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Abstract
Background—Electrophysiological mismatch between host cardiomyocytes and donor cells can
directly affect the electrical safety of cardiac cell therapies; however, the ability to study host-
donor interactions at the microscopic scale in situ is severely limited. We systematically explored
how action potential (AP) differences between cardiomyocytes and other excitable cells modulate
vulnerability to conduction failure in vitro.

Methods and Results—AP propagation was optically mapped at 75 µm resolution in
micropatterned strands (n=152) in which host neonatal rat ventricular myocytes (NRVMs; AP
duration (APD)=153.2±2.3 ms, conduction velocity (CV)=22.3±0.3 cm/s) seamlessly interfaced
with genetically engineered excitable donor cells expressing inward rectifier potassium (Kir2.1)
and cardiac sodium (Nav1.5) channels with either weak (CV=3.1±0.1 cm/s) or strong
(CV=22.1±0.4 cm/s) electrical coupling. Selective prolongation of engineered donor cell APD
(from 31.9–139.1 ms) by low dose BaCl2 generated a wide range of host-donor repolarization time
(RT) profiles with maximum gradients (∇RTmax) of 5.5–257 ms/mm. During programmed
stimulation of donor cells, the vulnerable time window (VW) for conduction block across the host-
donor interface most strongly correlated with ∇RTmax. Compared to well-coupled donor cells, the
interface composed of poorly-coupled cells significantly shortened the RT profile width by 19.7%
and increased ∇RTmax and VW by 22.2% and 19%, respectively. Flattening the RT profile by
perfusion of 50 µmol/L BaCl2 eliminated coupling-induced differences in vulnerability to block.

Conclusions—Our results quantify how the degree of electrical mismatch across a
cardiomyocyte-donor cell interface affects vulnerability to conduction block with important
implications for the design of safe cardiac cell and gene therapies.
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Introduction
Clinical trials of stem cell therapy for myocardial infarction and heart failure have
demonstrated encouraging but mixed results.1, 2 While the field is rapidly advancing, our
abilities to understand therapeutic mechanisms and predict potential adverse outcomes (eg,
cardiac arrhythmias) remain inadequate.3, 4 Specifically, understanding how a mismatch in
the electrical properties of donor cells and host cardiomyocytes affects cardiac function is
becoming critically important with the advent of pluripotent stem cell-5–7 or direct
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reprogramming-8–10 derived cardiomyocytes as these cells are both electrically excitable
and able to couple to host heart tissue. While understanding the arrhythmogenic
consequences of host-donor electrical mismatch is essential to the rational design of safe and
efficient cell therapies, our ability to systematically study these conditions in situ is limited
by low reproducibility of cardiac tissue microstructure and function among different hearts
and the inability to access, identify, and directly study heterocellular interactions within the
complex setting of the heart.

Previously, we utilized micropatterned cocultures of neonatal rat ventricular myocytes
(NRVMs) and passive unexcitable cells (eg, mesenchymal stem cells, skeletal myoblasts,
cardiac fibroblasts, wild-type human embryonic kidney 293 (HEK293) cells) to study the
roles of heterocellular gap junctional coupling11 in cardiac action potential (AP) shape12 and
conduction.13 Similarly, micropatterned NRVM strands were used by others to examine the
influence of passive cells (cultured on top of14 or inserted within15 the strand) on
cardiomyocyte spontaneous activity and AP propagation. While these studies have improved
our understanding of the effects that endogenous or implanted unexcitable cells may have on
cardiac electrical activity, the potential deleterious effects of in situ reprogrammed or
exogenously implanted excitable cells (eg, cardiomyocytes) have not been systematically
explored. Specifically, quantifying how host-donor mismatch in basic electrophysiological
properties (ie, conduction velocity, AP duration) can cause or alleviate electrical disturbance
in the heart would provide a rationale for tailoring (eg, by genetic16 or biochemical17 means)
the electrical properties of newly emerging excitable cells5–10 towards safer and more
effective cardiac cell therapies.

