surface area(D) Images: representative examples of CMC
strands with endogenous and coating MFBs. Right panels: Diensions and surface areas of endogenous MFBsn(D 7) and coating MFBs § D 7) with mean SD.
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mimicking the irregular layout of the cells in two-dimensia  own past work Rohr et al., 1991and morphometric ndings
layers of CMCs or CMCs and MFBs. Brie y, the domains to bg(Figures 1A-Q, the average CMC length and width were set
simulated were partitioned into polygons describing indivadl  to 60 and 20mm, respectively, resulting in a length/width ratio
cells. The polygons were then discretized using a reguldr griof 3. Confocal microscopy performed on similarly sized single
Our model produces tissue microstructures that are similacultured cells showed a median maximal thickness ofranY
to those generated by the procedures developedduyjuemet (CMCs) and 3.7nm (MFBs). In our simulated strands, the
and Henriquez (2008and by Kim et al. (2010) although the average thickness of both CMCs and MFBs was then set to 3
underlying algorithms are di erent. mm. The CMC networks with endogenous MFBs were discretized

MFBs were either embedded within (endogenous MFBs) ousing a square lattice with a spatial steglof D 1y D 2.5nm.
seeded on top (coating MFBs) of the CMC layer, as illustratehe CMC networks with coating MFBs were discretized using a
in Figures 2Aa—cTo ensure consistency with our experimentaltetragonal lattice with a spatial step bk D 1y D 2.5mm and
data, the cellular model was adapted as to re ect typical cell zD 3mm, with 1 z corresponding to the average cell thickness.
dimensions of MFBs and CMCs in our cultured preparations. The morphometric data presented iRigure 1 show that

In accordance with the dimensions of CMC patterned growthendogenous MFBs are smaller than coating MFBs and close
strands used in previous experimental work, cellular networkso the individual size of CMCs. Therefore, the dimensions of
consisted of two-dimensional domains measuring 300880 endogenous MFBs were set to be similar to those of CMCs.
mm (Gaudesius et al., 2003; Miragoli et al., 20ased on As aforementioned, coating MFBs are typically 1.3x longer and

A (a) CMC strand with endogenous MFBs

P — s W e &= i,
LT 7 TRt S N R 27
100 um

(b) CMC strand with large coating MFBs
. -

By ey —
s S < W A =, Ll :
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FIGURE 2 | Tissue and ionic models. (A) Schematic representation of tissue models(a) strand of CMCs (pink) with endogenous MFBs (greenjb) CMC strand
with large coating MFBs;(c) CMC strand with CMC-sized coating MFBs;(d) CMC strand disrupted by a gap and fully covered by a layer of MBs bridging the gap
(MFB insert).(B) Comparison of experimentally measured |-V relationship ofMICs (pink/gray corresponds to mean SD, n D 12) to the modi ed LR1 CMC model
(blue) subjected to the same ramp protocol (insert)C) |-V relationship measured in MFBs (green/gray corresponds tmean SD, n D 11) subjected to the protocol
shown in the inset. The tted model function (Equation 6) is sbwn in blue. Experimental data fromGrand et al. (2014)
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2x wider, with an area reaching 2.5x that of endogenous MFPRassive Electrical Parameters
(Figure 1D). This observation was supported by the analysis o€Cytoplasmic Resistivity
MFB dimensions in datasets from previous studié&régoli  Cytoplasmic resistivity was set to 124cm (Prudat and
et al., 2006; Grand et al., 2010ur model was implemented Kucera, 201y This value is in the range of resistivities of
accordingly to consider the extreme situation with MFBs havi physiological electrolyte solutions and matches values irsed
a length and a width of 120 and 4@n, i.e., twice that of CMCs. past computational studies (100-18@m; Kléber and Riegger,
In simulations aiming to investigate the e ects of MFB size on1987; Shaw and Rudy, 1997; Hubbard and Henriquez, )2012
conduction, the dimensions of coating MFBs were alternétive Cytoplasmic resistivity was assumed to be isotropic and ideht
set to that of endogenous MFBs (CMC-sized MABgure 2A9.  for CMCs and MFBs.
Cell dimensions used in the simulations are recapitulated in
Table 1 Gap Junctional Conductivity

Simulations were run at di erent MFB to CMC ratios. To As done previously in murine ventricular cell culture models
compare results between simulations with endogenous MFB®rudat and Kucera, 20)4gap junctional conductance between
and coating MFBs, we de ned the parameter “MFB density’'CMCs was adjusted conjointly with the voltage gated sodium
(%MFB) which represents the relative contribution of MFBs tocurrent density to replicate the conduction velocity (CV) and
the total tissue capacitance. MFB density was computed as thge rate of rise of the action potential (dVi/gi,) observed
ratio of the area occupied by MFBs to the total tissue arean experiments Rohr et al., 1998 Intercellular gap junctional
For the situation of coating MFBs, this ratio was computedconductance was proportional to the contact length between
asd(1Cc), wherec is the MFB coverage ratio. For each MFBneighboring CMCs and was thus represented by a proportionality
density, conduction was simulated in 5 independently geteeta constant,g, representing conductivity (conductance per contact

tissues. length, seeTable 1). The total gap junctional conductance
between two adjacent cells (G) was computed&@® g L,
CMC Strands with MFB Inserts where L is the length of contact computed from the polygons

CMC strands with MFB inserts were designed as to reproducgescribing the cells before discretization. After diseeagton,
tissue models used previously to investigate conductionsacr obligue contacts then assume a staircase shape with an
segments of unexcitable MFBsGqudesius et al., 2003 increased length. To compensate the increased length céysed
CMC strands measuring 6000 80 mm were interrupted discretization, the discrete conductances (g) acrossviddal

in the center over a prede ned distance (240-288fn). staircase segments were computedyd3 G/N, with N being

The strand segments and the gap were subsequently coatéd number of staircase segments. The total intercellular gap
with MFBs (full coverage) resulting in a link of the two junctional coupling conductance was therefore redistriloute
CMC segments by MFBgigure 2Ad). For each MFB insert uniformly along the contact.

length, conduction was simulated in 5 independently geregtat ~ The gap junctional conductivity between CMCs and MFBs
tissues. (CMC-MFB) was set to be 5 times smaller than between CMCs

TABLE 1 | Cellular dimensions and passive resistive and capac itive parameters of the modeled CMCs and MFBs.

