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Background: Cardiomyocyte progenitor cells (CMPCs) are a promising desource for
regenerative cell therapy to improve cardiac function aftanyocardial infarction. However,
it is unknown whether undifferentiated CMPCs have arrhythogenic risks. We investigate
whether undifferentiated, regionally applied, human fet&CMPCs form a pro-arrhythmic
substrate in co-culture with neonatal rat ventricular myogtes (NRVMS).

Method: Unipolar extracellular electrograms, derived from micrelectrode arrays (8 8
electrodes) containing monolayers of NRVMs (control), oroecultures of NRVMs and
locally seeded CMPCs were used to determine conduction velgty and the incidence of
tachy-arrhythmias. Micro-electrodes were used to record ation potentials. Conditioned
medium (Cme) of CMPCs was used to distinguish between couplg or paracrine effects.

Results: Co-cultures demonstrated conduction slowing (5.6 0.3 cm/s, n D 50)
compared to control monolayers (13.4 0.4 cm/s, n D 26) and monolayers subjected
to Cme (13.7 0.6 cm/s, n D 11, allp < 0.001). Furthermore, co-cultures had a more
depolarized resting membrane than control monolayers (47.3  17.4 vs. 64.8
7.7mV, p < 0.001) and monolayers subjected to Cme (64.4 8.1 mV, p < 0.001).
Upstroke velocity was signi cantly decreased in co-cultues and action potential duration
was prolonged. The CMPC region was characterized by local S@&levation in the
recorded electrograms. The spontaneous rhythm was faster rd tachy-arrhythmias
occurred more often in co-cultured monolayers than in contl monolayers (42.0 vs.
5.4%, p < 0.001).
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Smit et al. CMPCs Form a Pro-arrhythmic Substrate

Conclusion: CMPCs form a pro-arrhythmic substrate when co-cultured wih
neonatal cardiomyocytes. Electrical coupling between bdt cell types leads to current
ow between a, slowly conducting, depolarized and the norma region leading to
local ST-elevations and the occurrence of tachy-arrhythras originating from the
non-depolarized zone.

Keywords: cardiomyocytes, progenitor cells, electrical map ping, arrhythmias (mechanisms), paracrine

INTRODUCTION membrane potentialfedrotty et al., 2009; Ten Sande et al., 3016
and/or the repolarization phaséékar et al., 2013
Regenerative cell therapies are being developed for patients|t is unclear whether the type of stem cell used determines
su ering from heart failure and acute or chronic myocardial the arrhythmogenic potential. Cardiac stem cells (CSCs) egpres
infarction (La amme and Murry, 200} Ideally, the applied cells (j) the stem cell factor receptor (c-Kit)Beltrami et al., 2003
should replace the scar tissue by viable myocardial tissde afij) stem cell antigen-1 (Sca®) (Oh et al., 2008 or (iii) the
improve cardiac output accordingly. Up to date, there is nohomeodomain transcription factor (islet-1)Léugwitz et al.,
stem cell type, di erentiated or undi erentiated, thatis prefed 2005 and are capable of growing into cardiospherg&¢sina
and improvements in hemodynamic function are either limitedet al., 200 CSCs appear to be a competent source for cell-
(Meyer et al., 2006; Valina et al., 200t not seen at all pased therapies because of their intrinsic ability to di etiate
(Hirsch et al., 2011; Jansen of Lorkeers et al., g@écondly, toward cardiac lineages both vitro (Goumans et al., 20)and
in vitro (Chang et al., 2006; Askar et al., 2013; Ten Sandf vivo (Smits et al., 2009aHowever, it has been suggested that
et al., 201} and in vivo (Chong et al., 2014; Shiba et al. the regenerative potential of autologous cells of elderlyepési
2016 studies have shown that there is an inherent risk for thQ:an be diminished due to age and risk factors present in the
formation of a pro-arrhythmic substrate or the occurrence ofelderly population Golpanian et al., 20)5Young (fetal cells)
arrhythmias after application\(enasche et al., 2008; Makkar might, therefore, be more bene cial to use. The arrhythmdgen
etal., 201p risks of undi erentiated fetal CSCs are unknown. Human (fgta
The resting membrane potential (RMP) of a cardiomyocytecardiac stem cells with progenitor cell properties (CMPCs) can
determines the availability of the voltage dependent sodiume isolated with help of Sca-1- antibodi€umans et al., 2007
channels for activation. Once these ion channels are detiva  Using an establisheit vitro model resembling cardiac tissue
they initiate an action potential (AP). Cardiomyocytes haveye demonstrate here that locally applied undi erentiated, huma
a more negative RMP (-90mV) than undi erentiated stem fetal CMPCs, form a pro-arrhythmic substrate. Our data intkca
cells (e.g., mesenchymal stem cells35mV) (Heubach et al., that CMPCs create a depolarized region through coupling to
2009. If coupling between stem cells and cardiomyocyteseonatal rat ventricular myocytes (NRVMSs). This is evideahd
occurs, the electrotonic interaction may cause cardiong§@eto  the action potentials (APs) measured with micro-electrodies