In this study, we generated micropatterned heterocellular strands in which host neonatal rat
cardiomyocytes on one half of the strand formed a seamless and easily identifiable interface
with genetically engineered excitable donor cells that occupied the other half of the strand.
While not suitable for clinical applications, monoclonally-derived engineered cell lines with
reproducible and well-defined electrical properties allowed us to create a wide range of host-
donor mismatch conditions in vitro to systematically investigate their roles in safety of AP
conduction. In particular, we set to test the hypothesis that vulnerability to conduction
failure across a cardiomyocyte-donor cell interface is governed by an interplay of AP
duration and strength of electrical coupling in donor cells.

Methods
Micropatterned fibronectin lines13 (Figure I in the online-only Data Supplement) and a
polydimethylsiloxane (PDMS) frame were used to create 150 µm-wide homocellular ("host"
or "donor") or heterocellular ("host-donor") strands (Figure 1). Host cells in the strands were
represented by NRVMs while donor cells were represented by one of two genetically
engineered excitable HEK293 monoclonal cell lines: 1) the poorly-coupled “Excitable
Slow” or “ExS” engineered HEK293 cell line stably expressing human voltage-gated
cardiac sodium (Nav1.5) and inward rectifier potassium (Kir2.1) channels and 2) the well-
coupled “Excitable Fast” or “ExF” engineered HEK293 cell line derived by the additional
stable expression of rat connexin-43 (Cx43) gap junctions.18 Action potential propagation
along the strands was optically mapped at 10× magnification using a voltage-sensitive dye
(ANNINE-6plus).19 An S1-S2 pacing protocol was applied to the donor cells to study
vulnerability to conduction block across the interface between host NRVMs and donor
excitable HEK293 cells. An expanded Methods section is provided in the online-only Data
Supplement.
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Results
Optical mapping in Heterocellular Host-Donor Strands

The stable expression of fluorescent reporters in ExS (GFP, mCherry) and ExF (GFP,
mCherry, mOrange) donor cells (Figure III in the online-only Data Supplement) allowed us
to exactly localize the host-donor interface in co-cultured strands (Figure 2A) and, under
10× magnification, align and spatially register strands with recording sites from an optical
fiber array (Figure 2B). Intense membrane staining of the cells with the voltage sensitive
dye, ANNINE-6plus,19 further revealed the differences in size (smaller vs. larger) and
geometry (round vs. elongated) in donor cells vs. host NRVMs. (Figure 2B).
Immunostaining showed the existence of a seamless interface between the two cell types
with Cx43 gap junctions found between NRVMs and ExF (but not ExS) cells (Figure IIID in
the online-only Data Supplement). The difference (“mismatch”) between the APD of the
ExF or ExS donor cells (31.9±0.7 or 34.6±1.1 ms, respectively) and that of the host NRVMs
(153.2±2.3 ms) yielded the formation of a monotonic APD profile (APD change along the
strand) that extended over a length of ~1.2 mm across the host-donor interface (Figure 2B,
and Figure IVA and IVB, Movie I in the online-only Data Supplement).

Pacing from the donor end of ExF-NRVM strands resulted in unhindered conduction across
the heterocellular interface (Figure 2C) as evidenced by equally spaced activation isochrones
and linear increase in activation time (AT) indicative of the robust intercellular coupling and
similar CVs between the host NRVM and donor ExF cells (22.3±0.3 and 22.1±0.4 cm/s,
respectively). In contrast, the poorly-coupled ExS cells (ie, electrically connected by weak
endogenous HEK293 gap junctions other than Cx43)18 displayed significantly slower CV
(3.1±0.1 cm/s) as evidenced by dense activation isochrones and a steep AT slope compared
to NRVMs, thereby creating a sharp change in the activation gradient at the ExS-NRVM
interface (Figure 2D). The spatial profiles of APD and repolarization time (RT, obtained by
superimposing AT and APD profiles, Figure 2C and 2D, bottom) across the host-donor
interface were quantified by measuring the width (Δx APD and Δx RT), height (Δy APD and
Δy RT), and maximum slope (gradient, ∇APDmax and ∇RTmax) during 2 Hz stimulation
(Figure IVC in the online-only Data Supplement). As expected, the significant APD
difference (Δy APD=~100–105 ms) between the donor cells and host NRVMs generated
sharp repolarization profiles (with ∇RTmax=~150–200 ms/mm) that extended over a
relatively short distance (Δx RT=~0.5–0.6 mm). Furthermore, pacing of the same strands
from the host NRVM end resulted in specific changes in the shape of AT and RT profiles
(Figure V in the online-only Data Supplement).

