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Aims Macrophages (M®), known for immunological roles, such as phagocytosis and antigen presentation, have been
found to electrotonically couple to cardiomyocytes (CM) of the atrioventricular node via Cx43, affecting cardiac
conduction in isolated mouse hearts. Here, we characterize passive and active electrophysiological properties of
murine cardiac resident M®, and model their potential electrophysiological relevance for CM.

Methods We combined classic electrophysiological approaches with 3D florescence imaging, RNA-sequencing, pharmacologi-
and results cal interventions, and computer simulations. We used Cx3cr?YFP/Jr mice wherein cardiac M® are fluorescently la-
belled. FACS-purified fluorescent M® from mouse hearts were studied by whole-cell patch-clamp. M® electrophys-
iological properties include: membrane resistance 2.2+0.1 GQ (all data mean+SEM), capacitance 18.3+0.1 pF,
resting membrane potential -39.6£0.3 mV, and several voltage-activated, outward or inwardly rectifying potassium
currents. Using ion channel blockers (barium, TEA, 4-AP, margatoxin, XEN-D0103, and DIDS), flow cytometry,
immuno-staining, and RNA-sequencing, we identified Kv1.3, Kv1.5, and Kir2.1 as channels contributing to observed
ion currents. M® displayed four patterns for outward and two for inward-rectifier potassium currents. Additionally,
M® showed surface expression of Cx43, a prerequisite for homo- and/or heterotypic electrotonic coupling.
Experimental results fed into development of an original computational model to describe cardiac M® electrophysi-
ology. Computer simulations to quantitatively assess plausible effects of M® on electrotonically coupled CM
showed that M® can depolarize resting CM, shorten early and prolong late action potential duration, with effects
depending on coupling strength and individual M® electrophysiological properties, in particular resting membrane
potential and presence/absence of Kir2.1.

Conclusion Our results provide a first electrophysiological characterization of cardiac resident M®, and a computational model
to quantitatively explore their relevance in the heterocellular heart. Future work will be focussed at distinguishing
electrophysiological effects of M®—CM coupling on both cell types during steady-state and in patho-physiological
remodelling, when immune cells change their phenotype, proliferate, and/or invade from external sources.
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1. Introduction

Cardiac contraction drives blood flow, based on coordinated electrical
activation of cardiomyocytes (CM) through a propagating wave of action
potentials (AP). CM are surrounded by non-myocytes, such as fibro-
blasts and myeloid cells including resident macrophages (M®). There are
more non-myocytes than CM in healthy myocardium,”* and their num-
bers increase following injur'y.3

M® play important roles for tissue maintenance and during inflamma-
tion, as they recognize, engulf and destroy target cells or cell debris. The
majority of cardiac M® in healthy mammalian hearts are tissue resident,
embryonically derived cells, whereas bone marrow-derived M® contrib-
ute in particular post-injury.* Resident M® promote cardiac tissue heal-
ing and homoeostasis,S‘E’ and disturbances in cardiac M® function can
lead to abnormal repair, involving release of inflammatory cytokines, and
growth factors.?

In addition to immunological functions and roles in clearing subcellular
particles shed by CM as part of their structural homoeostasis,” resident
cardiac M® appear to fulfil distinct ‘non-canonical’ roles. Thus, M® can
be electrotonically coupled via Connexin-43 (Cx43) to CM of the atrio-
ventricular node of mice. Using optogenetic targeting to depolarize
M®, or cell-type specific Cx43 deletion, Hulsmans et al® showed that
resident MO can alter the electrophysiology of CM, affecting atrioven-
tricular conduction in isolated mouse hearts.