Parameter De nition Value References

CMC CMC-sized MFB Large MFB

MEASURED PARAMETER

L Cell length 0.0060 cm 0.0060 cm 0.0120 cm Rohr et al., 1991
w Cell width 0.0020 cm 0.0020 cm 0.0040 cm Rohr et al., 1991
T Cell thickness 0.0003 cm 0.0003 cm 0.0003 cm
cyto Cytoplasmic resistivity 124« cm 124+ cm 124+ cm Prudat and
Kucera, 2014
Cm Speci ¢ membrane capacitance 1 F=cm? 1 F=cm? 1 F=cm?
CMC-CMC CMC-MFB MFB-MFB
Intercellular conductivity 77.4nS= m 155nS=m 155nS=m Fitted
DERIVED PARAMETER
Intercellular resistivity () 1351« cm 6755+ cm 6755+ cm
oyto:z Cytoplasmic resistivity in thez direction T oo 37.2 10 Secm?  37.2 10 3. cm?
leyto;z Cytoplasmic resistance per discrete element in the direction TlX—iy‘;’ 0.595 Me 0.595 Me
gap:z Gap junctional resistivity in the direction W 21.2 Ge cm? 106.1 G cm?
lgap;z Gap junctional resistance per discrete element in the-direction T 41'-7%), 0.339 G 1.698 Ge
CMC-CMC CMC-MFB MFB-MFB
0z Conductance per discrete element in the z-direction m 2.94 nS 0.59 nS 0.59 nS
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(Salvarani et al., 20).ANe further assumed that the conductivity ~ For the N& current, s, we used the LR1 formulation
between MFBs is the same as that between a CMC and a MRBith maximal N& current conductance (g;max) being adjusted
This assumption relies on the fact that each cell has to coatel  such as to replicate conduction velocity (CV) and the maximal
one hemichannel for the formation of one functional connaxo rate of rise of the AP upstroke as described above and in
and that intercellular junctional conductivity is thus dgmined  Table 1 In CMC networks, setting the intercellular conductivity
by the cell expressing the lowest amount of connexins. to 77.4nSAm and gyamax to 8.1 resulted in a CV of 41.4 cm/s
In monolayer cultures immunostained for connexin 43, it wasand a dV/dnax of 106.8 V/s which closely reproduced ndings
observed that the intensity of the staining does not depend oonbtained during optical recordings in patterned growth CMC
the orientation (transverse vs. longitudinal) of the irtellular ~ strands Rohr et al., 1998
contact relative to the cell axiSS@udesius et al., 2003; Miragoli It is known that the slow inward C& current, lcal, plays
et al., 200§ Therefore, intercellular junctional conductivity was an important role in the presence of very slow conduction or
assumed to be isotropic in the modeJ did not depend on the local conduction delays exceeding the typical timescaley®f |
orientation of the intercellular contacts). (Rohr and Kucera, 1997; Shaw and Rudy, }9%herefore, as
For intercellular conductivities between the layer of CMCsin previous work Prudat and Kucera, 20)4we increased the
and coating MFBs (in the z direction), we assumed that, oomaximal conductance ofch. from 0.09 to 0.18 m®# and
average, the number of junctional channels between a CM@ccelerated its gating kinetics [rate constants of the atitia
and a coating MFB is the same as between a CMC and gate d multiplied by 30, rate constants of the inactivation
longitudinally connected endogenous MFB. This parameter weagate f multiplied by 2, Equations (2-5)]. The adjustedal
therefore calculated based on cell length and the area gfieatly exhibited a time to peak of 1 ms, comparable to previous

elliptical cell shapeTable 1). experimental and modeling studiesSi{aw and Rudy, 1997;
_ Linz and Meyer, 2000; Wang and Sobie, 2008; Prudat and
Cell Capacitance Kucera, 2014; Jousset and Rohr, J01We note that the

The specic membrane capacitance of CMCs and MFBs wasle of Ic, in sustaining propagation during a reduction of
set to ImF/cn? (Table 7). The cell capacitance results from coupling becomes important only when intercellular coupling
the product of the specic membrane capacitance and thés decreased by 90% Ghaw and Rudy, 19%7In the present
geometrical area (surfaces above and below the cell assitké a work, intercellular coupling between CMCs and MFBs was
lateral surface), leading to a mean CMC capacitance of 22.86 pB6% of CMC-CMC coupling. At 20% of CMC-CMC coupling
and a mean capacitance per monolayer unit area of @8n¥.  level, the safety factor for propagation is not manifestly
Endogenous MFBs have the same capacitance as CMCs and laiperent in presence vs. absence ofal (Shaw and Rudy,

coating MFBs have a mean capacitance of 83.42 pF. 1997%.
) We observed thatda causes spontaneous activity in the
lonic Currents of CMCs CMC membrane model when using theal formulation of

CMC ion currents were represented using the Luo-Rudy I (LR1korhonen et al. This spontaneous activity is caused by a large
model (Luo and Rudy, 199which was adjusted to approximate gieady state “window” current which produces a downward
our experimental observations in single cultured CMCs stigié i, ection (minimum near 35 mV) of the steady state -V
to voltage clamp experiments shown igure 2B Compared  ¢yrve of the CMC ionic model. This window inward &a
to these data, the inward rectier K current (k1) of the  cyrrent in turn causes the steady state -V curve not to cross
original LR1 model (not shown) overestimated _several folel thihe abscissa O 0) in the expected resting membrane potential
measuredg near the resting membrane potential. Because | yange thereby leading to an unstable potential and spontaneous
is particularly important in determining the resting membran activity. In contrast to this behavior, dense monolayer cids
potential and input resistance of CMCs, the formulationgf bf 5t cpmcs are quiescent and become spontaneously active only
the LR1 model was therefore replaced by tkeformulation of  \yhen coupled to a su cient number of MFBs\{iragoli et al.,
Korhonen et al. (2009rovided in Equation (1), which is based 007, To accommodate for this di erence, the window current
on data recorded in neonatal rat ventricular myocytes/ghler  \y5s decreased by shifting the activation and deactivataa r
(1992) constants of the activation gatd by 6 mV toward more
c positive potentials which is in accordance to experimentahdat
Iki D 0.0515 K~ V. Ex1 6.1373 (Xiao et al., 1997; Pignier and Potreau, 200The modi ed
K1 . . . .
KC ,C0.210 0.1653C 0319V E 61378  rate constants of the gating variablésand f are given by
(1) Equations (2-5):

In presence of this reducelk1, the background current g))
caused a substantial and non-physiological shift of theinmgst

membrane potential to more positive values and was therefore 0.09% 001V 6) 5)

setto 0. Inthe range from 80to 60 mV, which corresponds to a D 301 C e 0.072(¥ 6) 5) @)
the RMP of CMCs coupled to MFBs, the current-voltage curve of 0.07% 0.017(¢ 6)C44)

the CMC model with thdk 1 formulation of Korhonen et al. lies d D 1C P05 6ca%) 3)
within the mean 1 standard deviation as found in experiments. 0.008C28)

The Ix1 formulation of Korhonen et al. thus reproduces our ;D 0.012 ™

T~ piEvCoE 4
measurements. 1C 0-15¢C28) )
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0.006% 0-02VC30) 5) where | is the identity matrix,v.t/ is the known vector of
1C e 0.2(vC30) potentials attime, v.t C 1t/ is the unknown vector of potentials
to be solved fortimé C 1t andAisaN N sparse symmetric
This modi cation caused the steady state |-V curve to crosénamx‘ Th_e_ entries OTA are given by the passive resistive
and capacitive properties of the network, which do not change

the abscissa near79 mV with a positive slope, thereby leading ™.~ .
to a stable resting membrane potential (RMP) at this vaIueWIth time. The system was solved by performing the Cholesky

Finally, to account for short APs typical for small rodentset decomposition Press et al., 199f the left hand operator
maximal conductance of the voltage gatel urrent (Ix) was (I-1tA2)as
increased from 0.282 to 0.5 mi¥7. The plateau K current was

not modi ed. The steady state I-V curve of the modi ed CMC

model is shown irFigure 2B

¢t D2

1
| SIADL LT (8)

wherel is a lower triangular matrix andl" is the transpose df.
lonic Currents of MFBs The solution to Equation (7) was thus decomposed in two steps
We formulated our own MFB model based on data from voltageonsisting of solving two linear systems given by a triaagul
clamp experiments with cultured cardiac MFBBigure 2G  matrix (L or LT).