Effect of BaCl2 on Electrical Mismatch at the Host-Donor Interface
We have previously shown that inhibition of inward rectifier K

+
 current (IK1) by BaCl2 can

significantly prolong the APD of excitable HEK293 cells.18 In this study, we utilized low
doses of BaCl2 as a method to selectively and reproducibly prolong the APD of donor cells
without affecting the electrical properties of host NRVMs (Figure II and Table I in the
online-only Data Supplement). In particular, the addition of 25 or 50 µmol/L BaCl2 during 2
Hz stimulation from the donor cell end of heterocellular strands (see Movie III in the online-
only Data Supplement) resulted in the flattening of the APD profile (ie, reduction of APD
mismatch) at the host-donor interface (Figure 3A–C). When quantified (Figure 3D–I), the
application of 25 and 50 µmol/L BaCl2 significantly and progressively decreased the height
and maximum slope and increased the width of both APD and RT profiles in host-donor
strands. For example, adding 50 µmol/L BaCl2 to ExS-NRVM strands, decreased ∇RTmax
and Δy RT by an average of 83.4% and 67.2%, respectively, while Δx RT increased by an
average of 98.1%.
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Compared to ExF-NRVM strands, ExS-NRVM strands in 0 µmol/L BaCl2 had significantly
smaller Δx APD (0.52 vs. 0.64 mm) and Δx RT (0.53 vs. 0.66 mm) and significantly larger
∇APDmax (186 vs. 164 ms/mm) and ∇RTmax (201 vs. 165 ms/mm). Therefore, due to
reduced coupling in ExS vs. ExF cells, the spatial profiles of APD and RT mismatch were
significantly steeper and narrower at the ExS-NRVM interface than at the ExF-NRVM
interface. Interestingly, upon application of either concentration of BaCl2, the significant
differences between the APD and RT profile parameters of ExF-NRVM and ExS-NRVM
strands were annulled. Thus, the application of low doses of BaCl2 enabled us to selectively
vary the shape parameters of APD and RT profiles over a wide range of values (eg, ∇RTmax
between 5.5–256.9 ms/mm) without altering activation time profiles in any of the strands.
Higher doses of BaCl2 caused APD prolongation in NRVMs and CV reduction in all cells,
likely by depolarizing membrane potential and reducing Na

+
 current availability, as

previously shown by others20 and us.18

Occurrence of Conduction Block at the Host-Donor Interface
Application of a progressively more premature S2 stimulus from the donor end of the
heterocellular strands eventually resulted in S2 conduction block at the host-donor interface.
In ExF-NRVM strands, block occurred significantly after (0.29±0.06 mm) the host-donor
interface as compared to ExS-NRVM strands where the block occurred before (0.07±0.03
mm) the interface (Figure 4A–C). While the site of block in the ExF-NRVM strands also
occurred significantly past ∇RTmax (by 0.37±0.06 mm), in ExS-NRVM strands, block co-
localized with the site of ∇RTmax (Figure 4D). With reduction of the S1-S2 interval below
the maximum S1-S2 interval at which block occurred (S1-S2max), the position of S2
conduction block progressively shifted towards the donor cell end of the strand (Figure 4E
and 4F). Below a certain S1-S2 value, these conduction blocks across the host-donor
interface converted into a local 2:1 block at the pacing site. The time difference between S1-
S2max that yielded conduction block across the host-donor interface and S1-S2max that
resulted in 2:1 block at the pacing site was measured as the vulnerable time window (VW)
for conduction block (Figure VI in the online-only Data Supplement).