become depolarizedAgkar et al., 2013; Ten Sande et al., J016presence of conduction slowing and the changes in ST-segment.
and less excitable. If this occurs in a spatially heterogemeo

manner (e.g., cells applied via injections), this cause®madi
heterogeneous conduction slowing that can lead to unidioeel
block and re-entrant arrhythmiasLémmers et al., 1990We
have previously shown that human adipose-derived stroméd cel
interact with cardiomyocytes through a direct coupling e ect
(by the formation of gap junctional channels between thésgel
and induce heterogeneous conduction slowiiigif Sande et al.,

METHODS

All animal experiments were approved by the local Animal
Experiments Committee (Academic Medical Center, University
of Amsterdam) and carried out in accordance with national
and institutional guidelines. Approval by the Medical Ethics
committee of the Leiden University Medical Center and
2019. . . : ; .
An alternative mechanism throuah which cells can form|nf0rmed consent, in written form, was obtained to isolate
Y CMPCs from human fetal hearts (17-20 weeks, elective

a pro-arrhythmic substrate is anatomical block. This is most . . . .
. . zi\bortlon). All procedures were carried out in accordancewlie
apparent in studies where transplanted cells are unable to eoup

with cardiomyocytesl(eobon et al., 2003 Thirdly, it has been principles set forth in the Declaration of Helsinki.
suggested that paracrine factors secreted by stem cells

Ny .
alter the electrophysiology of cardiomyocytes by acting e tCPSOIatlon and Culturing of Neonatal Rat

Ventricular Myocytes (NRVMs)

Isolation of NRVMs was done as previously describeeh(Sande
Abbreviations: AP, action potential; APD, action potential duration; APD50, et al., 201 Brie y, hearts were rapidly explanted from 1- to-
ac“g_”_pOtZ”“a';“ra“gr':A‘;té‘O% OLFhe action potential; AT'“IEI’“?:”S;';‘_G? Cme,  2.day- old Wistar rats. The ventricles were cut into pieced an
conditioned medium; s, cardiomyocyte progenitor cells; jac stem . . . . . s

cells; cTnT, cardiac troponin; CV, condictigjn \?elogcity; Cx43,roxin 43; DAPI, dissociated with trypsm (1 mg/ml" Becton Dickinson BV, B_led
49.6-diamidino-2-phenylindoleh; MEA, multielectrode array; mV, millligo The Netherlands) and collagenase type 2 (1 mg/mL, Worthington

NRVMs, neonatal rat ventricular myocytes; RMP, resting membraneniate Vollenhove, The Netherlands, 230 units/mg). A pre-plating step
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was performed to minimize broblast contamination. NRVMs cells. Five days after seeding NRVMs, cultures were used for
were plated on multi-electrode-arrays (MEAs, Multi-Channelelectrical mapping and micro-electrode studies. Condittbne
Systems MCS GmbH, Reutlingen, Germany) coated witmedium of CMPCs was added to control monolayers 48 h prior
bronectin (125mg/ml BD Biosciences, Breda, The Netherlands}o electrical mapping and micro-electrode studies, thestices

at a density of 1.4 1 cells per crd. MEAs consisted of an were referred to as Cme CMPC.

8 8 electrode matrix, electrode diameter was tfi® and . . .

interelectrode distance of 7@@n. NRVMs were cultured at El€ctrical Mapping and Microelectrode

37 C and 5% CQ in culture medium (M199 medium; Gibco) Measurements

supplemented with 10% heat inactivated fetal bovine serurB(FBElectrophysiological parameters were determined by mapping
Gibco), 1% HEPES (Gibco #5630-0-80), 5000 U/L penicillin-Ghe spontaneous electrical activity of the (co)cultures.ddrar
(Sigma-Aldrich,#P7794), 2 mg/L vitamin B12 (Sigma-Aldrich electrograms were recorded with a 256-channel amplier
#V2876), 3.5 g/L glucose, 1% non-essential amino acids(Gib (BioSemi, ActiveTwo, Amsterdam, The Netherlands, 24-bit
#11140-050), and 1% L-glutamine (Gibco,#25030-081), hwhiaynamic range, 122.07 nV LSB, total noiser®\j. Signals were

was switched to 2% FBS at day three of culture. recorded with a sampling frequency of 2,048 Hz ( Iter settirfg o

) ) the ampli ers DC — 400 Hz [ 3 dB point]). The recordings were
Isolation and Culturing of Human made with respect to an external reference electrode plasétkin
Cardiomyocyte Progenitor Cells (CMPCs) the MEA.