Grand et al., 2014 As illustrated inFigure 2C the mean -V To computeL and LT, we took advantage of the advanced
relationship of MFBs was tted with the following function of Cholesky decomposition algorithms optimized for sparse
voltage (Equation 6): matrices as incorporated in MATLAB. Since a xé&d was used,
L and LT needed to be computed only once at the beginning
V C 6425 of each simulation. These matrices were passed to the core C
Iwre D 125 0.033 V Cexp 250 ©) program, in which the algorithm to solve triangular systemasw
implemented.

The RMP of the isolated MFB model wa$6.1 mV.
Simulation Protocol

Numerical Methods The strands with endogenous or coating MFBs were rst
Because culture experiments are performed in an extendefimulated without any electrical stimulation for at leass 2
extracellular medium, the resistance of the extracellupce to examine whether any spontaneous activity was present
was considered negligible and a monodomain formulation waand to allow for steady state equilibration. The network was
adopted Prudat and Kucera, 20)4 then stimulated by injecting a current pulse into the cells at
The generation of the networks was implemented in MATLABone extremity of the strand. The following parameters were
(version 2015b, The MathWorks, Natick, MA) with the desiredregistered for every action potential at every node: (1) RMP,
con guration of the network (i.e., size, MFB density) and thede ned as membrane potential at the time of stimulation,
di erent parameters of the modeflable 1) serving as input. The (2) maximal rate of rise of the AP upstroke (dV{gly), and
program returned the layout of the network and the computed(3) activation time that was de ned as the time at which
resistances between adjacent nodes in the discretizeédelas membrane potential reached35 mV during the action potential
described in detail beforé>(udat and Kucera, 20)4 upstroke. Conduction velocity (CV) was computed by linear
To simulate electrical activity, a xed time stéd of 0.005ms  regression of the earliest activation time at eaeboordinate
was used. The gating variables of the adjusted LR1 modeétween 25 and 75% of strand length to exclude stimulation
were integrated using the method &fush and Larsen (1978) artifacts and sealed-end e ects at the extremities of the
and the intracellular concentration of &a was integrated strands.
using the forward Euler method. These computations were For the MFB inserts simulations, the strands were stimulated
implemented in the C language and executed in the MATLABat 2 Hz and electrophysiological parameters were extracted fr
environment as dynamically linked subroutines (MEX les).the AP elicited by the 6th stimulation.
The determination of the opening and closing rate constants
of the di erent ion current gates was optimized for speed byStatistical Analysis
computing tabulated look-up tables at the beginning of eaciNormality of distribution was assessed using the Shapird<Wil
simulation. test. Normally distributed datasets are expressed as mean
The di usion problem (the change of membrane potential standard deviation (SD) and were compared with Student's-non
caused by current ux to and from adjacent nodes across @airedt-test.
heterogeneous network of resistances) was solved using the
method of Crank and Nicolson (1947)This method was RESULTS
implemented in matrix form as a linear system NMfequations o )
with N unknowns N being the number of nodes in the simulated SIow Conduction in CMC Strands with
domain (144,000 or more in our study), and formulated as: Endogenous MFBs
In previousin vitro experiments, we showed that endogenous
| }1tA viC1t/D IC }1tA vt/ @ MFBs slow conductiqn in.CMC strands iq an MEB-density
dependent mannerNiragoli et al., 2006 This situation was
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simulated by generating 3000 80 mm CMC networks underlying discrete cellular architecture with variablecdb
containing endogenous MFBs at densities ranging from 0 to 50%i erences in intercellular resistance. In the strand contagm

in steps of 5%. In accordance with tle vitro experiments, 30% MFBs Figure 3B, RMP was depolarized by 6 mV
CMCs and endogenous MFBs had the same $iigures 3A,B compared to the control CMC strand. Gap junctional coupling
illustrate AP propagation in the central part (25-75%) ofstrongly attenuated the dierences in RMP between CMCs
a control strand (CMCs only) and in a strand containingand MFBs. In the example shown, the small RMP gradient
30% endogenous MFBs. In the control stranéigure 34), present was due to the incidental presence of larger and
RMP was uniform and propagation was quasi continuous adenser MFB clusters on the left of the strand. The 6 mV
demonstrated by the regular spacing of activation isochsonedepolarization of RMP in the CMCs caused 80% reduction
which were oriented perpendicular to the strand axis. Slighof Ing availability (product of the gatek and j), which led
distortions of isochrones and small uctuations of dVfgltx to a slower conduction compared to control. Furthermore,
in the range of a few percent were the consequence of thisochrones often assumed an oblique orientation re ectiocgl
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FIGURE 3 | Conduction in control CMC strands and CMC strands w ith endogenous MFBs. (A) Structure of a computer-generated control CMC strand (100%
of CMCs, pink) and corresponding maps of RMP, activation tim (isochrone interval: 0.5 ms) and dV/ghax. (B) Same as A for a CMC strand with endogenous MFBs
(MFBs density: 30%, green). In the maps, MFB cell borders areutlined in gray.(C—E) Effects of increasing MFB density on conduction velocity, ean RMP and mean
dV/dtmax (black: individual results; green: mean SD, n D 5; red data point corresponds to the simulated tissue shownn B).
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variations of CV. Also, average dV/gtx was considerably Slow Conduction in CMC Strands with
reduced and exhibited large variations with regions of |0W€Coating MFBs
dV/dtmax corresponding to clusters of endogenous MFBs. Thugn previous work, optical mapping of impulse conduction was
disruption of the uniform CMC architecture by endogenousajso conducted in CMC strands coated with cardiac MFBs
MFBs results in spatial non-uniformities of RMP and dVi@k  (viragoli et al., 200§ In these preparations, we observed that
as well as in non-uniform conduction displaying distorted coating MFBs were approximately twice as large as CMCs. Both
wavefronts. features were incorporated in our model. Cellular networks
The dependence of CV, RMP, and dVig on the percentage measuring 3000 80 mm were created with the bottom layer
of endogenous MFBs is illustratdeigures 3C—E On average, consisting exclusively of CMCs and a coating MFB layer cogerin
increasing the MFB density from 0 to 40% decreased C¥he CMC strands to variable extents ranging from 0 to 100% in
by half, depolarized the RMP from 79 to 69mV and steps of 10%. The resulting MFB densities thus ranged from 0%
caused a threefold reduction of dV/gtx. These changes were (no MFBs) to 50% (full coverage).
accompanied by enhanced variabilities re ecting incregsin A representative simulation of a CMC strand with coating
levels of heterogeneity caused by the MFBs. Raising the MRBFBs (23% MFB density) is presented Figure 4A. Similar
density above 40% resulted in the appearance of spontanedigsendogenous MFBs, coating MFBs caused a reduction of CV
activity in several computer-generated tissues (1 out of 5 aind led to a distortion of the isochrones of activation. Thias
45%; 2 out of 5 at 50%); these networks were excluded froaccompanied by a reduction of RMP with the small gradient
the analysis, because the quasi simultaneous excitatidheof present being due to the random assignment of 4 MFBs to the
entire tissue during spontaneous activity caused arti gisligh  left and 2 MFBs to the right half of the strand. Similarly, Ibca
CVs. At higher percentages of MFBs, the cellular networkainima of dV/dtnax in CMCs correlated with MFB position.
were either spontaneously active or could not be exciteds shown inFigures 4B-D increasing the percentage of coating

