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Recent studies have demonstrated electrotonic coupling between scar tissue and the surrounding myocardium in
cryoinjured hearts. However, the electrical dynamics occurring at the myocyte—-nonmyocyte interface in the fibrotic
heart remain undefined. Here, we sought to develop an assay to interrogate the nonmyocyte cell type contributing
to heterocellular coupling and to characterize, on a cellular scale, its voltage response in the infarct border zone of
living hearts.

We used two-photon laser scanning microscopy in conjunction with a voltage-sensitive dye to record transmem-
brane voltage changes simultaneously from cardiomyocytes and adjoined nonmyocytes in Langendorff-perfused
mouse hearts with healing myocardial infarction. Transgenic mice with cardiomyocyte-restricted expression of a
green fluorescent reporter protein underwent permanent coronary artery ligation and their hearts were subjected
to voltage imaging 7—10 days later. Reporter-negative cells, i.e. nonmyocytes, in the infarct border zone exhibited
depolarizing transients at a 1:1 coupling ratio with action potentials recorded simultaneously from adjacent,
reporter-positive ventricular myocytes. The electrotonic responses in the nonmyocytes exhibited slower rates of
de- and repolarization compared to the action potential waveform of juxtaposed myocytes. Voltage imaging in
infarcted hearts expressing a fluorescent reporter specifically in myofibroblasts revealed that the latter were electri-
cally coupled to border zone myocytes. Their voltage transient properties were indistinguishable from those of
nonmyocytes in hearts with cardiomyocyte-restricted reporter expression. The density of connexin43 expression
at myofibroblast—cardiomyocyte junctions was ~5% of that in the intercalated disc regions of paired ventricular
myocytes in the remote, uninjured myocardium, whereas the ratio of connexin45 to connexin43 expression levels
at heterocellular contacts was ~1%.

Myofibroblasts contribute to the population of electrically coupled nonmyocytes in the infarct border zone. The
slower kinetics of myofibroblast voltage responses may reflect low electrical conductivity across heterocellular
junctions, in accordance with the paucity of connexin expression at myofibroblast-cardiomyocyte contacts.
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1. Introduction

Fibrosis plays an important role in cardiac arrhythmias." Myofibroblasts
which are not normally present in the working myocardium but accumu-
late in large numbers in injured or aged hearts, critically contribute to
fibrosis-related arrhythmogeneity. A number of in vitro and in silico studies
have demonstrated that (myo)fibroblasts (which are electrically non-
excitable cells) evoke arrhythmogenic electrotonic interactions with

adjacent cardiomyocytes following establishment of heterocellular gap
junctions.”™ Recent studies have provided functional evidence for the
existence of electrical coupling between scar tissue and the surrounding
myocardium in living injured hearts. Mahoney and co-workers observed
reciprocal electrotonic conduction between the scar tissue and unin-
jured myocardium in the cryoinjured mouse heart through epicardial
optical voltage mapping.® Using an identical injury model in conjunction
with fluorescence measurements from small regions across the
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epicardial surface, Quinn et al. observed cardiomyocyte action potential-
like electrical activity at the scar border tissue in transgenic mice in which
expression of a genetically encoded voltage sensor was targeted to non-
myocytes, including myofibroblasts.” While these studies demonstrate
the existence of heterocellular electrotonic coupling in the living injured
heart, the techniques employed were not suitable to simultaneously
interrogate, with cellular resolution, the voltage responses of nonmyo-
cyte membranes and those of their juxtaposed cardiomyocyte mem-
branes in situ. Such ability, however, could be crucial to understand open
questions such as the extent of recruitment of nonmyocytes to the elec-
trical syncytium of the fibrotically remodelled myocardium, electrical
function and properties of single, coupled nonmyocytes in situ, and how
coupled nonmyocytes respond to changes in the electrical activity of the
adjoined cardiomyocytes. Here, we examined the utility of two-photon
laser scanning microscopy (TPLSM) in conjunction with a fluorescent
potentiometric dye to optically record, on a micron scale, transmem-
brane voltage changes from myocytes and single juxtaposed nonmyo-
cytes simultaneously in situ within the infarct border zone of the
Langendorff-perfused mouse heart.? To distinguish nonmyocytes from
cardiomyocytes during vital TPLSM imaging, we utilized two independ-
ent, fluorescence-based reporter mouse models. Our results document
the capability of the approach to not only co-register the electrical
dynamics of single nonmyocytes and adjacent cardiomyocytes in situ but
to also resolve differences in the kinetics between their respective volt-
age transients.

2. Methods

2.1 Coronary artery ligation

Animals were handled in accordance with the institutional guidelines and
the investigation conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health.
Mice with cardiomyocyte- or myofibroblast-restricted expression of a
green fluorescent reporter protein underwent coronary artery ligation
to induce myocardial infarction injury.’

2.2 Immunofluorescence labelling
Tissues were processed for immunofluorescence labelling and confocal
imaging as described previously.'®

2.3 TPLSM of Langendorff-perfused mouse
heart

Infarcted hearts were loaded with the potentiometric dye ANNINE-
6plus and subjected to TPLSM voltage imaging as previously described.?

2.4 Statistics

In all cases, data distribution was tested using Shapiro—Wilk’s normality
test. The t-test or Mann—Whitney Rank Sum test was used to compare
parameters between two experimental groups. Kruskal-Wallis ANOVA
on ranks (followed by Dunn’s test for multiple comparisons) was used to
compare connexin densities. A P value of <0.05 was considered signifi-
cant. Values are presented either as mean = SEM, or median with inter-
quartile range.
A detailed Methods section can be found in the Online Supplement.