CMPCs were isolated from human fetal hearts obtained after At each local electrogram activation time (AT) was
elective abortion, as previously describé&ints et al., 2009b  determined at the time of the minimum derivative of the
In short, hearts were cut into small pieces and washed with Mlocal RS, using a custom made prografo(se et al., 2002
bu er (PBS supplemented with 2mM EDTA (Sigma-Aldrich, based on MATLAB R2006b (The MathWorks, Inc., Natick,
#E4884) and 1% FBS). After digestion with collagenase-MA, USA). The minimum derivative (dV/dt) threshold was set
(500 ng/mL, Roche #10103578001), cells were passed througfh 0.1 mV/ms. Recordings that did not meet this threshold
a cell strainer (4ém) and incubated with anti-Sca-1-FITC or contained too much noise were excluded from analysis.
antibody (Miltenyi Biotec, Anti-Sca-1 MicroBead kit (FITC, Activation maps were constructed using the AT, conduction
#130-092-529), followed by an incubation with anti-FITCvelocity (CV) was determined along lines perpendicular to
microbeads. Magnetic activated cells sorting (MACS) using &ochronal lines by dividing the distance by the di erenceadnal
MiniMACS separation column (Miltenyi Biotec, type MS#130-  AT. Lines had a minimum length of 4 electrode distances. Local
042-201) was used to separate cells that had bonded to thgtivation times inthe gures are color coded in classes ah%0
microbeads from the negative fraction. The fraction bound t Isochronal lines were drawn by hand at 15 ms intervals.
the microbeads was taken into culture on 0.1% gelatin coated We took the electrode with the earliest AT to represent the
material with SB€ medium [EBM-2 (Lonza, CC-3162) mixed origin of spontaneous activity. The electrode demonstrathmg
1:3 with M199 (Gibco, #31150-030)] supplemented with 109garliest AT was recorded for each individual MEA to construct a
fetal calf serum and 1% non-essential amino acids (Gibco, #ap illustrating the origin of spontaneous activity in the dient
11140-035), complemented with 10 ng/ml basic broblast growt cultures. Cultures demonstrating a high rate of spontaneous
factor (Sigma-Aldrich, F0291). activity (cycle lengthx 450 ms) were classi ed as having tachy-
CMPCs were cultured at 3T and 5% CQ@ in non- arrhythmias.
di erentiating conditions and passed twice a week without G~ Electrograms, recorded with the MEA-system, demonstrating
in non-di erentiating conditions when con uency reached 50 an elevated ST-segment or demonstrating monophasic action
80%, without losing their di erentiating abilities. Thesdlsdave potential-like signals were classied as having ST-elevation
previously been characterized Byumans et al. (2007CMPCs  (Supplemental Figure 2). The ST potential was determined from
were dissociated with trypsin (Gibco #25200-056) prior talgei the local electrograms relative to a zero potential at the-mid
seeded on MEAs or coverslips. CMPCs used for experimengiastolic segment. For each electrogram, it was examinedhen
were in passage 10—15. Conditioned medium (Cme) was obtainédge ST-segment was at 0.1 mV, below or above 0.1 mV amplitude.
by culturing CMPCs in 2% FBS culture medium for 24 h. ThisPer MEA the electrodes with ST-elevation (ST0.1 mV) were
medium was ltered (0.22m), and stored at 20 C if notused documented. Per electrode, the percentage of MEA, showing ST-

directly. elevation on this same electrode was calculated, resuihirey
o map indicating what the incidence (%) of ST-elevation is per
(Co)culture Conditions electrode.