Shape of Host-Donor Mismatch Profile Determines Vulnerability to Conduction Block
The use of two different donor cell lines (ExS and ExF) and BaCl2 doses with selective
action on donor cells allowed us to vary and systematically study how the shape of the
spatial profile of electrical host-donor mismatch affects the vulnerability to conduction block
during premature excitation (Figure 5). Overall, the vulnerable time window for conduction
block (VW) increased with an increase in Δy RT or ∇RTmax and decreased with an increase
in Δx RT (Figure 5A–C). ∇RTmax was the only parameter that significantly (and with the
highest r2) correlated with VW across all BaCl2 doses (Figure 5C), while Δy RT and Δx RT
showed significant correlation with VW for either lower ∇RTmax (50 µmol/L BaCl2, Figure
5A) or higher ∇RTmax (0 and 25 µmol/L BaCl2, Figure 5B) values, respectively (see Table
II in the online-only Data Supplement). At 50 µmol/L BaCl2, the critical (smallest) ∇RTmax
that still precipitated block across the host-donor interface was 5.5–7.9 ms/mm. Moreover,
the poorly-coupled ExS-NRVM strands had a significantly longer VW compared to the
well-coupled ExF-NRVM strands in both 0 µmol/L BaCl2 (153.9±1.4 ms vs. 129.3±2.5 ms,
respectively) and 25 µmol/L BaCl2 (113.7±3.3 ms vs. 93.4±2.3 ms, respectively) but not
when the ∇RTmax was largely reduced with 50 µmol/L BaCl2 (42.2±3.4 ms vs. 30.4±4.8
ms, P=0.06, Figure 5D). Interestingly, at 25 µmol/L BaCl2, VW was found to be
significantly higher in ExS-NRVM than ExF-NRVM strands despite no difference in their
APD and RT mismatch profiles (Figure 3D–I).
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Effect of Intercellular Coupling on Conduction Block at the Host-Donor Interface
An unexpected finding of this study was that propagation from the ExS end of ExS-NRVM
strands was blocked across the host-donor interface at higher S1-S2max intervals than when
the same strand was paced from the NRVM end (Figure 6A). This increased vulnerability to
conduction block across the host-donor interface, as compared to pacing site blocks at the
host or donor ends of the strand, was characteristic for ExS-NRVM but not ExF-NRVM
strands (data not shown). With addition of BaCl2, this increased vulnerability to block was
diminished and the BaCl2 treated cells were now able to sustain propagation at a lower S1-
S2max (Figure 6B and see Movie IV in the online-only Data Supplement). Comparing the
S1-S2max over multiple strands (Figure 6C) showed that the increased vulnerability to block
across the interface in ExS-NRVM strands was reduced to the levels measured in ExF-
NRVM strands by selectively increasing the APD in donor cells by addition of 50 µmol/L
BaCl2.

Discussion
Previous experimental studies in healthy canine hearts have reported maximum APD
gradients from ~5–8 ms/mm across the ventricular wall21, 22 to ~25 ms/mm in the crista
terminalis.23 In diseased hearts, these gradients can increase dramatically to ~120 ms/
mm22, 24, 25 and enhance the vulnerability to conduction block and arrhythmias. Similarly,
in excitable cell-based cardiac therapies, differences in APD and CV between implanted
donor cells (eg, human skeletal myotubes26 with APD of ~8 ms, human pluripotent stem
cell-derived cardiomyocytes4, 27–29 with APD of ~120–510 ms and CV of ~1–25 cm/s, or
human fibroblast-reprogrammed cardiomyocytes10 with APD of ~280–390 ms) and host
cardiomyocytes (APD of ~270–440 ms and CV of ~41–50 cm/s)30–32 can generate a wide
range of electrical gradients that may be additionally modulated by host-donor differences in
resting membrane potential, cell geometry, and intercellular coupling.4, 27, 28 Moreover,
excitable pluripotent- or reprogramming-derived cardiogenic cell sources are known to have
heterogeneous and temporally changing electrical phenotypes10, 33 (ie, variation in channel
expression, AP properties, cell coupling), thus adding to the potential complexity of APD
and CV host-donor mismatch in situ.

We thus created a novel host-donor strand assay in which a wide range of APD gradients
(~6–280 ms/mm) at two distinct levels of cell coupling were reproducibly generated
between excitable donor cells (ExF and ExS) and NRVMs. This well-controlled in vitro
setting, representative of potential electrical heterogeneities found in cell therapy-treated
hearts, allowed us to systematically study how electrical mismatch across a cardiomyocyte-
donor cell interface influences AP conduction and vulnerability to block. Specifically, by
mapping the AP propagation at microscopic scale, we for the first time quantified the precise
roles that shape of the spatial profile of repolarization in heterocellular cardiac tissue has
upon the vulnerability to conduction block during premature excitation. We also determined
how reduced coupling in donor cells affects the shape of activation and repolarization
profiles at the host-donor cell interface, as well as the propensity to and exact location of the
conduction block. Through these studies, we further uncovered the antagonistic effects of
APD prolongation and reduced coupling in donor cells on successful conduction of
premature beats.