3. Results

3.1 Nonmyocytes electrically couple to
ventricular myocytes in the infarct border
Zone

We used TPLSM in conjunction with a fluorescent potentiometric dye
for in situ optical recording of transmembrane voltage changes from
myocytes and juxtaposed nonmyocytes simultaneously within the infarct
border zone of the Langendorff-perfused mouse heart® Myocardial
infarction was induced by ligation of the left coronary artery in 3- to 4-
month-old MHC-EGFP transgenic mice, typically resulting in the forma-
tion of large transmural scars (see Supplementary material online, Figure
$1). Transgenic cardiomyocytes express EGFP both in their sarco- and
nucleoplasm.”’ Immunofluorescence analyses of MHC-EGFP hearts at
7-10days post ligation confirmed cardiomyocyte-restricted expression
of the reporter transgene (see Supplementary material online, Figure S2),
supporting its utility for discrimination of myocytes vs. nonmyocytes dur-
ing vital imaging. For TPLSM imaging, MHC-EGFP hearts with 7- to 10-
day-old infarcts were harvested, retrogradely perfused in Langendorff
mode, and loaded with the voltage-sensitive fluorescent dye ANNINE-
6plus. During imaging, hearts were perfused with Tyrode’s solution sup-
plemented with blebbistatin and ryanodine to uncouple contraction
from excitation (and thereby eliminate motion artefacts during image
acquisition). Voltage images were acquired from the lateral border zones
which are characterized by the presence of strands of surviving cardio-
myocytes separated by nonmyocyte clusters (see Supplementary mate
rial online, Figure S1).

A representative example of a frame-mode fluorescence image taken
from the infarct border zone in a dye-loaded MHC-EGFP heart is shown
in Figure 1A. EGFP-expressing ventricular myocytes can be readily identi-
fied by virtue of their green fluorescent sarcoplasm. ANNINE-6plus,
which selectively stains surface membranes and emits predominately in
the red range under the imaging conditions employed, labelled the sarco-
lemma of the cardiomyocytes, including their t-tubular components (see
lower panel in Figure TA). The dye also marked outer membranes of cells
without detectable levels of green EGFP fluorescence in their cytoplasm,
i.e. nonmyocytes, which were clustered between myocytes. The close
proximity of myocytes and nonmyocytes enabled us to interrogate their
electrical activities simultaneously, using the high temporal resolution
afforded by the line-scan acquisition mode of the imaging system.
Accordingly, a line traversing myocyte and juxtaposed nonmyocyte
membranes (dotted line in Figure TA) was repetitively scanned to gener-
ate line scan fluorescence F(x, t) images as shown in Figure 1B. Data was
acquired while the heart was electrically paced at a remote site at a fre-
quency of 3Hz. The stacked line-scan images revealed periodic
decreases in ANNINE-6plus fluorescence, reflecting depolarizing transi-
ents, in the myocyte membranes (left panel) occurring concomitantly
with those in the juxtaposed nonmyocyte membranes (right panel), sug-
gesting that they were entrained.

Averaged AF/Fy(t) traces were generated from the line-scan data
(Figure 1C); the black trace represents the average in the myocyte
(marked by the black bracket in Figure 1A), while the red trace is the
average in the nonmyocyte marked by the red bracket. Fluctuations in
transmembrane potential in the nonmyocyte occurred in phase with the
action potentials in the juxtaposed myocytes in a 1:1 ratio, supporting
the notion that the nonmyocytes were electrically coupled to ventricular
myocytes. Superimposition of ensemble averages AF/F(t) (Figure 1D and
E) revealed smaller peak AF/Fy, as well as slower upstroke and recovery
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Figure | Entrainment of nonmyocyte membrane potential by the ventricular action potential in in the border zone of chronic myocardial infarction. A, F,
and H, Series of frame-mode fluorescence images taken from the infarct border zone of an ANNINE-6plus—loaded MHC-EGFP heart 8 days following cor-
onary artery ligation. EGFP marks cardiomyocytes. ANNINE-6plus selectively stains cell surface membranes and emits predominately in the red range under
the conditions used here. Lower panel in A is magnified view of the red signal in the boxed region (blue) in the upper panel. The images were being acquired
while the heart was electrically paced at a frequency of 3 Hz. Numbers in um denote z-axis distances of the focal plane from that in panel A. White scale bar
10 um. B, Line-scan fluorescence F(x, t) images for the segments of the scanning lines marked by correspondingly coloured brackets in panel A. Images were
acquired by repetitively scanning along the dotted line. Each F(x, t) image was composed of 8 000 line-scans. Periodic decreases in ANNINE-6plus fluores-
cence reflect depolarizing voltage transients in response to electrical pacing at a remote site. To reduce staining inhomogeneities, the fluorescence intensity
of each pixel was normalized to F,(x, t), the average F at the x™" pixel over a 20-ms time period preceding the voltage transients. The images were low-pass fil-
tered (filter half-widths 0.42 um and 4 ms), and the contrast increased. C, Line averages AF/F,(t) for the colour-coded segments in A. Traces are excerpts
from line-scan recordings comprising 42 consecutive voltage transients and were filtered by a 5-point moving average. D, G, and |, Ensemble averages -AF/
F,(t) over the segments of the scanning lines marked by colour-coded brackets in the corresponding panels in A, F, and H. Each trace represents the average
of 42 consecutive cycles. E, Upstrokes of myocyte and nonmyocyte AF/F, transients in D on an expanded time scale. J, Superimposition of the ensemble aver-
ages -AF/F,(t) for the nonmyocyte (red segment in panel A) and the two apposed myocytes (purple and blue segments, respectively, in panel F and H).