7.0 10° CMPCs were seeded (in a xed and predetermined Glass pipette microelectrodes (Harvard apparatus GC100F-
manner) onto MEAs in a circular pattern with a surface arealQ) were used to record APs. These micro-electrodes weredoull
of 2.46 cm reaching a 50-70% con uency (Supplementalfrom glass capillaries and lled with 3M KCI. Impedance was
Figure 1). The next day, freshly isolated NRVMs, as describdsetween 15 and 25 M. An AgCI covered silver wire was used
above, were seeded onto the MEAs. NRVMs only functioned ass a reference electrode. RMP was de ned as the most negative
control monolayers, whereas NRVMs seeded over the cluster diastolic membrane potential recorded. Upstroke velocity was
CMPCs, formed the co-culture (NRVMC CMPC) condition. de ned as maximum dV/dt and action potential duration was
The subsequent day (co)cultures were washed to remove dedétermined at 50% (APD50) of the AP.
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Immunostainings 2.3 mV/ms in monolayers of NRVMs cultured in Cme CMPC
For immunostainings, a mixed population of CMPCs and(p D 0.346,Figure 10). Co-cultures demonstrated signi cantly
NRVMs was made. Briey, 7.0 10° CMPCs were seeded reduced upstroke velocities (13.3 1.1 mV/ms) compared to
onto bronectin coated coverslips. The next day, 1.5 control NRVM cultures p < 0.001Figure 1C) and monolayers
1> NRVM were added and co-cultures were cultured theculturedin Cme CMPCli< 0.001Figure 10). Furthermore, co-
same as the MEA co-cultures. Cultures were xed in 4%cultures demonstrated prolonged APD50 compared to control
PFA, before permeabilizing (0.1% Triton) and blocking (1%0NRVM monolayers (164.3 3.3 vs. 120.9 1.5ms,p < 0.001
horse serum/PBS) steps were performed. Cultures were stainByjure 1D) and monolayers cultured in Cme CMPC (118.2
with primary antibodies [rabbit anti Connexin 43 (Invitroge 1.7 msp< 0.001Figure 1D).

574366A; 1:200), goat anti cTnT (Hytest LD 16/06-4T19/2;

1:1000X), and mouse anti-beta integrin (Santa Cruz, SA-537 Co-cultures Demonstrate Conduction
1:1,000)] overnight at £ before incubation with secondary Slowing

antibodies (Alexa Fluor-647 donkey anti-mouse 19G (Lt e next studied whether the depolarization resulted in
Technologies, A31571; 1:250), Alexa Fluor-488 donkey- ant(':onduction slowing. Examples of Iocalpelectro rams recoided
rabbit (Life Technologies, A21206, 1:250) and Alexa F&GS- 9. P 9

. : . A the di erent conditions investigated are shown Figure 2A.
donkey anti goat IgG (Life Technologies, A11057; 1:250) fo The dotted circle in the middle panel denotes the region where

in 10./0 horse serum/PBS. Nuclei were _stained with DAPI (Sigr.naCMPCs were seeded. Note that the electrogram morphology is
Aldrich, D9542, 1:40,000). Examination was performed usin omogeneous with a short QRS-complex in both the control

Leica SPE confocal laser scanning and Leica Application Su'tmeonolayers and those subjected to Cme (top and bottom panel,
Advanced Fluorescence software.

respectively). The middle panel shows that the local elecirogr
Statistical Analysis from the co-cultured region demonstrate delayed activation

The data (CV, upstroke velocity, and APD50) had a continuou@nd local ST-elevation. Activation maps were created and CV

and normal distribution in the control group and Cme CMpc Was calculated. Overall, monolayers of NRVMs co-cultured
group, yet a skewed distribution for the NRVML CMPC with CMPCs demonstrated spatially heterogeneous conduction

group and thus data are presented as meanSEM but slowing compared to control monolayers of NRVMSdure 2A

tested with a Kruskal-Wallis analysis using the Dunn's wst Middle panel ‘and top panel, respectively) or monolayers

the post-hocnalysis. Nominal values expressed as percentag%lébje_aed to Cme (bottom panel). On average, CV was 1341
were compared with &2 tests or the Fisher-Exact test for VS in monolayer of NRVMsi(D 26 monolayers), and 5.6 0.3

comparisons when expected cell frequency was Ap < 0.05 cm/s in co-cultures D 50 monolayersp < 0.001,Fjgure 28).
was considered statistically signi cant. Graphs were magiagy  Monolayers cultured in Cme CMPC were not di erent from
GraphPad Prism software version 5 (Graphpad Software, La Jolfi2"t'0 monolayers i D 11 monolayers, 13.7 0.6 cms,

CA, USA) p D 1.00,Figure 2B). CV in co-cultures was signi cantly lower
' ' compared to monolayers cultured in Cme CMP@ ¢ 0.001,

RESULTS Figure 28).