The sharpest spatial profiles of host-donor electrical mismatch and highest vulnerability to
S1-S2 conduction block in our study were observed when using the ExS donor cells with
poor coupling that reduced the width and increased the slope of the RT profile (Figure 3H
and 3I). In these ExS-NRVM strands, S2 conduction block occurred near the host-donor
interface at the site of ∇RTmax, in contrast to well-coupled ExF-NRVM strands where block
always occurred at a position past the interface and ∇RTmax (Figure 4A–D). These results
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are in general agreement with in situ observations from diseased hearts with reduced
coupling24, 25 and simulated well-coupled cardiac cables with a preset APD profile.34

Furthermore, with decrease of S1-S2 interval, the position of S2 block in all host-donor
strands shifted into the donor cell region towards the stimulus site (Figure 4E–F), as a direct
result of the altered amount of source current available for the depolarization of downstream
tissue (electrical sink). Specifically, a sharper repolarization gradient or shorter S1-S2
interval reduced the diastolic interval and available source current earlier during propagation
thereby dynamically increasing the source-sink mismatch and yielding the observed shift of
conduction block towards the pacing site.

An important result of this study was that of all the parameters used to characterize the
shape of host-donor mismatch profiles, ∇RTmax most strongly correlated with the
vulnerable window for conduction block (Figure 5C and Table II in the online-only Data
Supplement). Several experimental24, 25, 35 and theoretical34, 36 studies have shown that
larger ∇RTmax resulted in an increased VW, but the exact quantitative relationship between
∇RTmax and VW over a wide range of APD profile shapes has not been previously
described. Furthermore, previous experiments in intact hearts and cardiac tissue wedge
preparations suggested that the lowest ∇RTmax yielding unidirectional conduction block and
reentry induction is between 3.2–12.5 ms/mm24, 25, 35, which is consistent with our results in
ExF-NRVM strands showing no block for ∇RTmax < 7.9 ms/mm (ie, Δy APD < 9.8 ms).
This agreement between different in vivo and in vitro studies suggests that the
dimensionality of tissue setting (eg, pseudo-1-D in strands vs. 3-D in intact tissue) and the
underlying cause of the spatial APD profile (eg, host-donor interface vs. ion channel
heterogeneity) may be a lesser determinant of the vulnerability to block than the general
shape parameters of the mismatch profile (eg, maximum gradient). We also found overall
correlation between the magnitude of VW and Δy RT, but within each BaCl2 dose, this
correlation was significant only for the smallest APD gradients when Δy APD was reduced
below ~55 ms (Figure 5A). In a simulated cable of ventricular myocytes, Qu et al. also
observed positive linear correlation between Δy RT and VW36 for relatively small Δy
APD<~50 ms and predicted that VW will continue to linearly increase with increasing Δy
APD, consistent with our results.