The electrophysiological properties of cardiac M® are ill-explored. In
contrast, the electrical behaviour of cardiac fibroblasts, and their

Type 1

Type 2

1 Experimental
g ¢ g
= 2
£ 2 i
o 3
= .
4 o
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (ms) Time (ms)
40 8ns
20
=
=
E
5 um g 2
g -40
CcMm M® -60 c™m
o ®
100 150 200
CX43 Tima (ms)

Cardiomyocytes e Heterocellular electrotonic coupling ® Connexin-43 e Electrophysiology e Inward-rectifier

coupling to CM, have been studied from as early as 1969, when fibro-
blast-mediated AP conduction between otherwise unconnected CM
was shown in vitro.” In 1992, Rook et al.'® characterized cardiac fibroblast
electrophysiology and Cx-mediated coupling to CM in isolated cell pairs,
and in 2016 Quinn et al."* confirmed that non-myocytes can be electro-
tonically linked to CM in scar border tissue of Langendorff-perfused mu-
rine whole hearts. Computational models have been used to explore
potential electrophysiological effects of CM-fibroblast coupling in sil-
ico.">"® By assessing the quantitative plausibility of hypotheses, these
models can complement wet-lab experimentation, though no M® model
is available at this time.

Here, we present first insights into cardiac resident M® electrophysi-
ology, and explore their potential interactions with CM using a computa-
tional model. Electrophysiological characterization includes passive
(membrane resistance, membrane capacitance, resting membrane po-
tential [RMP]), and active properties (voltage-activated outward and in-
wardly rectifying currents). Using ion channel blockers, RNA-sequencing
(RNA-seq), and flow cytometry, we identify major voltage-gated potas-
sium (K™) channels underlying M® electrical behaviour as Kv1.3, Kv1.5,
and Kir2.1. On this basis, we developed a computational model to de-
scribe the electrophysiological behaviour of murine cardiac M®. The
model reproduces experimental observations and is used to predict
effects of electrotonic M®—CM coupling: M® depolarize the RMP of CM
(by up to 9.4 mV), shorten early and prolong late AP duration (by up to
-349% at 50% repolarization, and +12.7% at 90% repolarization,
depending on coupling strength and ion channels expressed in M®).
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Our work establishes the basis for further quantitative research into
M® electrophysiology and heterocellular interactions with CM. In the fu-
ture, we aim to extend this research from cellular properties and interac-
tions in steady-state to patho-physiological changes, when immune cells
alter their phenotype, proliferate, and/or invade from extra-cardiac
sources.

2. Methods

2.1 Mouse lines used

All animal experiments were carried out according to the guidelines in
Directive 2010/63/EU of the European Parliament on the protection of
animals used for scientific purposes; they were approved by local author-
ities in Baden—Wurttemberg, Germany (X19/01R).

B6.129P2(Cg)-Cxserim? </ ERTAL N N g mice  (CxzerS ™/ F; JAX
stock #021160) wherein enhanced yellow fluorescent protein (eYFP) is
expressed under the control of the fractalkine Cxzcrq promoter were
used for this study, unless otherwise stated.'® Experimental mice were
8-12weeks old, and age-matched litter mates not expressing eYFP
served as controls.

For M®-CM and ion channel co-localization studies (see
Supplementary Methods as well as Figures S4 and S5), we used
B6.129P2(C)-Cxzertm 2 e ERT2Ing ) mice (Cx3Cry < FRT% JAX stock
#020940)"" cross-bred with B6;129S-Gt(ROSA)26Sor m3A(ACCOPHHIIAR/
EYFP)Hze)| mice (Cre-dependent Channelrhodopsin-2-eYFP strain, JAX
stock #012569)'® to allow M® surface visualization. Expression of Cre
recombinase was induced by injection of tamoxifen (3 mg intraperitone-
ally on five consecutive days between P42 and P56), as previously
described."

2.2 Macrophage isolation

Mice were euthanized by cervical dislocation. Hearts were swiftly ex-
cised and gently flushed with 20 mL of cold phosphate buffered saline
(PBS). Thereafter, tissue was minced into small pieces and subjected to
enzymatic digestion with 450 U/mL collagenase |, 125 U/mL collagenase
Xl, 60 U/mL DNase |, and 60 U/mL hyaluronidase (all Sigma-Aldrich,
Munich, Germany) in 1 mL PBS for 35 min at 37°C under gentle agita-
tion. Tissue fragments were then triturated, filtered through a 40-pum ny-
lon mesh (Thermo Fisher Scientific, Waltram, MA, USA), and pelleted by
centrifugation (400xg for 5 min at 4°C). Cells were re-suspended in
fluorescence-activated cell sorting (FACS) buffer (PBS with 1% foetal calf
serum + 0.1% bovine serum albumin).