NRVMCCMPC Co-cultures Are Co-cultures Demonstrate ST-Elevated

Depolarized Electrograms in the CMPC Region

Figure 1A shows an example of APs recorded during micro-In general, local electrograms from NRVM monolayers display
electrode measurements in each of the conditions invastiga a negative ST-segment transiting immediately into a negati
APs recorded in control monolayers and monolayers of NRVMsT-wave Figure 2A). Local electrograms with ST-elevation were
cultured in Cme CMPC demonstrated ventricular-type APsapparent in the CMPC area of co-culturefidures 2A 3,
(Figure 1A left and right panel). The APs recorded from the areacircled area) but not in control monolayers or monolayers
overlying the CMPCs in the co-cultures demonstrated a mor@f NRVMs cultured in Cme CMPC. Because a quantitative
depolarized AP, with a slower upstroke velocity and a smallesnalysis of the potential gradients in the ST-segment in these
amplitude Figure 1A middle panel). cultures is not possible (because of the gradual sloping ir¢o th
Overall, APs recorded from the co-cultures) 53 APs) had T-wave) we constructed qualitative pooled ST-elevation maps,
less negative RMP than control NRVM monolayers 26, maps illustrating the percentage of MEAs demonstrating ST-
47.3 1.8vs. 64.8 1.5mV,p< 0.001,Figure 1B. RMP elevation on a specic electrode (each square represerids
in monolayers of NRVMs cultured in Cme CMPGY(D 19) 11-50 electrogramd;igure 3A). In control monolayers if D
was on average64.4 1.9mV and di ered signi cantly from 26) and monolayers cultured in Cme CMPQ O 11) ST-
the co-cultures f§ < 0.001,Figure 1B) but not from controls elevations are typically not seen, and if present they do not
(p D 1.00, Figure 1B. RMP was normally distributed in all occurin a regional patternHigure 3A). However, co-culturesy(
three group (Shapiro-Wilks test: NRVM: 0.50, NRMCMPC: D 50) demonstrated electrograms with ST-elevation spedycal
0.08 and Cme CMPC: 0.57). Upstroke velocity was calculated the region where CMPCs were seeded, whereas local
from the recorded APs. On average, the upstroke velocity ielectrograms in the unmodi ed region show normal ST segrsent
control NRVM monolayers was 34.0 1.8 mV/ms and 31.9 (Figure 3B).

Frontiers in Physiology | www.frontiersin.org 4 October 2017 | Volume 8 | Article 797


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Smit et al. CMPCs Form a Pro-arrhythmic Substrate

A O NRVM © NRVM + CMPC © Cme CMPC
25 25 25
0} o} 0
mV
25 -25) 25
50 -50 -50
I i
75 -75 75
500ms 500ms 500ms
B C D
0 Tér 60~ * 250 - *
> s50- ° i
I D & L R B
z 0@5@2 2 € 150 3
£ -40+ odbo = o =3 - o
s oo wm o EafTE 5 5 |de TF e
= 4 %3 ° 0580° 020 92 1004 °°5 e 0
zoleme he o D0 0 o0 B g
o8 oo R 2 209 %o =
A oo oo ° 504
809 o° ° ° £ 104
* a °
-100- S o 0

FIGURE 1 | Effects of CMPCs or Cme on the action potential(A) Typical examples of action potentials recorded in control wnolayers (red tracing), co-cultures
(green tracing) and monolayers cultured in Cme (blue traai. Scatter-plots illustrating the effect of CMPCs and Cme 1o (B) resting membrane potential (C) upstroke
velocity, and (D) APD50. APD50, action potential duration at 50% of the actiompotential; Cme, conditioned medium; CMPC, cardiomyocyte pogenitor cells; NRVMs,
neonatal rat ventricular myocytes; and RMP, resting membre potential. The *indicates gp < 0.001 compared to both control monolayers and monolayers cliured
in Cme CMPCs.

Origin of Earliest Activation and <450ms (tachy-arrhythmias) was calculated for all MEAs
Arrhythmias that were spontaneously active. Co-cultures demonstrated

Cultures of NRVMs usually beat spontaneousiofir et al., & signicantly higher occurrence of tachy-arrhythmias tha

1997. We next assessed the in uence of CMPCs on spontaneo@@ntrol monolayers, (42.0% vs. 5.4% 0.001Figure 4D).

activity, reasoning that a diastolic “injury”-like currerowing o .