220z 1snbny |z uo 1s8nb Aq £80Z0 1 ¥/68E/S/ | | /810NIB/S8I0SBACIPIED /W02 dNo"dIWapeo.//:sd)y Wol) PaPEojuMO(]



392

M. Rubart et al.

kinetics, of the AF/F,(t) transient in the nonmyocyte compared with that
in its juxtaposed myocyte. The membrane potential in the coupled non-
myocyte continued to increase beyond the time points of peak mem-
brane depolarization in their respective adjacent myocytes, producing
repolarization phase shifts between the two transients (Figure 1D).

Gradual decreases in axial resolution with increasing imaging depth in
biological specimens in multiphoton fluorescence excitation micro-
scopy ' can give rise to the possibility that fluorescence signals obtained
from nonmyocytes were actually arising from over- and/or underlying
border zone cardiomyocytes (signal bleed-through), feigning heterocel-
lular coupling. If this were the case, we would expect action potential-
related changes in ANNINE-6plus fluorescence recorded in nonmyo-
cytes to be scaled replicas of the fluorescence changes detected in radi-
ally apposed myocytes. Accordingly, we compared the kinetics of action
potential-related fluorescence changes recorded from nonmyocytes
with those of optical action potentials recorded from the nearest, radi-
ally apposed myocytes, as shown in Figure 1F—l. Imaging was performed
by first scanning a line spanning an EGFP-positive ventricular myocyte
and juxtaposed, EGFP-negative nonmyocytes (Figure 1A). The focal plane
was then shifted -5 and +10 um along the z-axis, and sequential F(x, t)
images were obtained along lines traversing portions of over- and under-
lying myocytes that apposed the nonmyocyte segments scanned in the
first F(x, t) image (Figure 1F and H, respectively). Superimposition of the
ensemble averages -AF/F,(t) from the nonmyocyte (red trace in Figure
1D) and those of its radially apposed cardiomyocytes (purple and blue
traces in Figure 1G and |, respectively) revealed distinct differences in the
time course of voltage changes between the two cell types (Figure 1)).
Notably, the initial depolarization rose much more slowly in the non-
myocyte compared to either one of the bordering myocytes (the 10%—
90% rise times were 39 ms in the nonmyocyte and 3 ms in either one of
the axially apposed ventricular myocytes), supporting the notion that
ANNINE-6plus fluorescence crossover was negligible. Collectively,
these results support the notion that comparative analyses of -AF/F,(t)
kinetics profiles from nonmyocytes with those from their radially
apposed cardiomyocytes enable elimination of signal crossover artefacts
under the experimental conditions employed. As a consequence, -AF/
F,(t) recordings from nonmyocytes that exhibited time courses of initial
depolarization indistinguishable from those of their under- or overlying
myocytes, were excluded from the study (three out of a total of 41 F(x,
t) image series acquisitions distributed among 13 MHC-EGFP hearts).

Additional examples of heterocellular electrical coupling in the peri-
infarct zone of an MHC-EGFP heart are demonstrated in Figure 2A—H.
Similar to the example shown in Figure 1, voltage transients in the non-
myocytes occurred at a 1:1 ratio with the ventricular action potential
during 3 Hz pacing. Shown in Figure 2F—H is an example wherein two
neighbouring nonmyocytes electrotonically couple to the same border
zZone myocyte.

Properties of propagating action potential-evoked -AF/F, transients
recorded from border zone myocytes and juxtaposed, electrically
coupled nonmyocytes are summarized
Supplementary material online, Table S1). The median peak amplitude of
ensemble averages -AF/F, was by a factor of 3.5 smaller in nonmyocytes

in  Figure 2 (see also

than in juxtaposed myocytes (left panel), whereas the median values for
the 10%—90% rise time and 70% repolarization time of ensemble aver-
ages -AF/Fy(t) were respectively 4.7-fold and 3.4-fold larger in electrically
coupled nonmyocytes compared with their abutting myocytes (Figure 2I,
centre and right panel, respectively; see Supplementary material online,
Table S1). Line-scan images series that were obtained in triplicate from
infarcted MHC-EGFP hearts at 15-min intervals demonstrated stability

of mean peak -AF/F, amplitude and kinetics of both ventricular action
potentials and nonmyocyte voltage transients over time (see
Supplementary material online, Table S2), suggesting that differences in
-AF/F, transients did not arise as a consequence of electrical deteriora-
tion of the nonmyocyte.

Collectively, these results demonstrate that the electrical activity of
ventricular myocytes drives cyclic electrotonic responses in coupled
nonmyocytes. The mismatch between the voltage transient and the
action potential waveform was not observed between juxtaposed bor-
der zone myocytes (see Supplementary material online, Figure S3).