Cardiac M® were FACS-purified using an Aria Il cell sorter (BD
Biosciences, Franklin Lakes, NJ, USA). Cells from YFP™ littermates were
used as negative controls. Cellular identity was validated using additional
antibody staining that identified resident murine cardiac M® as YFP*
CD45" CD11b™ F4/80™ Ly6C". M® -were further separated into two
groups, based on their relative expression level of MHC-I
(Supplementary Figure S2). FlowJo software was used to analyse FACS
data.

2.3 Cell culture

FACS-purified M® were seeded onto coverslips in 24-well plates at a fi-
nal density of 20,000 cells/mL in 1 mL Dulbecco’s Modified Eagle
Medium (Thermo Fisher Scientific), supplemented with 10% heat-inacti-
vated foetal calf serum and 1% penicillin/streptomycin (all Sigma-
Aldrich). Non-adherent cells were removed by changing medium before
functional experiments. If not stated otherwise, experiments were

performed 15-30 h post-isolation. Passive electrophysiological proper-
ties of M® were additionally determined at a second point in time, after
7 days in culture.

2.4 Whole-cell patch-clamp

Patch-clamp measurements on isolated M® were performed at room
temperature using an inverted DMI 4000B microscope (Leica
Microsystems, Wetzlar, Germany), a patch-clamp amplifier (200B, Axon
Instruments, FosterCity, CA, USA), and a Digidata 1440A interface
(Axon Instruments). Patch-clamp electrodes were made with a micropi-
pette puller (PP-830, Narishige, Tokyo, Japan) from filamented borosili-
cate glass capillaries (160213 BRIS, 1SO12772, Vitrex Medical A/S,
Vasekaer, Denmark). Pipette tip resistance was 2.0-4.0 MQ when filled
with pipette solution.

During whole-cell patch-clamp recordings, the extracellular (bath) so-
lution consisted of (in mM): 5.4 KCl, 150 NaCl, 10 HEPES, 2 MgCl,, 10
Glucose, and 2 CaCl, (pH 7.4; adjusted to 3005 mOsm with glucose).
Pipette solution contained (in mM): 8 NaCl, 40 KCl, 80 K-Aspartate, 2
CaCl,, 0.1 Tris-GTP, 5 Mg-ATP, 5 EGTA, and 10 HEPES (pH 7.4; ad-
justed to 300 £ 5 mOsm with D-mannitol).

For pharmacological identification of ion channels, the following
blockers were diluted in bath solution and applied using a custom-built
solution exchanger: Barium (BaCly; 1 mM), tetraethylammonium (TEA;
1 mM), 4-aminopyridine (4-AP; 1 mM), 4,4-diisothiocyano-2,2’-stilbene-
disulfonic acid (DIDS; 100 uM; all Sigma-Aldrich), recombinant marga-
toxin (MgTx; 1 and 10 nM; Alomone Labs, Jerusalem, Israel), or XEN-
D0103 (3 uM; Xention Ltd, Cambridge, UK, kindly provided by Metrion
Biosciences Ltd, Cambridge, UK). BaCl,, TEA, 4-AP, DIDS, and XEN-
D0103 (10 mM in DMSO) were dissolved at their target concentration
in bath solution and supplied as bulk perfusate. MgTx was reconstituted
at a concentration of 10 uM in Tris buffer (0.1% bovine serum albumin,
100 mM NaCl, 10 mM Tris, pH 7.5) and added locally at the target con-
centration to the non-perfused bath.

Recordings were corrected for liquid junction potentials. Data analysis
was performed using a custom-developed Matlab script (available from
the authors on request). The voltage dependence of activation was ana-
lysed using two protocols: (i) voltage pulse, where cells were polarized
for 1 s from a holding potential of 60 mV to a range of potentials be-
tween—100 and +60 mV, in 10 mV increments (square pulses with an in-
ter-pulse duration of 5 s), and (ii) a voltage ramp from —80 to +-50 mV,
applied as a linear increment over 2.2 s. Peak currents in the pulse proto-
col were normalized to maximum peak current observed and plotted
against voltage. Cumulative inactivation of outward currents (as
reported previously)*° was measured by applying a train of 10 repetitive
200 ms voltage steps from a holding potential of 60 to +-50 mV (square
pulses with an inter-pulse duration of 1 s). The amount of cumulative in-
activation was calculated as the percentage of each successive current
amplitude, relative to the peak current during the first pulse.