anymore. MFBs reduced CV, RMP, and dVigdix. Furthermore, complete
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FIGURE 4 | Conduction in CMC strands with large coating MFBs. (A) Structure of a computer-generated tissue and maps of the caresponding RMP, activation
time (isochrone interval: 0.5 ms) and dV/ghax. Coating MFBs (MFB density: 23%) are shown in green. In the mapMFB cell borders are outlined in gray(B-D)
Effects of increasing MFB density on CV, mean RMP and mean dViglax (black: individual results; green: mean SD, n D 5; red data point corresponds to the
simulated tissue shown inA).
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coverage of the CMC strand by MFBs (50% of MFB densitylarge coating MFBs. By contrast, the e ects of MFBs on RMP
induced spontaneous activity. and dV/dtnax were comparable among the three di erent tissue
To investigate whether the size of the coating MFBs a ectson gurations.
conduction characteristics, we performed simulations with
MFBs having statistically the same size as endogenous MFB¥-BsS Induce Heterogeneous RMP Pro les
(i.e., CMC-sized)Figure 5A shows the cellular structure and MFBs induced long-range spatial uctuations of RMP which
electrophysiological parameter maps from a representative CMa@ppear as gradients irrigures 38 4A, 5A. These spatial
strand with 30% of its surface covered by CMC-sized MFBs (23%ctuations are presented ifrigure 7 for all tissue realizations
MFB density). Similar to simulations with large MFBs, areagwi with endogenous as well as large and CMC-sized MFBs (at
a larger local density of MFBs exhibited the least polarized RMRiensities of 30 and 23%, respectively). The spatial RMP pro les
and the slowest upstrokes. At an MFB density of 47%, 4 networlgppeared inhomogeneous because, at rest, the depolarizing
out of 5 were excitable (1 network could not be stimulated)e ect of a given MFB did not remain con ned to the CMCs
and at an MFB density of 50% (complete MFB coverage), the its immediate vicinity but spread to some extent into
strands were spontaneously active. Interestingly, theamad of the syncytium of well-connected CMCs. Since MFBs were
the investigated parameters in ve di erent network realizats  distributed stochastically, they tended to form random tdus.
was smaller than that observed in models with large coatingarger clusters and/or regions with a locally larger MFB
MFBs (compareFigures 4B-0) 5B-D). This can be explained density produced stronger local depolarizations that reached
by the fact that, for a given density, there is a larger numddfer macroscopic dimensions (mm). Interestingly, large coalti&Bs
CMC-sized MFBs seeded over the strand and, therefore, thgiroduced stronger spatial RMP variations and larger RMP
distribution and e ect on the parameters analyzed are moregradients than CMC-sized MFBs.
homogenous. )
The e ects of endogenous MFBs vs. large and CMC-sizeIFB Inserts Cause Long Conduction
coating MFBs are compared iRigure 6. For any given MFB Delays
density, endogenous MFBs caused the largest amount bfpatterned growth cell cultures in which an MFB bridge (ingert
conduction slowing, followed by CMC-sized coating MFBs andvas constructed between two CMC strands, it was observed
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that MFBs are capable of relaying electrical activation oveConduction delays across inserts were determined from the
distances as long as 30th (Gaudesius et al., 20)3albeit interval between linear regressions of activation times@lthe

at the expense of a substantial local propagation delay acrasgo CMC segments (to avoid border e ects, CMC activation
the insert Gaudesius et al., 20P3To investigate conduction data located within 0.2 mm of the insert were ignored; the

in an identical preparation, we generated long CMC strandslelay was determined in the center of the insef)gure 8B

measuring 6000 80 mm interrupted in the center over
prede ned distances (240—-288®n). Strands were coated with

illustrates AP propagation over a 48 long insert (delay:
11 ms) whileFigure 8C illustrates conduction characteristics

MFBs (at 100% coverage) that linked the two CMC segmentcross the 1200 long insert shown inFigure 8Ab (delay:

thereby reproducing the essential features of the previouiro
model (Figure 8). The examples presentediigure 8A (a: insert
length: 720mm; b: insert length: 120®m) show that the MFB
bridge caused a small depolarization extending electroslyi
over several hundreds ofm into the adjacent CMC segments.
This depolarization, in conjunction with absence of excitatells

67 ms). Inthe case of long inserts960mm), partially retrograde
activation in the distal CMC segment was observed (see arrow
in Figures 8Ab,Q that reproduced ndings obtained in previous
in vitro experiments. In 3 out of 5 realizations with 120t
long inserts, the site of earliest activation was locatetvéen
the beginning and the end of the distal CMC segment (with

in the gap, resulted in considerable conduction delays acrossiterograde propagation resuming near the extremity, as in

the insert (18 and 67 ms, respectively). Moreover, dyélt
was extremely low in the insert due to the absence pgf |

Figures 8Ab,Q, whereas in the remaining 2 realizations, the site
of earliest activation was located at the end at the stranth(wi
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of the corresponding minimum diastolic potential (MDP), aivation time (isochrone interval: 0.5 ms) and dV/gtax obtained in MFBs (top) and CMCs (bottom). The
MFB insert was 720mm long in Aa (12% of total strand length, only the central segment from 2%0 75% is shown) and 1200mm long in Ab (20% of total strand
length, the entire strand is shown; the arrows indicate the idection of propagation in the distal segment)(B) Activation time along a strand with a 480mm long MFB
insert revealing delayed activation between the two CMC segents (pink) linked by the MFB insert (green). The linear t8 both CMC segments (black) were
extrapolated (dashed gray) to the center of the insert to copute the delay (vertical segment)(C) Activation time along the strand fromAb (MFB insert length;
1200 mm). The inset shows the activation pro le in the distal CMC segent on an expanded time scale (the arrows indicate the dirgion of propagation).(D)
Dependence of conduction delays on the length of MFB inserts different realizations of the computer generated tissublack: individual measurements, green:
SD, n D 5; simulations shown inA-C are labeled accordingly).