intracellularly from the depolarized to normal region, wdul Cell Characterization and Connexin 43

accelerate spontaneous activity in the unmodi ed regidar(se Immuno uorescence staining was performed to demonstrate the

et al., 198) In all conditions, spontaneous activity originated Presence of the gap junctional protein connexin43 (Cx43). For

from one of the outer electrodes and never from the centefhis purpose, co-cultures of NRVMs and CMCPs were made with

of the preparation Figure 4A). The MEA electrodes were lower seeding densities and dispersed cells so that the cormexi

grouped into two regions; Region A consisting of NRVMs 0n|ybetween cells could be visualized. NRVMs were distinguished

and Region B consisting of NRVMs co-cultured with/without by ¢TnT staining and CMPCs by human speci ¢ beta-integrin

CMPCs Figure 4A; see the gray dashed line separating thé&taining.Figure 5illustrates Cx43 presence between NRVMs and

two regions). Because monolayers of NRVMs cultured in Cm&MPCs Figure 5 indicated with the yellow arrows).

CMPC demonstrated similar CV, RMP, upstroke velocities and

APD50, we pooled this group with the NRVM monolayers forp|SCUSSION

activation mapping analysis, to create one control group® (37

monolayers). In these control cultures, the origin of sper@aus  |n this study, we demonstrated that undi erentiated, human

activity was not signi cantly di erent between region A and B cardiomyocyte progenitor cells form a pro-arrhythmic subsgra

In co-cultures ( D 50), spontaneous activity originated more when cultured together with neonatal rat ventricular mytes;

often from region A than from region B (92.0 vs. 8.0%, inMicro-electrode measurements revealed that CMPCs created a

comparison to the distribution in controls 73.0 vs. 27.0%  depolarized region that was characterized by APs with sivere

0.01,Figure 4B). reduced upstroke velocities and prolonged APD. Our data
The average cycle length of the spontaneous rhythm wagdicate that CMPCs are coupled to NRVMs. Due to coupling,

1,761.9  1409ms in control 1f D 37) and 716.8 a depolarized region formed that led to a diastolic ow of an

69.0ms in co-culturesn( D 50, p < 0.001, Figure 4Q.  “injury”-like current toward the normal tissue, evidentdim

The percentage of spontaneous rhythm with a cycle lengtthe observations of (1) the presence of conduction slowing
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FIGURE 2 | Effects of CMPCs or Cme on conduction velocity(A) An example of the local electrograms recorded and the corrgsonding activation map for each of
the different cultures investigated(B) A scatter-plot showing the effects of CMPCs and Cme CMPC on caduction velocity. Conduction velocity is calculated alog
lines perpendicular to the isochronal lines. Black boxes dicate electrodes excluded from analysis and black dashedries represent isochrones lines. Cme,
conditioned medium; CMPCs, cardiomyocyte progenitor cedl; and NRVMSs, neonatal rat ventricular myocytes. The *indites ap < 0.001 compared to both control
monolayers and monolayers cultured in Cme CMPC.
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NRVM

NRVM + CMPC
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>50-<75%
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FIGURE 3 | The effect of CMPCs on ST-elevation in local electrograms.

(A) ST-elevation maps illustrating the percentage of MEAs that

displayed ST-elevation per electrode(B) An example of two local
electrograms recorded in either a control monolayer, a co-alture

or a monolayer of NRVMs cultured in Cme CMPC, respectively.l&ck

boxes indicate electrodes excluded from analysis and blueircles on the local
electrograms indicate the earliest activation time. In onexample the
RS-complex was enlarged to show the negative ank of the RS comlex.
Cme, conditioned medium; CMPCs, cardiomyocyte progenitocells; MEA,
multi-electrode array; and NRVMs, neonatal rat ventriculanyocytes.

(2) ST-segment changes recorded in the area with regional
depolarization, (3) a higher incidence of tachy-arrhythmia
and, supported by the detection of Cx43 between NRVMs
and CMPCs. Cme obtained from the same CMPCs did not
reproduce any of these ndings strengthening the conclusiat

the CMPCs form a pro-arrhythmic substrate through coupling
with cardiomyocytes. The arrhythmogenic substrate is edus
by two dierent arrhythmogenic mechanisms. First, regional
conduction slowing makes the myocardium more susceptible
to reentrant arrhythmias. Second, the ow of “injury’-like
current will accelerate spontaneous rhythms by providing an
additional depolarizing current to the non-depolarized tiss
Both mechanisms, alone and in combination, can lead to letha
ventricular arrhythmias{anse et al., 1980

Micro-electrode recordings demonstrated that the cultures
consisting of NRVMs and CMPCs were depolarized compared
to control monolayersKigure 1B). The relatively large spread in
RMP in the co-culture condition can be explained by the fact
that micro-electrode measurements were done throughout the
entire MEA. This includes the region dominated by NRVMs as
well as the region that consisted of both the CMPCs and NRVMs.
Importantly, we did not record a bimodal distribution of RMP. A
bimodal distribution was to be expected if coupling did notocc
between the CMPCs and the NRVMs. Our observations indicated
that the RMPs have a normal distribution and that the two cell
types, therefore, were e ectively coupled. The heterogerieity
cell types is further strengthened by the large variabilityhe
morphology of the AP recorded in the co-cultures.