3.2 Myofibroblasts contribute to the
population of electrically coupled
nonmyocytes in the peri-infarct zone

Based on in vitro studies demonstrating electrical coupling between co-
cultured ventricular myocytes and cardiac myofibroblasts, we next
sought to examine the possibility that myofibroblasts contribute to the
population of electrically coupled nonmyocytes in the peri-infarct zone
in vivo. Accordingly, mice carrying a periostin (Postn) promoter
transgene-driving Cre recombinase (Postn-Cre)'® were bred with a
Rosa26 loxP-inactivated ZsGreen (Rosa-ZsGreen) reporter line. When
these mice are crossed, any cell that expresses periostin will perma-
nently express the recombinant green fluorescent protein ZsGreen.
Our previous studies have demonstrated that both endogenous perios-
tin as well as a the Postn-Cre transgene targets expression of a geneti-
cally encoded reporter to myofibroblasts in the injured heart."*"
Histological sections from Postn-Cre; Rosa-ZsGreen hearts with
1-week-old myocardial infarctions showed abundant ZsGreen-positive
interstitial cells in the left ventricle within the infarct region (Figure 3A).
ZsGreen labelled both nuclei and cytoplasm. Overlays of confocal fluo-
rescence images on differential interference contrast images showed
interstitial protrusions of ZsGreen™ cells projecting along cardiomyo-
cytes (Figure 3A). A 3D reconstruction of a z-stack of confocal fluores-
cence images taken from the epicardial border zone in an infarcted
Postn-Cre; Rosa-ZsGreen heart revealed finger- or sheet-like projec-
tions of ZsGreen fluorescence which extended along and/or around
neighbouring cardiomyocytes (Figure 3B and C).

We used immunohistochemical analyses to determine the identity of
the ZsGreen interstitial cell population. Hearts were harvested from
Postn-Cre; Rosa-ZsGreen mice 1 week after myocardial infarction injury.
Ten-pm thick cryosections were obtained and reacted with antibodies
a-SMA  to 31
Representative images acquired from the infarct border zone are shown
in Figure 4. Approximately 94% of the ZsGreen-expressing cells located
in the peri-infarct zone were vimentin positive (1250 cells counted, 8
regions, and 2 hearts), while 89% were a-SMA-positive (1490 cells
counted, 8 regions, and 2 hearts). These results indicate that ZsGreen-
expressing cells are myofibroblasts in the post myocardial infarction
heart.

Next, we subjected infarcted Postn-Cre; Rosa-ZsGreen hearts to vital
TPLSM voltage imaging to determine if ZsGreen-expressing myofibro-

against vimentin  or identify myofibroblasts.

blasts electrically couple to surrounding, ZsGreen-negative cardiomyo-
cytes in the peri-infarct zone. Representative examples of frame-mode
fluorescence images taken from the infarct border zones in dye-loaded
Postn-Cre; Rosa-ZsGreen hearts are shown in the upper panels of Figure
5A and see Supplementary material online, Figure S4A. Interstitial myofi-
broblasts could be readily identified by virtue of their green fluorescent
cytoplasm. Cardiomyocytes lacked green fluorescence and, unlike
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Figure 2 Ventricular myocytes electrically couple to nonmyocytes in the border zone of chronic myocardial infarction. A, Frame-mode fluorescence
image taken from an 8-day-old infarct border zone in an ANNINE-6plus—loaded MHC-EGFP heart. EGFP marks cardiomyocytes. Dotted line indicates the
position of line-scan F(x, t) image acquisition. Images were acquired while the heart was electrically paced at a remote site at a frequency of 3 Hz. Lower panel
is a magnified view of the red signal within the boxed region, demonstrating ANNINE-6plus staining of outer and t-tubular myocyte membranes. White scale
bar 10 pm. Note the absence of ANNINE-6plus—stained membranes in some of the interstitial space compatible with the presence of collagen fibrils which
do not take up the dye. B, Line-scan fluorescence F(x, t) image for the segments of the scanning lines marked by colour-coded brackets in panels A. Images
were normalized, filtered and the contrast increased. C, Line average AF/F,(t) for the colour-coded segments in A. Traces are excerpts from line-scan record-
ings comprising 42 consecutive voltage transients and were filtered by a 5-point moving average. D, Superimposition of ensemble averages -AF/F,(t) for the
colour-coded segments of the scanning line in A. E, Upstrokes of myocyte and nonmyocyte AF/F, transients in D on an expanded time scale. F, Frame-mode
fluorescence image from 10-day-old infarct border zone in an MHC-EGFP heart. White scale bar 10 pm. G, Line averages AF/F,(t) for the colour-coded seg-
ments in F. Traces are excerpts from line-scan recordings comprising 44 successive transients and were filtered by a 5-point moving average. H,
Superimposition of ensemble averages -AF/F,(t) for the correspondingly coloured segments of the scanning lines in F. Lower panels: upstrokes of - AF/F,
transients on expanded time scales. |, Properties of action potential-evoked -AF/F, transients in border zone myocytes and juxtaposed, electrically coupled
nonmyocytes. Shown are dot plots of peak amplitudes, 10%-90% rise times, and 70% repolarization times of ensemble averages -AF/F,(t). The upper and
lower red lines mark the first and third quartile, respectively, and the median is indicated by the centre red line. Values are from 38 coupled myocyte—non-
myocyte pairs distributed among 13 MHC-EGFP hearts with 7- to 10-day-old myocardial infarctions. *P < 0.001 vs. myocytes by Wilcoxon Rank Sum test.
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Figure 3 ZsGreen-expressing cells form a network in the infarct border zone. A, Representative histological section showing ZsGreen-labelled (green)
interstitial cells in the infarct border zone of a Postn-Cre; ROSA-ZsGreen heart at 8 days after coronary artery ligation. Shown is a co-registration of the flu-
orescence confocal image and the differential interference contrast (DIC) image. Nuclei are labelled with DAPI (blue). Arrows denote extensions from
ZsGreen" cells. White scale bar 20 um. B, Volume rendering of the green ZsGreen fluorescence, red cardiomyocyte autofluorescence, and blue (DAPI)
nuclear fluorescence. The image was reconstructed from a confocal z-stack acquired from a 70-pm x 70-pum x 30-pm region in the epicardial border zone
of a 9-day-old infarction in a Postn-Cre; Rosa-ZsGreen heart. The asterisk and the plus sign mark the epicardial border and the infarct scar, respectively. C,