Interestingly, in 25 µmol/L BaCl2, the shapes of the mismatch profiles between ExS-NRVM
and ExF-NRVM strands were comparable (Figure 3D–I), however VW was still
significantly larger in ExS-NRVM strands (Figure 5D), suggesting that cell-coupling
dependent differences in activation profile and associated source-sink mismatch at the host-
donor interface also contributed to the vulnerability to conduction block. This higher
vulnerability to block in the poorly coupled ExS-NRVM vs. well-coupled ExF-NRVM
strands was fully eliminated by further increasing the donor cell APD by application of 50
µmol/L BaCl2. Similar results were observed when comparing the S1-S2max for conduction
block at the host-donor interface vs. pacing site block at the NRVM region (Figure 6C). This
result likely reflected the inability of the poorly-coupled donor cells to, during long
intercellular delays, transfer a sufficient amount of excitatory current into the larger and
well-coupled NRVMs to sustain active propagation. While BaCl2-induced prolongation of
APD in the donor cells shortened the diastolic interval during S2 propagation (Figure 6B), it
also reduced the source-sink mismatch at the ExS-NRVM interface rendering its S1-S2 max
similar to that in the NRVM-only region, thereby eliminating the VW difference between
ExS-NRVM and ExF-NRVM strands. Mechanistically, these results are consistent with
previous observations that prolonging APD decreased the likelihood of conduction block in
poorly coupled cells37 or abrupt tissue expansions.38
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Therapeutic Implications
Our study primarily explored how host-donor mismatch in APD and electrical coupling
affects vulnerability to conduction block when an AP is propagated from excitable donor
cells into host cardiomyocytes. This in vitro setting most directly pertains to the potential
therapeutic use of electrically active donor cells (eg, those derived from human pluripotent
stem cells)7–9 that typically have an immature cardiomyocyte phenotype with significantly
smaller size, reduced APD and CV, and increased propensity to ectopic activity compared to
adult ventricular myocytes.4–6, 27 Moreover, the results of our study would directly relate to
potential therapies with primary human somatic cells (eg, dermal or cardiac fibroblasts)
engineered to become electrically active.18, 39 In the above therapeutic scenarios with
excitable donor cells, our studies suggest that vulnerability to conduction block during
premature excitation would be additively increased by a low APD and CV (due to reduced
cell coupling) of donor cells compared to that of the host cardiomyocytes. Selective APD
modification in donor cells (eg, by the genetic modification of ion channel expression16 or
specific differentiation protocols6, 17) to reduce repolarization mismatch at the host-donor
interface appears to be the most effective strategy to reduce vulnerability to conduction
failure as well as to offset the detrimental effects of weak donor cell coupling. Furthermore,
our studies suggest that under well-coupled (but not poorlycoupled) conditions, perfect
matching of donor with host APD is not required to prevent occurrence of block at the host-
donor interface during premature excitation. When our results are scaled up by fold-
difference in human vs. neonatal rat ventricular APD, the maximum APD mismatch not
leading to block at a human host-donor interface would amount to ~25 ms.

Study Limitations
The most obvious limitation of this study is the currently unavoidable use of neonatal
cardiomyocytes and the simplified in vitro nature of our experimental preparation.
Specifically, compared to our study, the 3-D nature of native tissue along with significantly
greater resting input impedance of adult vs. neonatal myocytes (due to larger cell size, K+