The RMP is important because it impacts on the availability of
the voltage-dependent sodium channels for activation. Cogpl
of cardiomyocytes to depolarized inexcitable cells with low
RMP is expected to cause electrotonic current from a cell
with a less negative RMP (CMPC) to one with a more
negative RMP (NRVM), resulting in a less negative RMP of the
cardiomyocyte, reduction in the upstroke velocities of its, AP
and APD prolongation. These changes were indeed seen in our
co-cultures Figure 1). When CMPCs induce severe membrane
depolarization, as is seen in the CMPC cluster region, this can
cause (local) in-excitability, resulting in a monophasielloca
electrogramsKranz, 1999; Coronel et al., 2Q0C&hd a reduced
CV. This phenomenon is supported by activation mapping.

The local cluster of CMPCs formed a depolarized region
compared to the purely NRVM region in the same MEA.
The dierence in RMP between the two regions leads to an
intracellular current ow, the “injury”-like current Gamson and
Scher, 1960 Because of the diastolic intercellular current ow,
there is the opposite change in voltage in the extracellularespac
which is detected and recorded by our electrical mapping syste
as TQ-depressionfncent et al., 197)7 Because the signals were
necessarily set to zero in diastole, these changes areted ec
as ST-elevation in the depolarized region and ST-depression in
the normal areaCoronel et al., 1991 The diastolic current of
“injury” is expected to speed the spontaneous depolarizaticn rat
in the non-depolarized tissue. Consistent with the “injurikd
current, we observed ST-elevations speci cally in the negio
where the CMPCs were seeded and not in regions that contained
only NRVMs (in the same MEAFigure 3.
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FIGURE 4 | The effects of CMPCs on the origin of spontaneous activatigrthe cycle length and the occurrence of tachy-arrhythmias(A) A MEA illustrating the
electrodes with the origin of the earliest AT per MEA studiefbr control cultures (red dots) and co-cultures (green dofs The gray dashed line indicates where the MEA
is split into region A and region B. Black boxes indicate eldémdes excluded from analysis(B) Percentage of MEAs with earliest AT in region A and region BC)
Average cycle length of the spontaneous rhythm andD) The percentage of MEAs that displayed tachy-arrhythmias ycle length< 450 ms). AT, activation time; Cme,
conditioned medium; CMPCs, cardiomyocyte progenitor ced; MEA, multi-electrode array; and NRVMs, neonatal rat vericular myocytes. The *indicates @ < 0.001
compared to control monolayers.

Together with ST-elevations, we expected to also obserit not in control preparations. Secondly, the co-cultures ha
electrograms with ST-depressions, speci cally near the @ord a higher incidence of tachy-arrhythmias compared to corgrol
zone between the depolarized region and the NRVM region. Thighird, we have shown that the earliest activation, in coxanas,
observation was not as prominently present as the ST-elevatiorpredominantly occurs in region A, the region dominated by
We reasoned that this is due to the geometry of the depolarizeithe NRVMs, and not in Region B, the depolarized region
region (a small circle in a larger monolayer). The currenwving  (Figure 4A). This suggests that the tachy-arrhythmias originate
between the regions is thus more dissipated in the normdrom the NRVM region, albeit on the sides of the MEA. We
myocyte region than in the depolarized region. This explaingssume that the earliest AT is always on the “outer” marginal
why electrograms with ST-elevations are more observalale th region of the MEA as at these places the cells have less
the ST-depressions. An important strength of our approach ismeighboring cells making it easier to activate as there ss le
that the ST-elevation phenomenon was only observed becauserrent to load mismatch. This current to load mismatch is
we used electrical mapping techniques which allow us tonore like to occur away from the outer sides as there would be
record the changes in the extracellular space. Optical mappingore neighboring cells that need to be activatéubl(ir, 200J.
with uorescent, voltage sensitive dyes does not permit ¢hesThe e ect of the “injury”-like current, although present in ¢h
analyses. entire preparation, become only evident at sites with theeftst

The diastolic “injury”-like current is also known to increa rate of diastolic depolarization, where it will result in ssfer
the rate of spontaneous activity in the (normal) region next tospontaneous rate of diastolic rate of depolarization and afast
the depolarized regionJanse and van Capelle, 198®W/e did beating rate. In our preparations, these sites were locatéueat
indeed observe a faster rate of spontaneous activity in toves  margin of the cultures.
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the paracrine or autocrine response of dierent cells in the
environment Emit et al., 201)/ We argue that by using media
conditioned by CMPCs we demonstrate that direct paracrine
release, without cellular adhesion to di erent cells, is not pro-
arrhythmic, but does noper seexclude any paracrine signaling
depending on the level of adhesion in co-cultures.