Isosurface 3D volume rendering of the ZsGreen signal in B.

myofiboblasts, displayed ANNINE-6plus—stained t-tubular membranes
(lower panels). The t-tubular membranes of the myocytes could exhibit
an irregular pattern, indicative of their structural remodelling which is
typically seen in surviving cardiomyocytes postinfarction."® Line-scan F(x,
t) images revealed periodic, transient depolarizations in the myofibro-
blast membranes occurring in phase with those in the juxtaposed cardio-
myocyte membranes (Figure 5B and see Supplementary material online,
Figure S4B), suggesting that they were entrained. Averaged AF/Fy(t)
traces which were generated from the line-scan data for the cardiomyo-
cytes and myofibroblasts confirmed that fluctuations in transmembrane
potential in the latter occurred concomitantly with the action potentials
in the juxtaposed myocytes in a 1:1 ratio (Figure 5C and see
Supplementary material online, Figure S4C), indicating that myofibroblasts
electrotonically couple to border zone myocytes. Superimposition of
ensemble averages AF/Fy(t) (Figure 5D and E and see Supplementary
material online, Figure S4D and E) demonstrated smaller peak AF/F, as
well as slower rates of de- and repolarization of the electrotonic transi-
ents in the myofibroblasts compared with those in the abutting myocyte.

On average, the peak amplitude and kinetics of myofibroblast voltage
transients in infarcted Postn-Cre; Rosa-ZsGreen hearts were indistin-
guishable from those of electrically coupled nonmyocytes in infarcted
MHC-EGFP hearts (Figure 5F and see Supplementary material online,
Table ST). Overall, these results indicate that myofibroblasts contribute
to the population of electrically coupled nonmyocytes in the chronically
infarcted heart.

3.3 Presence of connexins at myocyte—
myofibroblast junctions in the infarct
border zone

In vitro studies have demonstrated that gap junctions composed of con-
nexin43 (Cx43) or connexin45 (Cx45) mediate direct electrical coupling
between heterocellular pairs formed by cardiac myofibroblasts and co-
cultured ventricular myocytes.” Fibroblasts accumulating in the border
zone of chronic infarcts have been shown to express Cx43 and/or
Cx45." Accordingly, we used immunohistochemistry to examine
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Vimentin

Figure 4 ZsGreen-expressing cells in the infarct border zone of Postn-Cre; ROSA-ZsGreen hearts are myofibroblasts. A-f, Representative immunohisto-
chemical images demonstrating staining of ZsGreen-positive cells for a-SMA (A-C) or vimentin (D—F) in the infarct border zone of Postn-Cre; ROSA-
ZsGreen hearts at 8 days after coronary artery ligation. Panels A and D show confocal fluorescence images (green: ZsGreen, red: vimentin or a-SMA, blue:
nuclei) overlaid on DIC images, middle panels show confocal fluorescence images only. Panels C and F are magnified views of the boxed regions (dotted
lines) in the panels B and E. White arrows demark vimentin (0-SMA) and ZsGreen co-labelling, yellow arrows show ZsGreen labelling only, and the white
arrow heads show vimentin (0-SMA) expression only without ZsGreen. White scale bar 20 um.

whether the same connexin types can be found at myocyte-myofibro-
blast contacts in vivo. Tissue sections from infarcted MHC-EGFP hearts
were reacted with antibodies against a-smooth muscle actin and Cx43
or Cx45, and subjected to confocal microscopy to visualize connexin
expression and distribution. Representative 3D reconstructions of con-
focal fluorescence images obtained from the infarct border zone as well
as from a zone remote from the infarct are shown in Figure 6. Cx43 was
organized in the typical intercalated disk pattern between paired adjoin-
ing cardiomyocytes in viable ventricular tissue remote from the peri-
infarct zone (Figure 6A). In sharp contrast, sparse, punctate-type labelling
for Cx43 (Figure 6B and see Supplementary material online, Figure S5) or
Cx45 (Figure 6C and see Supplementary material online, Figure S5) was
observed in some regions of abutment of EGFP-positive myocytes and

a-SMA-expressing myofibroblasts. The volume of the junctional con-
nexin was determined by generating isosurfaces of the connexin immu-
nosignal distributed along cell-to-cell contacts in confocal z-stacks and
normalized to the cell-to-cell contact area to estimate the density of
junctional connexin expression (see Supplementary material online,
Movie S1). These analyses revealed a significantly lower Cx43 density in
myocyte—-myofibroblast contact regions compared to the intercalated
disc region between adjoined cardiomyocytes (left and middle panel
Figure 6D). On the other hand, Cx43 density markedly exceeded Cx45
density at heterocellular junctions (middle and right panel Figure 6D).
Additional immunohistochemical studies in tissue sections from infarcted
Postn-Cre; Rosa-ZsGreen hearts confirmed the presence of both anti-
Cx43 and anti-Cx45 between