current density, and presence of T-tubules) is expected to augment electrotonic loading and
increase vulnerability to conduction block at a host-donor interface in the adult myocardium.
Furthermore, while we utilized the pseudo-1-D geometric setting of cell strands to
effectively track microscopic conduction across the host-donor cell interface, this setting did
not allow for examination of whether the observed conduction block would eventually yield
arrhythmia induction. The use of tissue engineering techniques to generate a more realistic
2-D or 3-D host-donor interface40 is expected to facilitate more accurate studies of AP
conduction and arrhythmogenesis as well as guide the future design of safer and more
efficient cardiac cell therapies. Finally, while in this report we focused on systematically
varying and studying host-donor differences in fundamental electrical properties (ie, APD
and CV), further studies are needed to elucidate the specific roles that host-donor mismatch
in individual ion currents, calcium handling, and cell size and geometry would play in
vulnerability to conduction block and arrhythmias.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fabrication of homocellular (host or donor) and heterocellular (host-donor) strands. A,
Microcontact printing techniques were used to generate coverslips containing 150 µm-wide
fibronectin lines spaced 300 µm-apart that converged into a common zone on one end (top).
Homocellular or heterocellular strands were created by adhering a two-compartment PDMS
frame parallel or perpendicular to the fibronectin lines to allow separate seeding of host
NRVMs and donor engineered excitable HEK293 cells (the well-coupled “ExF” or poorly-
coupled “ExS” lines).
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Figure 2.
Optical mapping in host-donor strands. A, mCherry fluorescence in donor excitable cells
(eg, ExFs) allowed precise identification of host-donor interface with NRVMs. B, Optical
recording sites (circles) overlaid on top of cells stained with ANNINE-6plus voltage-
sensitive dye. Note small round ExFs in contact with larger elongated NRVMs. Optical
mapping revealed progressive APD prolongation across the host-donor interface
(representative traces shown from recording sites). Scale bar for sequence of traces at
bottom = 75 ms. C-D, Representative isochrone maps of action potential activation (1 ms
(C) or 2 ms (D) spacing), repolarization (10 ms spacing), and duration (APD, 10 ms
spacing), as well as corresponding spatial profiles of activation and repolarization shown for
a representative ExF-NRVM (C) or ExS-NRVM (D) strand. Shown is the 30th propagated
AP during 2 Hz pacing. Position of host-donor interface is assigned the coordinate x=0 mm.
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Figure 3.
Effects of BaCl2 on the shape of APD and RT profiles in host-donor strands. A-C, Average
APD profiles across the ExF-NRVM (green) and ExS-NRVM (blue) interface in the
presence of 0 (A), 25 (B), or 50 (C) µmol/L BaCl2 with overlaid Boltzmann fit. D-I,
Average height, width, and maximum slope (gradient,∇) of APD (D-F) or RT (G-I) profile
within hostdonor strands during AP propagation at 2 Hz stimulation from the ExF or ExS
end of the strand. *P<0.05, ***P<0.001; n=16–42 per group. All groups are statistically
different (P<0.05) when comparing across BaCl2 conditions.
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Figure 4.
Location of S2 conduction block in host-donor strands. A-B, Representative spacetime plots
during pacing from the ExF (A) or ExS (B) end of host-donor strand showing AP
propagation (in 0 µmol/L BaCl2) during longest S1-S2 interval (S1-S2max) that resulted in
block (150 ms in A and 200 ms in B). Dashed red line at x=0 mm indicates position of host-
donor interface. C-D, Distance from site of S1-S2max block to host-donor interface (C) or
site of maximum repolarization gradient (D); ***P<0.001, n=10 per group. E,
Representative spacetime plots in an ExS-NRVM strand showing shift in the S2 block
position with decrease in S1-S2 interval. Dashed red line, host-donor interface; solid red
line, site of S2 block. F, Distance of S2 block site from site of S1-S2max block as a function
of S1-S2 interval. Lines show linear fits for individual strands (n=4 for ExF-NRVM, n=5 for
ExS-NRVM); average slopes between ExFNVRM vs. ExS-NRVM strands differ
significantly (P<0.001).
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Figure 5.
Vulnerable window of conduction block in host-donor strands as a function of RT profile
shape. A-C, Relationship between vulnerable time window for S2 block and shape
parameters of RT profile, namely: height (A), width (B), and maximum gradient (C); linear
regression fit lines are shown only for statistically significant correlations (see Table II in
onlineonly Data Supplement). D, Average vulnerable time windows for S2 block in host-
donor strands without or with BaCl2 application. ***P<0.001, n=16–21 per group.
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Figure 6.
S1-S2max in host-donor strands as a function of pacing location and BaCl2 application. A,
Representative space-time plots in an ExS-NRVM strand showing interface block when
strand is paced at S1-S2=200 ms from the ExS end (left) but not NRVM end (right). B,
Adding 50 µmol/L BaCl2 yields successful conduction across the ExS-NRVM interface at
S1-S2=200 ms with block now occurring at lower S1-S2=175 ms. C, S1-S2max for the local
(left) or interface (middle) block when pacing from ExF (green) or ExS (blue) end, or local
block when pacing from NRVM end (right) of the strand, without (lighter) and with (darker)
addition of 50 µmol/L BaCl2. Each line connects the three S1-S2max values measured in the
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same strand. Note that addition of BaCl2 significantly increases S1-S2max for local block at
the ExF and ExS end but not at the NRVM end of the strands, and significantly decreases
S1-S2max for interface block in ExSNRVM strands, but not in ExF-NRVM strands; n=5–10
per group, ***P<0.001 for ExF-NRVM vs. ExS-NRVM interface block (denoted by black
dashed line) and interface vs. local NRVM pacing block in ExS-NRVM strands (denoted by
light blue dashed line). Note that some data points for the ExF-NRVM + 50 µM BaCl2 and
ExS-NRVM + 50 µM BaCl2 groups overlap.
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