Distance (mm)

dging the gap (MFB insert). (Aa,Ab)

MFB insert length (zm)

Structure of computer-generated tissues and maps

retrograde propagation from the end of the strand). These remo non-linearly with insert length and amounted to 71 ms at 1.2 mm.

activations with retrograde propagation were not caused byror longer inserts (1.44 mm and more), conduction failed.

spontaneous excitation because no spontaneous activityrectu

In Figure 8 we simulated the exact experimental architecture

during the interval 0-200 ms when the stimulus was turned o ,of the previousn vitro study (Gaudesius et al., 200However,

and the activation pro les remained similar when the timin§ o this architecture combines MFB insertion and MFB coating.

the stimulus was shifted by 5-10 ms.

Since MFB coating exerts specic e ects on conduction (see
Notably, dV/dinax showed a local maximum proximal to the Figures 4— 6), we also investigated the situation where MFBs

insert which is a consequence of the higher resistance of thae present exclusively in the insertadure 9). Similar to the
MFB insert (sealed-end e ectirigure 8D shows the dependence simulations with MFB coatingHigure 8), MFB inserts caused
of conduction delays on MFB insert lengths. Delays increasecbnduction delays that increased nonlinearly with insengie.
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However, for all insert lengths investigated, conductialays the other hand, RMP remained largely unaected resulting
(Figure 90 were approximately 30% shorter compared to thein identical availabilities of Ng in CMCs for both coupling
situation with coating MFBs Kigure 8D). For longer inserts conditions and, hence, in comparable dV4dk The di erence
(1.44mm and more), conduction failed. Thus, the absence adh regard to CV is due to the combined e ects of intercellular
MFB coating of the CMC segments did not cause any majocoupling and the capacitive load of coupled MFBs on CV. At
change (20% or more) in the maximum insert length stilMFB densities 30%, the slowing e ect of normally coupled
permitting propagation. MFBs was about 2.5 times larger than the slowing e ect of
strongly coupled MFBs. This observation, together with the
. . . nding that the CV curves do not cross, suggests that theéase
Untangllng the Effects F)f lonic Repertglres of the capacitive e ect of strongly coupled endogenous MFBs was
and Intercellular Coupling on Conduction only modest and was outweighed by the e ect of decreasecdissu
in CMC Strands with Endogenous MFBs resistance. Thus, the slowing of conduction by normallyated
Theoretically, the e ects of endogenous MFBs on impulséFBs was additionally due to the meandering propagation and
conduction are based on a combination of changes in tissude axial resistance imposed by the MFBs.
resistance, tissue capacitance and the lack of excitalifity = Figure 10B shows that replacing the ion currents of
MFBs. To identify the specic contributions of these factorsendogenous MFBs by those of CMCs (dashed purple curves)
to conduction in our model, we simulated the following two led to an increased CV at all MFB densities compared to
alternative con gurations. (i) We applied identical levelsgap control MFBs. In this situation, the RMP of CMCs was not
junctional coupling to MFB-MFB, CMC-MFB, and CMC-CMC aected by the density of these normally coupled “excitable
contacts with the goal to isolate the contribution of the diemt ~ MFBs.” Consequently, dV/gfx was not decreased because of
ion channel repertoires of MFBs and CMCs to the observethe presence of a fully availablglin all cells. In fact, dV/dhax
results (“strongly coupled MFBs”). (ii) We replaced the ionslightly increased, a nding consistent with previous reports o
current repertoire of MFBs by that of CMCs (includings) while  the e ects of reduced coupling on dV/gx in both experiments
maintaining their lower level of coupling with the CMCs, to (Spach et al., 19%7and simulations Joyner, 1982; Shaw and
isolate the speci ¢ e ects of di erences in intercellular cougli  Rudy, 199). Thus, “excitable MFBs” did not exert any capacitive
on the observed results. loading e ect because of the presence@f. IAt higher densities
Figure 10A shows that strongly coupled endogenous MFB®f “excitable MFBs,” conduction did not fail and approached
substantially increased CV at MFB densities up to 30%. O80cm/s (overall decrease by approximately 25% compared to
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FIGURE 10 | Differential effects of the intercellular couplin g and of the ion channel repertoire of endogenous MFBs on cond uction. (A) Effects of
increased coupling (CMC-MFB/MFB-MFB coupling set to normaCMC values, i.e., 100%gcmc cmc; solid line) as opposed to control levels of coupling (dastkline;
data from Figure 3) on CV, RMP and dV/diax. (B) Effects of replacing the ion channel repertoire of MFBs witthat of CMCs (i.e., generation of “excitable MFBs”;
dashed purple lines) as compared to the control situation @shed green lines; data formFigure 3). Data represent the mean of 5 simulations.

41.4 cm/s in control CMC strands). This e ect was solely due tavhile the contribution of di erent intercellular conductares was

increased tissue resistance. determined by replacing the ion channel repertoire of MFBs with
that of CMC (“excitable MFBs,” dashed purple lines). In addition
.. . we simulated the e ects of strongly coupled excitable coatin

The Depolarizing Effect of MFBs Prevails gy coup g

MFBs (solid purple lines). This latter scenario corresponds to

When They Are Situated on Top of CMC a continuous layer of normal CMCs coated with a partially

Strands covering second layer of normal CMCs, and examines the speci ¢
The same approach was used to dissect the e ects of ionic curreatect of such an arrangement of CMCs on conduction.
repertoires and intercellular coupling in CMC strands withga Independent of MFB size, increasing the level of coupling

(Figure 11A) and CMC-sized coating MFBgFigure 11B. To  of coating MFBs led to a lesser reduction of CV compared to
isolate the e ect of the di erent CMC and MFB ion channel endogenous MFBs (compaiégure 11 with Figure 10. This
repertoires, MFB coupling was again increased to levels of CM@i erence is likely explained by the fact that, in contrast to
CMC coupling (“strongly coupled MFBs"; solid green lines)endogenous MFBs, coating MFBs are not interfering directlly wi
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RMP and dV/dt max in CMC

the path of AP propagation which renders the level of MFB-CMGChiphasic: increasing the coverage by “excitable MFBs”

rst

less important. As with endogenous MFBs, increasing CMCeaused a decrease of CV, followed by an acceleration of
MFB coupling did not in uence RMP or dV/dhay, indicating conduction.
that baseline CMC-MFB coupling levels were su cient to exert A summary of the relative contributions of gap junctional
maximal depolarizing e ects on adjacent CMCs. coupling and electrophysiological characteristics of MFB#w s
Increasing the density of coating “excitable MFBs’conduction in heterocellular tissue preparations is shown in
(dashed and continuous purple lines, respectively) exerteBigure 12 Data are based on the ndings presentedrigure 10
only small changes on CV and had no appreciable e ecand Figure 11 with green bars indicating the contribution
on RMP and dV/dhax This again indicates that the of gap junctional coupling (moderate compared to CMCs)
depolarizing e ect of MFB prevails when they are seede@nd yellow bars indicating the contribution of the specic
on top of CMC strands. Interestingly, these changes werelectrophysiological phenotype of MFBs (non-excitable cetts wi
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FIGURE 12 | Relative contributions of coupling strength and electric phenotype of MFBs to impulse conduction slowing. For all three types of CMC-MFB
arrangement, the differences1 CV) between control CVs and CVs with strongly coupled MFBs ardisplayed in green, and the differences between control C8/and
CVs with “excitable MFBs” are shown in yellow.