immunoreactivity at junctions
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Figure 5 Cardiomyocytes electrically couple to myofibroblasts in the border zone of chronic myocardial infarction. A, Frame-mode fluorescence image
taken from a 10-day old infarct border zone in an ANNINE-6plus—loaded Postn-Cre; ROSA-ZsGreen heart. EGFP marks myofibroblasts. Dotted line
demarks the position of line-scan F(x, t) image acquisition. Lower panel is a magnified view of the red signal within the boxed region. White scale bar 10 pm.
B, Line-scan fluorescence F(x, t) image for the segments of the scanning lines marked by the correspondingly coloured brackets in A. Images were normalized,
filtered and the contrast increased. C, Line average AF/F,(t) for the colour-coded segments in A. Traces are excerpts from a line-scan recording comprising
22 consecutive voltage transients and were filtered by a 5-point moving average. D, Superimposition of ensemble averages -AF/F,(t) for the colour-coded
segments of the scanning line in A. E, Upstrokes of myocyte and nonmyocyte AF/F, transients in D on an expanded time scale. F, Comparison of action poten-
tial-evoked -AF/F, transients recorded from ZsGreen—expressing cells and non-expressing cells in the infarct border zones of Postn-Cre; ROSA-ZsGreen
and MHC-EGFP hearts, respectively. Dot plots from 38 and 8 coupled nonmyocytes distributed among 13 MHC-EGFP hearts and 3 Postn-Cre; ROSA-
ZsGreen hearts, respectively, with 7- to 10-day-old myocardial infarctions. Upper and lower red lines indicate first and third interquartiles, respectively,
while the centre red lines mark the medians. No statistically significant differences were detected between the two groups by t-test (peak -AF/F, and 70%
Repolarization Time) or Mann—Whitney U-test (P > 0.05).

myofibroblasts and juxtaposed cardiomyocytes (see Supplementary
material online, Figure S6). Notably, we also found connexin immunos-
taining alongside contacts between digit-like, interstitial extensions of
myofibroblasts and juxtaposed cardiomyocytes (see Supplementary
material online, Figure S6).

4. Discussion

Using two independent reporter mouse lines, we provide direct evidence,
on a cellular scale in the living heart, that ventricular myocytes electrotoni-
cally communicate with juxtaposed myofibroblasts in the border zone of
chronic myocardial infarction, giving rise to periodic voltage transients of
the myofibroblast membranes occurring in phase with the action potential

of the coupled myocyte. The electrotonic responses in the myofibroblasts
exhibited slower rates of de- and repolarization compared to the action
potential waveform of the myocytes, suggesting low-pass filtering of the
transmitted original voltage signal. The presence of connexins at hetero-
cellular junctions, albeit at low density, supports a role of gap junctions in
establishing myofibroblast-myocyte electrical coupling.

4.1 Cell type contributing to and possible
mechanisms responsible for heterocellular
electrical coupling in the infarct border
zone

Our immunohistochemical analyses indicate that the periostin promoter
transgene driving-Cre targets ZsGreen expression to myofibroblasts in
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Figure 6 Connexin expression at myocyte—myocyte and myocyte—myofibroblast junctions. A, Left panel shows 3D reconstruction of fluorescence confo-
cal images obtained from the end-to-end intercalated disc regions between paired ventricular cardiomyocytes in the remote, uninjured myocardium of an
MHC-EGFP heart stained for Cx43. White indicates Cx43; green, EGFP; blue, DAPI. Right panel shows the isosurface 3D volume rendering of the junctional
Cx43 immunosignal in the left panel overlaid on a 3D reconstruction of the EGFP signal in the cardiomyocyte marked with an asterisk in A. B and C, Left pan-
els: 3D reconstructions of fluorescence confocal images that were acquired from the infarct border zones in MHC-EGFP hearts at 9 days following coronary
artery ligation. Sections were stained for o-SMA (red) and Cx43 or Cx45 (B and C, respectively; white). Green indicates EGFP; blue, DAPI. The white signals
represent the isosurface volume renderings of the connexin immunereactivity at the myocyte—-myofibroblast junctions. Right panels are magnified views of
sub-regions in the 3D renderings shown in the left panels. D, Connexin densities at myocyte—-myocyte and myocyte—myofibroblast junctions in the border
zone of chronic myocardial infarction. Dot plots of connexin density with first and third interquartiles marked by the upper and lower red lines, respectively,
and the median shown as centre red lines. N indicates the number of myocytes. Data were obtained from three injured MHC-EGFP hearts for Cx43 at myo-
cyte-myocyte junctions (left panel; median [25%—75% interquartiles]: 0.51 [0.45-2.37] um®/um?), and for Cx43 and Cx45 at myocyte-myofibroblast (myo-
fib) junctions [Cx43, middle panel: 0.027 [0.009-0.140] um>/um? Cx45, right panel: 0.0013 [0.000-0.0071 um*/um?) with 1-2 regions each quantified.
*P<0.005 vs. Cx43 density at myocyte-myocyte junctions; **P=0.023 vs. Cx43 density at myocyte—-myofibroblast junctions. Kruskal-Wallis One-Way
ANOVA on Ranks followed by Dunn’s test for post hoc multiple comparisons.

Postn-Cre; Rosa-ZsGreen hearts with myocardial infarction injury, in
agreement with our previous observations demonstrating fibroblast-
restricted expression of a beta-galactosidase reporter in hearts from
Postn-Cre; Rosa-lacZ mice following pressure overload-induced injury."