To unravel kinetic properties of different currents, experiments were
performed to acquire steady-state activation and inactivation data. For
steady-state activation, we used the pulse protocol described, and the
conductance g was calculated from:

lneak

peal

g=7w—Fr M
(V - Erev) ’

where Ipeq is the peak current, and E, is the reversal potential. The

conductance—voltage curves of activation were fitted with a Boltzman

equation as:
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Emax - 1 +exp<—%)7

where grax is the maximum conductance, Vasy is the voltage of half max-
imal conductance during current activation, and k is the slope factor.

For steady-state inactivation, membrane potentials were clamped at
levels between —80 and —10 mV for at least 30 s, followed by a 1-s depo-
larizing step to 460 mV. The steady-state inactivation curve was fitted to
the following Boltzmann equation:

| 1
@ - 1 (vV=Vis) )’ ®
+ exp (T)
where lax is the maximum peak current, Viso is the potential at which
peak current is inactivated by 50%, and k is the slope factor.

The time constants of activation and inactivation (T, and Tinact,
respectively) were analysed using the same step protocol, fitting experi-
mental current traces as a function of time ley, (t) with the following dou-
ble-exponential formula:

lexp(t) = a - (1 - exp(;—t)) +b-exp(r.7t> +c “)

where t refers to experimental time, and g, b, and ¢ are constants.

2.5 RNA-seq and bioinformatics analysis
Total RNA was isolated from purified cells using an AllPrep DNA/RNA
Micro Kit (Qiagen, Hilden, Germany). RNA-seq libraries were prepared
from 5 ng RNA per sample using the Ovation SoLo RNA-seq System
(NuGEN, Redwood City, CA, USA). cDNA fragments of ~350 bp were
obtained by sonication (Bioruptor, Diagenode, Liége, Belgium), fluores-
cence-controlled PCR amplification, and size selection using AMPure XP
Beads (Beckmann Coulter, Brea, CA, USA). Quality and mean fragment
size of library samples were assessed using a Bioanalyzer (2100
Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA), and libraries
were sequenced on lllumina sequencers in paired-end mode.

Sequencing data were analysed using the Galaxy platform.’ RNA-seq
reads were trimmed and mapped to the Mus musculus genome
(NCBI37/mm9) using STAR*? After duplicate removal, transcript abun-
dance was estimated as fragments per kilobase of transcript per million
fragments, mapped using Cufflinks.??

2.6 Immunocytochemistry

For immunocytochemistry, cells were fixed on coverslips using 4% para-
formaldehyde in PBS (pH 7.4) for 10 min, permeabilized with PBS con-
taining 0.3% Triton X-100 for 10 min, and washed in PBS. Blocking
solution (PBS + 0.1% Tween-20 + 10% foetal calf serum) was applied
for 1 h. The primary rabbit-anti-Cx43 antibody (1:400, Abcam,
Cambridge, UK) was dissolved in antibody diluent solution consisting of
0.02% Triton-X, 1% bovine serum albumin, and 2.5% goat serum in PBS,
and cells were incubated overnight at 4°C. Subsequently, samples were
incubated with the fluorochrome-labelled secondary Alexa Fluor 647
goat-anti-rabbit IgG, 1:1,000 (Thermo Fisher Scientific) for 2 h at room
temperature, and Hoechst 33342 nuclear counterstain (1:1,000, Thermo
Fisher Scientific) was added for 5 min at room temperature (all antibod-
ies listed in Supplementary Table S7, all incubation conducted in the
dark). Cells were washed in PBS three times for 10 min and mounted in
PermaFluor aqueous mounting medium (Thermo Fisher Scientific).