a reduced membrane potential) to slowing of conduction. INDISCUSSION
CMC strands with endogenous MFBs, the resistive e ect of
MFBs dominated the reduction of CV in the range 5-30% MFB4n this study, we developed a detailed cell-based model of
Wh”e' at h|ghe|’ densitieS, conduction S|0wing was pr|mad|_|,p brotic cardiac tissue that combines CMCs and MFBs, i.e.,
to e ects related to the electrical phenotype of MFBs (greefiwo cell types expressing dierent levels of connexins and
vs. yellow bars in the left panel &iigure 12). By contrast, in €xhibiting intrinsically di erent repertoires of ionic cuents.
strands with either large or small coating MFBs, conductionlhree cellular arrangements were investigated: CMC strands
slowing induced by MFBs was dominated by e ects related to th#ith endogenous MFBs, CMC strands coated with MFBs, and
electrical phenotype of MFBs over the full range of MFB densitzMC strands with MFB inserts. The model reproduced previous
(Figure 12 middle and right panels). Thus, the arrangementin-vitro ndings in regard to MFB-induced slow conduction,
of the MFBs (endogenous VS. Coating) in uenced the re|ativéedUCti0n of UpStrOke velocities and depolarization of CMCs
importance of the mechanisms responsible for MFB-dependerith high delity. Mechanistically, the model revealed trhe
conduction slowing. speci ¢ electrophysiological phenotype of MFBs lackiggand
exhibiting a depolarized membrane potential is one of the main

. drivers for conduction slowing. Interestingly, the simiides
The Unexcitable Nature of MFBs Is the showed that randomly positioned MFBs generate long-range

Cause of Conduction Delays across MFB spatial variations of RMP. Moreover, the model showed that, for

Inserts any given MFB density, endogenous MFBs exert a stronger e ect
Finally, analogous strategies were used to identify the gmym on CV than coating MFBs because they act both as a resistive
determinants of conduction delays across MFB insertebstacle to conduction and as a source of depolarizing current
(Figure 13. When the MFB ionic repertoire was replaced ow to CMCs.

with that of CMCs (“excitable MFBs,” dashed purple line), the The e ects of MFBs on the propagated AP depend on multiple
conduction delay decreased by almost two orders of maggitudfactors. Besides ionic currents of the two cell types and MFB
and conduction block was absent which suggests that the e eclensity, they depend on the coupling conductance between
of intercellular coupling is minor compared to the e ect of CMCs and (myo) broblasts (&uc mrs) and the capacitance
the absence of excitability in the insert. However, introthg  of MFBs (Gurg). Jacquemet and Henriquez (2008gscribed
strongly coupled MFBs (solid green line) reduced the conducti the following three coupling regimes forgmc mrs and the
delay for all insert lengths compared to control conditionsratio Gocvmc mre/Cwmes. In the low coupling regime (de ned
(dashed green line). Moreover, conduction block occurretyon as <0.25 nS for a 6.3 pF broblast, i.e.,cfac mMrs/CmEB

with longer MFBs inserts (2640mm). This result indicates < 0.04 nS/pF), the Guc mrs iS su cient to depolarize the
that, in the presence of unexcitable cell inserts, inteutall RMP of CMCs and to cause supernormal conduction with
coupling modulates conduction delays and the propensity tdncreasing MFB density, but the membrane potential of MFBs
conduction block. follow slowly (or hardly at all) that of CMCs, especially during
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FIGURE 13 | Effects of the level of MFB-CMC coupling and of the i onic channel repertoire of MFBs on conduction delays across MFB inserts. (A) The
dashed green lines correspond to the control data fronfigure 8. Data corresponding to a strong level of CMC-MFB/MFB-MFB copling (set to be equal to that
between CMCs) are shown as solid green lines. Data correspating to replacing the ionic currents of the MFBs with those 0€EMCs (i.e., “excitable MFBs”) are shown
as dashed purple lines. Data are reported as mean SD ( D 5). Asterisks denote the rst insert length at which intermtent block occurred. (B) Same asA, but with
a rescaled ordinate to emphasize the evolution of conductio delays with longer inserts of normally coupled “excitabl&FBs” (purple in bothA,B).

the AP upstroke. During conduction, the MFB thus behavegValiunas et al., 1997 the low and strong coupling regimes
as a resistive sink determined bycfc mrs (Jacquemet and would correspond to< 8 and> 270 channels, respectively. Our
Henriquez, 200Q In the intermediate coupling regime (0.25— previous immunohistochemical studie§#&udesius et al., 2003;
8 nS for a 6.3 pF broblast, i.e., dmc mre/Cmrs Of 0.04— Miragoli et al., 2006 showed a clear pattern of both Cx43
1.3nS/pF), the depolarizing e ect on myocyte RMP saturates anand Cx45 labeling between CMCs and MFBs, compatible with
both Gocme mrs and Gueg in uence CV and the shape of the hundreds of channels and thus suggesting a strong coupling
action potential. In the strong coupling regime 8 nS fora 6.3 pF regime. Moreover, measurements of gap junctional resistance
broblast, i.e., Gmc mMre/Cmes > 1.3NnS/pF), the depolarizing CMC-MFB pairs Galvarani et al., 20).are in the order of 74 nS
e ect on myocyte RMP is saturated, the membrane potential offor a contact length of 56mm), which is again compatible with
the MFBs follows closely that of the CMCs and the e ects on C\a strong coupling regime 3 nS/pF. Whether the regime is also
are dominated by firs. MFBs thus behave as capacitive loadsstrong in the intact heart is still elusive. In the simulatiptise
The e ects of MFBs on CV and the action potential waveformstrong coupling regime was re ected by the fact that dVi{sit
then hardly change with a further increase of coupling, and, i in MFBs was>50% of that in CMCs Kigure 3B). Thus, the
this regime, supernormal conduction is not observed when MFRapacitive loading e ect of MFBs is the second main driver for
density is increased. conduction slowing.