Our findings are also in agreement with those reported by Kanisicak et
al. who demonstrated myofibroblast-specific EGFP expression in
ischemically injured hearts from crosses of Rosa-eGFP mice with mice
carrying a regulatable Cre recombinase cassette knocked into the Postn
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gene locus." Overall, these observations support the notion that electri-
cally coupled, ZsGreen™ cells in infarcted Postn-Cre; Rosa-ZsGreen
hearts are myofibroblasts. It is not possible to determine with certainty
what cell type(s) underlie(s) the population of electrically coupled non-
myocytes in infarcted MHC-EGFP hearts. However, the striking similar-
ity between their voltage transient properties and those of coupled
ZsGreen™ cells combined with the presence of anti-connexin immunor-
eactivity at the junction between EGFP" cardiomyocytes and a-SMA-
expressing cells strongly suggest that myofibroblasts significantly contrib-
ute to the population of electrically coupled nonmyocytes in infarcted
MHC-EGFP hearts.

Two recent studies have provided independent evidence for the exis-
tence of myocyte-nonmyocyte electrical coupling in the fibrotically
remodelled ventricular myocardium. Quinn and coworkers used trans-
genic mice in which the Wilms-tumor-suppressor-1 promoter targets
expression of a FRET-based, genetically encoded voltage sensor to non-
myocytes, including cardiac myofibroblasts.” Epifluorescence measure-
ments from small (600 x 600 umz) regions distributed across the left
ventricular epicardial surface of isolated perfused hearts of cryoinjured,
transgenic mice revealed rhythmic, cardiomyocyte action potential-like
electrical activity at the scar border tissue, compatible with electrotonic
signal transmission from myocytes to nonmyocytes.” Using an identical
injury model, Mahoney et al. demonstrated reciprocal electrotonic con-
duction between the scar and uninjured myocardium through optical
voltage mapping.® Our study provides additional, independent evidence
for the existence of myofibroblast-myocyte electrical coupling in the
fibrotically remodelled heart, using a myocardial infarction injury model.
Furthermore, the use of TPLSM-based, micron-scale voltage monitoring
in conjunction with targeted expression of fluorescent reporters enables
precise correlation of cell type and electrical function in situ, providing
critical information on the electrical activity of individual, electrically
coupled myofibroblasts across the border zone tissue.

Our immunohistochemical analyses revealed low expression of both
Cx43 and Cx45 in contact regions between paired myofibroblasts and
myocytes, in agreement with previous studies reporting similarly low
expression of these connexin types in the infarct border zone of sheep
hearts.!” These findings suggest a possible role of gap junctions in estab-
lishing heterocellular electrotonic communication in the present study,
as has been well documented in experimental systems consisting of neo-
natal ventricular myocytes and cardiac (myo)ﬁbroblasts.2 In a more
recent study, Mahoney et al. demonstrated that scar—muscle electrical
coupling was significantly reduced in cryoinjured hearts from fibroblast-
specific protein-1 driven conditional Cx43 knock-out mice, providing
strong, direct evidence for a role of Cx43 gap junctions in supporting
heterocellular electrical coupling in fibrotically remodelled hearts in vivo.®
Whether connexin gap junctions similarly contribute to heterocellular
coupling in the border zone of healing myocardial infarctions as observed
in the present study remains to be shown.

Other, gap junction-independent, mechanisms have previously been
implicated in the establishment of heterocellular electrical coupling,
including the formation of tunnelling nanotubes, mechanosensitive feed-
back, and ephaptic transmission.”'®° Nanotubes have been shown to
enable transfer of GFP between different cell types.*' Epifluorescence
analyses of infarct border zones in MHC-EGFP and Postn-Cre; Rosa-
ZsGreen hearts revealed that green fluorescence was restricted to car-
diomyocytes or myofibroblasts, respectively. This was confirmed by vital
TPLSM imaging which demonstrated the existence of electrically con-
nected, EGFP negative nonmyocytes in MHC-EGFP hearts as well as
ZsGreen-negative cardiomyocytes in Postn-Cre; Rosa-ZsGreen hearts,

arguing against nanotubular communication as a means of heterocellular
coupling under the experimental conditions studied here. Because treat-
ment with blebbistatin and ryanodine effectively eliminated cardiomyo-
cyte contraction during in situ imaging, mechanical stretch relayed across
heterocellular junctions is unlikely to be responsible for activating adja-
cent myofibroblasts by electromechanical feedback. The possibility that
electrical field, i.e. ephaptic, transmission contributes to myofibroblast—
myocyte coupling cannot be ruled out.” To date, simulation studies
examining the possibility of field effect transmission between excitable
and nonexcitable cells have not been published.