The immuno- uorescence data demonstrate the presence of
Cx43 between CMPCs and NRVMs. Undi erentiated CMPCs are
known to express Cx433oumans et al., 200.7The presence
of Cx43 but foremost the presence of the ST-elevations in the
electrograms overlying the CMPCs, together with the depolarized
RMP and conduction slowing provide strong evidence that
functional coupling between the CMPCs and NRVMs occurred.

CONCLUSIONS

In the current study, we have shown that locally seeded,
undi erentiated, human CMPCs form a pro-arrhythmic
substrate when co-cultured with cardiomyocytes. The pritgen
cells used are known to express Cx43 allowing them to couple
with cardiomyocytes. Coupling with cardiomyocytes results
in the ow of a diastolic “injury”-like current driven by
membrane potential di erences between both regions. Our gtud
demonstrates that CMPCs can contribute to the formation of
a pro-arrhythmic substrate through two di erent mechanisms
(regional conduction slowing and speeding of spontaneous
rhythms). Therefore, the use of CMPCs should be made with
FIGURE 5 | Immuno uorescence micrograph of a co-culture stained for Cx43. precaUtion' The conditioned medium did not induce any of the

Co-cultures are stained for nuclei (dapi, blue), NRVMs (cTiNred), CMPCs above e ects.
(human beta-integrin, light blue) and Cx43 (green). The yalv arrows indicates

the presence of Cx43 between a NRVM and a CMPC. (Orginal magnation, AUTHOR CONTRIBUTIONS

40x). CMPCs, cardiomyocyte progenitor cells; cTnT, cardatroponin; DAPI,

49.6-diamidino-2-phenylindoleh; and NRVMs, neonatal ratentricular . . L .
myocytes. NS: experimental design, data acquisition, analysis and

interpretation, drafting and editing manuscript, and appraval
LC: experimental design, data acquisition, analysis and

Secondly, it may be argued that rodent cardiomyocytes be#iterpretation, editing manuscript, and approval. AV and
faster than human cardiomyocytesl{ani-Nejad and Janssen, AS: data acquisition and interpretation, editing manuscript
2019 explaining why we see arrhythmia-like electrophysiologyand approval. VM: analysis and interpretation of data, editing
in our cultures. However, neonatal rat cells beat less rapaht Manuscript, and approval. MK: experimental design, data
their adult form and they are shown to be a suitable model focquisition, editing manuscript, and approval. AT, HT, MG,
electrophysiological studie®¢hr et al., 1991; Fast and Kleber,and GB: experimental design, data interpretation, editing
1999. This is can also be seen from the cycle length data, whep@anuscript, and approval. RC: experimental design, data
our control cultures have an average cycle length of 1,761.9 analysis and interpretation, editing manuscript, and approval.
140.9ms.

Cme of the CMPCs did not alter the RMP, upstroke velocity FUNDING
APDS50, CV, or the ST-segments in the electrograms recorded
and values did not dier from controls. This is in line with The nancial contributions of the LeDucq Foundation
our previous study in which Cme obtained from human (SHAPEHEART and RHYTHM network, to RC), Rembrandt
adipose tissue-derived stromal cells did not elicit hetermgpus  Institute for Cardiovascular Sciences (to GB, HT and MG), and
conduction slowing, which was seen when the cells were uséde Netherlands Organization for Scienti c Research (VENI to
(Ten Sande et al., 20)L6t supports the notion that the present AT) are acknowledged.
observed e ects are caused by coupling between the NRVMs and
the CMPCs and not by paracrine e ects. However, paracrinSUPPLEMENTARY MATERIAL
communication between cells is extremely complex and it is
certainly possible that pathways initiated by paracrine fiscto The Supplementary Material for this article can be found
can be in uenced by, e.g., di erent cellular adhesions. 8dyg  online at: https://www.frontiersin.org/articles/10.38tphys.
the secretion of paracrine factors can also be in uenced b®2017.00797/full#supplementary-material
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