Itis thus important to consider what coupling regime pertains
to our engineered preparations and our model. ConsiderindComparison with Previous Work
an endogenous MFB capacitance in the range of 20pF arithe detailed tissue model replicates the principal conduction
a single connexin 43 (Cx43) channel conductance of 96 p&aracteristics observed in experimenigiragoli et al., 2006
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and provides insights at a cellular level into discontinuousn gap junctional coupling within the underlying CMC layer,
propagation characteristics in heterocellular tissuesdgedous since MFBs are not directly located in the path of propagation
MFBs induced arrhythmogenic slow conduction and ectopidut are positioned in parallel. These results are in agreement
activity when present at su ciently high densities, which with the previous observations ofie et al. (2009g)although
illustrates that the electrophysiology of cardiac tissu@é cathese authors used a tissue model with a coarse discretizati
be substantially modulated by electrotonically coupled MFBsf 25mm. Simulations that take distinct cellular arrangements
Consistent with experimental ndings, we found that CV wasinto account are thus essential to reveal the subtle meskiani
about half of that in pure CMC strands at 40% MFB densitydi erences that arise on the basis of the cellular architestaf
(Miragoli et al., 2006 In the presence of coating MFBs, CV, tissues composed of CMCs and MFBs as is likely to be the case in
and upstroke velocity depended on MFB densityiragoli et al., the brotically remodeled heart. There, myo broblasts awtted
2007). General e ects of MFBs on cardiac electrophysiologicasideways to single myocytes would correspond to the coating
properties observed in the present study are comparable withlFB model (parallel) whereas MFBs forming small connected
e ects reported previously by other investigatorggcCannell  bridges between myocytes would correspond to the endogenous
et al., 2007; Jacquemet and Henriquez, 2008; Sachse 60&l., 2MFB model (in series).
Xie et al., 2009a; Nayak et al., 213 As shown inFigure 7, stochastically seeded MFBs resulted
While slow conduction is important for the induction and in a spatially heterogeneous RMP that gave rise to voltage
the perpetuation of reentry, further e ects of MFBs may gradients extending to the millimeter rangeigures 3B4A, 5A).
contribute to arrhythmogenesis, which we did not address irfNoteworthy, the RMP variations were stronger for large MFBs
our simulations. CMC-MFB coupling was suggested to potentiatthan for CMC-sized MFBs. This can be explained by the tendency
reentry by inducing post-repolarization refractorinesse et al., of large MFBs to form equally large clusters that are more
20093 and discordant action potential duration (APD) alternans distant from each other because there are less MFBs per unit
(Xie et al., 20090 Moreover, it was shown that triggered activity length for any given MFB density. With large MFBs, larger
due to early afterdepolarizations is potentiated by CMC-MFBRMP variations also explain the larger variability of CV and
coupling during oxidative stress or hypokalemiddrita et al., dV/dtmax (compareFigures 4 5). When Iyg of CMCs is partially
2009; Nguyen et al., 20112 inactivated by depolarization, RMP gradients may be assatiate
By causing proarrhythmic conduction slowing via with gradients of excitability which potentiate conductiblocks,
depolarization of CMCs, MFBs are usually considered te.g., during pharmacological interventions or rapid pacingus,
be detrimental for heart function. Interestingly, howevere large and non-uniformly distributed MFBs may contribute to
found no conduction blocks in the present simulations (usles arrhythmogenesis more than small MFBs.
MFB density was increased above 40%) and in the corresponding An interesting di erence can be observed when the ionic
previous experiments Miragoli et al., 200% This absence repertoire of MFBs is switched to that of CMCB (‘excitable
of conduction block contrasts with the results of a previousMFB”) in the endogenous vs. coating MFB arrangements
experimental-computational study on conduction in mixturefs  (Figures 10B 11, purple lines). For endogenous “excitable
wild-type and connexin 43 knock-out (Cx43KO) CMCs, inwhich MFBs,” CV decreased monotonically with MFB density
it was observed that conduction frequently blocked for @«@3 (Figure 10B. By contrast, increasing the density of coating
CMC densities in the range 20—-80%r(idat and Kucera, 20)4 “excitable MFB” resulted in a biphasic CV responBig(re 11).
The scenario of mixed wild-type and Cx43KO correspondsThe initial slowing can be explained by the fact that a fewiogat
to endogenous MFBs being deprived of gap junctions. Suclexcitable MFBs” represent recurrent current loads, akin to
completely uncoupled MFBs would induce gaps in the tissubranching structures known to slow conductiok|cera et al.,
structure resulting in sites of current-to-load mismatchat 1998; Kucera and Rudy, 200In contrast, when the coverage by
exhibit a high propensity for block. Based on this considerati “excitable MFBs” is high, the AP propagates through two parallel
we postulate that a certain level of CMC-MFB coupling may ininterconnected layers. Since the randomly generated aellul
fact be desirable as it prevents highly arrhythmogenic catidn  arrangement is dierent in the two layers, the electrotonic

blocks, at the expense of slightly reducing CV. current can nd additional alternate pathways through the
) other layer to circumvent sites of localized resistance kiced
Endogenous vs. Coating MFBs junctions. This explanation is in line with the result of preus

Because our model accounts for the specic cellular tissustudies in which it was shown that transverse/lateral uniog
architecture, we were able to directly compare the e ects oflows conduction Klubbard et al., 2007; Prudat and Kucera,
endogenous vs. coating MFBs. For the case of endogenous MFB314. In our model, the reverse occurred as a layer of coupled
two mechanisms contributed to slow conduction: the progress coating “excitable MFBs” accelerated conduction.
depolarization of CMCs, which caused partial inactivation of

Ina, @and the low level of coupling between CMCs and the

endogenous MFBs, which increased the tissue series resistarr 10W do MFBs Induce Supernormal

thereby limiting axial ow of depolarizing current. Hindrame Conduction?

of axial current ow was absent in CMC strands coated within our previousin vitro study (Miragoli et al., 2006 0f CMC
MFBs. Indeed, in case of coating MFBs, slow conduction resultrands with endogenous MFBs, it was observed that the bahavio
from the depolarizing e ect of MFBs and not from changesof CV was biphasic with increasing MFB densities: CV rst
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slightly increased when MFB density was increased from O tthe beginning of the distal CMC strand or even at its end,
10% and then steadily decreased with a further increase ahd retrograde propagation is essentially electrotonic. &hes
MFB density. This initial increase was attributed to supemal mechanisms are in line with those reported Bybo and Barr
conduction, whereby the initial slight depolarization by@v (1992) who modeled conduction across a site of increased
number of MFBs brings the RMP of CMCs closer to the thresholdyap junctional resistance separating two myocardial befs o
of Ina activation (thus accelerating conduction), whereas farth varying length. When the distal segment was short (4 mm),
RMP depolarization causes partighlinactivation (thus slowing the earliest distal activation occurred at its end, and whea t
conduction). While our CMC model (based on Luo-Rudy,! distal segment was long (6 mm), this site was located inside
dynamics) can reproduce supernormal conduction caused, e.ghat segment. Interestingly, the maximal conduction delas
by a change o4 ], (Luo and Rudy, 1991: de Lange and Kucerashorter in presence of a long distal segment. These obsensgatio
2009, 201)) it failed to reproduce supernormal conduction indicate that propagation across long MFB inserts and the site
caused in experiments by a small density of MABsdgoli etal., of earliest distal activation strongly depend on the kinetosl
2009. This observation is not surprising, since our model isvoltage-dependence qid inactivation as well as on the length of
characterized by a high coupling regime (see above). Thes, tlthe distal CMC segment.
passive capacitive loading e ect of MFBs (lacking) land, in the While model and experiment produced virtually identical
case of endogenous MFBs, the increased axial resistandegdexeresults in regard to maximal conduction delays before block
e ects on CV that o set the small supernormal acceleration of( 70 ms), conduction delays in the model were smaller than
conduction caused by a slight RMP depolarization. Furthermorehose observed experimentally for any given insert length.
the RMP of CMCs at which peak supernormal conduction occurdMoreover, maximal insert lengths still supporting conduction
when using the LR1n, Kinetics is near 77mV (Shaw and were longer in the model than in experiments. This discrepancy
Rudy, 1997; Xie et al., 2009which is very close to our model is likely explained by the fact that, in the simulations, gaps
RMP of 79mV. The supernormal e ect due to depolarization were completely lled with MFBs while, in experiments, MFBs
is therefore expected to be minimal and easily masked by othéypically failed to Il the entire width of the gap, thereby
factors, such as the capacitive loading e ect of the MFBs. causing an increase in axial resistance. Additionally, ilncan
Additionally, the discrepancy between model and experimenbe ruled out that the conductance between MFBs and between
may be explained by humoral interactions between MFBs aniflFBs and CMCs may have been lower than what we assumed
CMCs that a ect ion channel/connexin expression in a densityin our simulations. This possibility needs to be addressed
dependent manner such as to provide the basis for a biphasily future experiments in homo- and hetero-cellular cell
change in CV. Alternatively, coupling of individual MFBs to pairs.
CMCs may increase over-proportionally at higher MFB densities
as migration is increasingly hindered thereby providing mor
possibilities to establish stable gap junctions. Clearlytherr Implications