4.2 Low-pass filtering of the nonmyocyte
voltage response

Myofibroblast voltage transients exhibited lower peak amplitudes as well
as slower rates of de- and repolarization compared to the action poten-
tials recorded from juxtaposed myocytes. Because we have not cali-
brated the optical voltage signal by using reference signals of known
magnitude, it is not possible to quantitatively compare the amplitude of
the nonmyocyte voltage response to that of the cardiomyocyte action
potential. On the other hand, disparities between myocytes and non-
myocytes in the kinetics of their respective voltage transients should
remain unaffected by cell type-dependent differences in the dye’s voltage
sensitivity. Mahoney and co-workers used conventional microelectrode
recordings to compare electrical signals recorded from scar tissue of cry-
oinjured mouse hearts with action potentials obtained from remote,
uninjured myocardium.® Voltage transients from the scar on average
exhibited slower rates of de- and repolarization, in striking similarity to
our optical recordings from single border zone myofibroblasts. Several
mechanisms acting individually or synergistically can give rise to these fil-
tered voltage responses in myofibroblasts, including (i) low levels of elec-
trical coupling between myocytes and myofibroblasts, (i) low
myofibroblast membrane resistance, (iii) capacitive loading effects, and
(iv) presence of time- and/or voltage-dependent conductances in the
myofibroblast membranes. Our immunohistochemical analyses demon-
strate a markedly reduced (ca. 20-fold) Cx43 density at the
myofibroblast-myocyte contact zones compared to that observed in the
intercalated disc regions between paired cardiomyocytes in the unin-
jured myocardium. Assuming a major role for Cx43 gap junctions in
establishing heterocellular coupling and further assuming proportionality
between transjunctional conductance and Cx43 density,”> one would
expect such low connexin levels to markedly attenuate the electrotonic
transmission to the myofibroblasts. Indeed, computational analyses have
documented that the profile of simulated voltage responses in the
(myo)fibroblast at reduced coupling conductances closely resembles
that of membrane potential waveforms recorded from in situ myofibro-
blasts in the present study.**** However, extrapolating the degree of
gap junctional coupling from immmunohistochemical data is problematic
because this approach fails to detect non-clustered connexins in small
contact areas,” underestimating transjunctional conductance.

Second, a low input resistance (relative to the junctional resistance) of
the coupled myofibroblast could contribute to the attenuation of the
transmitted voltage response. Previous measurements found an apparent
input resistance of between ~6 and ~11GQ in isolated rat ventricular
fibroblasts.***> However, corresponding measurements in cardiac myofi-
broblasts are lacking, making it impossible to estimate the impact of myofi-
broblast input resistance on the shape of the electrotonic response.

Third, the mismatch between the waveform of the myocyte action
potential and that of the membrane potential changes in the coupled
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myofibroblast could result from a large surface membrane area of the lat-
ter relative to that of a myocyte, giving rise to capacitive loading effects
that ultimately determine the extent of changes in membrane potential
excursion in the nonmyocyte. Computer simulations by MacCannell et al.
have demonstrated that increasing the ratio of the fibroblast/myocyte
membrane capacitance slowed kinetics of the electrotonic responses in
the fibroblast, similar to what was observed in nonmyocytes here.”

Fourth, other computational analyses have suggested that the inter-
play of low intercellular conductance and activation of time- and voltage-
dependent ionic currents in the coupled myofibroblasts can give rise to
pronounced phase shifts between the myocyte and myofibroblast volt-
age responses such as those seen in the in situ myocardium.*

Although we previously reported hour-long stability of the dye
responses for in situ cardiomyocytes,® the somewhat blurred ANNINE-
6plus fluorescence in myofibroblasts (see for example Figures 2F and 5A)
suggests dye leakage into the cytoplasm and subsequent uptake by non-
plasmalemmal membranes (e.g. mitochondria). However, we think it
more likely that the ‘blur’ reflects portions of the outer membranes of
myofibroblasts which are aligned parallel to the focal plane of the 2-pho-
ton imaging system.

Our results obtained in infarcted MHC-EGFP hearts document that
the properties of nonmyocyte voltage transients are indistinguishable
from those recorded in membranes of ZsGreen™ cells, i.e. myofibro-
blasts, in injured Postn-Cre; Rosa-ZsGreen hearts, suggesting that con-
tamination from other non-excitable interstitial cells (e.g. endothelial
cells) to the fluorescence signal is negligible.

Previous studies have demonstrated that atrial myofibroblasts in cul-
ture express SCN5a, the gene encoding for the pore forming subunit of
the cardiac voltage-gated sodium channel.*® Whether cardiac voltage-
gated sodium current contributes to the generation of depolarizing tran-
sients in border zone myofibroblasts remains to be determined.

4.3 Functional consequences of
heterocellular coupling

Differences in magnitude and time course of changes in transmembrane
voltage between the coupled myofibroblast and myocyte during the
course of a ventricular action potential give rise to electrotonic currents
across the heterocellular junction, influencing excitability, refractoriness,
automaticity, and conduction of the border zone m)/ocardium.z'3'27'28

Coupled myofibroblasts would also impose a capacitive load on bor-
der zone cardiomyocytes through contributing additional membrane
area to be charged and discharged by cardiomyocytes, effectively dimin-
ishing cardiomyocyte channel density. This in turn may significantly alter
cardiomyocyte membrane potential, such as action potential generation
and/or duration.

Heterocellular coupling-induced changes in the myocyte action
potential waveform would be predicted to alter [Ca”]i transient prop-
erties in the myocyte, via modulation of membrane potential-regulated
calcium transport pathways, and thus affect myocardial inotropy. Vice
versa, Ca*" ions flowing from myocytes to myofibroblasts through open
gap junctions as well as repetitive electrotonic depolarizations occurring
in the myofibroblast in response to each myocyte action potential, may
regulate [Ca”]i homeostasis and thus, excitation—secretion coupling,
resulting in the release of paracrine and/or autocrine factors.

4.4 Limitations and perspectives
The fluorescence-based technique used here is suitable to monitor
changes in membrane voltage, but it does not allow measurements of

the absolute membrane potential. It is therefore not possible to assess
the extent to which myofibroblast-myocyte coupling controls the rest-
ing membrane potential of either cell. Although calculations of AF/F, use
0 as baseline for both myocytes and myofibroblasts, this does not imply
that the resting membrane potentials are equal in the two cell types.
Further, our approach does not provide quantitative estimates of the
prevalence of heterocellular coupling events in the infarct border zone.
Alternative experimental approaches are warranted to address these
important aspects of nonmyocyte—myocyte interactions.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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