experiments are needed to answer this speci ¢ question. The simulations that we conducted pinpoint dierent
mechanisms that could be targeted to counteract the
MFB Inserts arrhythmogenic consequences of age- and disease-related

Consistent with previous experiment&gudesius et al., 203 cardiac  brosis. First, strategies could be developed
MFB inserts of increasing length caused highly discontirmiouto enhance the coupling between cardiomyocytes and
conduction with increasing conduction delays. When the @ni broblasts/myo broblasts. Such approaches could be based
repertoire of MFBs was replaced by that of CMCs, these delaps drugs acting directly on gap junctions (e.g., rotigaptide
strongly decreased, revealing that the unexcitable natild~Bs  Nielsen et al., 20)2or indirectly by suitable cytokines or
was the main cause of these delays. When conduction wasimoral messengers. In this context, transforming growth
simulated across MFB inserts without coating the proximal andactor b;, which we showed before to increase CMC-MFB
distal CMC strands with MFBs (a hypothetical situation thatcoupling Salvarani et al., 20)2r agents acting speci cally
does not correspond to the vitro experiments), the conduction on the downstream signaling pathway may hold promise.
delays were shorter but the longest insert length still ping ~ Second, our simulations indicate that approaches aiming at
propagation was not substantially di erent. Interestingipdan  rendering broblasts/myo broblasts excitable would be wort
agreement with experimentss@udesius et al., 200)Jartially  considering. Contrary to our electrophysiological obseiorz,
retrograde activation in the distal CMC segment was obskrvesome researchers have reported presencepngfin human
with long MFB inserts and large conduction delays (seeultured broblasts Chatelier et al., 2012; Poulet et al., 2016
Figure 8Q. This retrograde activation can be explained by thevould thus be of clinical interest to investigate in greadetail
fact that, with long MFB insertsyk is substantially inactivated what mechanisms lead to the expression of cardidc dmnnels
during the slow sub-threshold depolarization occurring imet in broblasts/myo broblasts, with the prospect of a clinical
distal CMC segment in the immediate vicinity of the inserb{a  application. Third, it should be of interest to investigateetiner

the low dV/dtnax in the distal CMC segment iigures 8A 9A), a normal membrane polarization could be reinstated in these
while it is less inactivated at more remote locations in thatells, e.g., by targeted genetic therapies with the inwastl ee
segment. Thus, when the conduction delay is extremely londgC current. Finally, it is worth adding that the ndings of this
the earliest distal activation occurs at a site located beyo study can be transferred to other situations where CMCs are
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coupled to non-CMCs having an altered ion channel repertoire We noted that cell-cell contacts assumed staircase-ligpesh

such as that exhibited, e.g., by stem cells. after discretizing the tissue. While such shapes are regenisof
intercalated discs, these shapes do not re ect MFB-CMC cdsitac
in vitro. An alternative approach for preventing the appearance of

Limitations staircase-like shapes consists of using a nite element megisod

Questions may arise why we modi ed the LR1 model insteadiescribed by<im et al. (2010) However, since individual cells

of using a previously published neonatal cell model (&\tang are almost isopotential during depolarization, such ne detai

and Sobie, 2008; Korhonen et al., 2))G&hd why our validation would probably have only a marginal in uence on the overall

was based on total steady state -V curves of CMCs anaehavior of propagation. This assumption is supported by a study

not on individual currents. The model by Wang and Sobiewith a microstructure model similar to ours3ouvéa de Barros

is a model of the neonatal mouse ventricular action potentiaét al., 201} in which it was shown that representing every

and thus pertains to another species. The model by Korhonegell by a single node has only minor e ects on the spread of

et al. was developed for investigating 2€asignaling and excitation.

di usion in spherical cells, whereas we focused on propagationi  Finally, our simulations did not take into account interagér

non-spherical cells. Nevertheless, we adopted¢héormulation  variabilities of ion current densities, an aspect which magrbe

of Korhonen et al. because it reproduces the experimental |-¥ signi cant importance in novel modeling paradigmslifams

curves obtained in CMCs better than theylIformulation of the et al., 2015 These diverse considerations open prospects for

LR1 model. Using total steady state -V curves was importarfurther studies.

for comparingin silico ndings to experimental data because,

in particular near the RMP, models frequently yield I-V curvesAUTHOR CONTRIBUTIONS

that deviate substantially from experimental observatiéngure

determinations of ion currents contributing to total -V cuesin  FJ developed simulation code, performed the simulations,

CMCs will be required to reach a comprehensive understandingnalyzed the data and wrote the manuscript. AM designed the

of electrotonic interactions between MFBs and CMCs. confocal imaging experiments, acquired and analyzed thg@sa

Similar to CMCs, the MFB formulation used did not and wrote the manuscript. SR designed the study and wrote the

incorporate individual ionic currents but was based on themanuscript. JK designed the study, developed simulation code

experimentally determined mean global current-voltageand wrote the manuscript.

relationship. More rened models of broblasts exist

(MacCannell et al., 2007; Jacquemet and Henriquez, 200BIUNDING

Sachse et al., 200®ut these models did not reproduce well the

current-voltage relationships observed in our myo brolilas This work was supported by the European Network for
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currents based on steady state |-V relationships. While timeto SR) of the FP7 Program of the European Union, the Leducq

dependent MFB currents may a ect repolarization, their gatingFoundation (to SR), and the Swiss National Science Founuatio
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a ect propagation. Although, our MFB formulation lacked this ACKNOWLEDGMENTS
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