2.7 Indirect flow cytometry

Rabbit-anti-K, 1.3, anti-K,1.5, anti-K;,2.1 primary antibodies (1:500; all
from Alomone Labs), or rabbit-anti-Cx43 antibody (1:400, Abcam
ab11370) were added to the cell suspension and incubated for 30 min at
4°C. Cells were washed three times by centrifugation (400 x g for 5 min
at 4° C) and the secondary antibody (as above) was added to the cell
suspension. After 20-30 min of incubation at 4°C, cells were washed
three times by centrifugation and re-suspended in FACS buffer. Data
were collected on a BD FACS Canto Il (BD Bioscience, San Diego, CA,
USA) and analysed with Flow]o.

2.8 Confocal microscopy of immuno-
labelled cells

Fluorescence images were acquired on an inverted confocal microscope
(TCS SP8 X, Leica Microsystems, Wetzlar, Germany) using a water im-
mersion objective (HC PL APO 40x). The different fluorophores were
excited using either a 405 nm diode laser or appropriate ‘lines’ (i.e. 1—
3 nm narrow bands) from a white light laser. The different fluorescence
signals were recorded with suitable spectral detection windows. A pho-
tomultiplier tube detector was used for recording the Hoechst 33342
signal and more sensitive hybrid detectors for all other fluorescence
channels. Imaging was performed using the Leica LIGHTNING module,
which offers deconvolution-based super-resolution.

2.9 X-Clarity

Whole mouse hearts (N=3) were excised as described above and imme-
diately Langendorff-perfused with 10 mL of Tyrode solution, followed by
10 mL 4% paraformaldehyde in PBS. Hearts were stored in 4% parafor-
maldehyde for 5 h at 4°C, then washed three times with PBS, and stored
in PBS overnight at 4°C before being cleared (X-CLARITY, Logos
Biosystems, USA). The clearing process followed X-CLARITY instruc-
tions for mouse brain. The heart was polymerized for 3 h at 37°C in
-90 kPa vacuum, agitated for 1 min, and rinsed with electrophoretic tis-
sue clearing solution. Subsequently, hearts were incubated for 12 h at
37°C in the electrophoresis chamber with electrophoretic tissue clear-
ing solution, while applying a current of 1.0 A. For immuno-staining,
cleared hearts were incubated for 1 day at 37°C in blocking solution
(0.5% Triton-X, 2.5% bovine serum albumin and 5% goat serum).

A primary rabbit-anti-GFP antibody that binds to eYFP was added and
incubated for 2 days at 37°C (Abcam, 1:800 in antibody diluent solution
containing 0.05% NaNs). The primary antibody was washed off with PBS
containing 0.1% Tween for one day. The secondary goat-anti-rabbit
Alexa 488 antibody (Thermo Fisher Scientific; 1:1,000 in antibody diluent
solution) was applied for 2 days at 37°C. Unbound secondary antibody
was washed off as above. Then, cleared hearts were incubated for 5 h at
37°C with Hoechst 33342 nuclear counterstain (1:500), washed off in
PBS for 1 day.

For imaging, cleared hearts were washed with distilled water prior to
immersion in X-CLARITY mounting solution for 2 h. Hearts were then
transferred to a 35 mm p-dish (Ibidi, Gréfelfing, Germany) containing
fresh mounting solution. Imaging was performed as explained in the pre-
vious section.

2.10 3D reconstruction

3D reconstructions of M® were created semi-automatically using cus-
tom software written in Python (code available from the authors upon
request). Raw images were loaded into numpy arrays using the tifffile li-
brary. Each channel was filtered with a Gaussian filter kernel (=1 voxel)
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using the ndimage module from SciPy. Background was removed from
each channel by subtracting from each voxel the mode of the intensity
histogram, and by setting any resulting negative values to 0. Depth-de-
pendent attenuation was corrected in each channel by fitting an expo-
nential function to average intensities of each slice and scaling the
intensities by the inverse of the resulting function. Next, binary segmen-
tations were created as foundation for the 3D reconstructions using a
threshold (T), based on the average (Avg) and standard deviation (SD) of
the intensity per channel: T = Avg + fspx SD for M®-specific fluores-
cence, and T = Avg + 2 SD for nuclei stain. The value for fsp was chosen
between 1.75 and 3, based on visual inspection of image quality. Five iter-
ations of binary dilation, followed by five iterations of binary closing were
performed on M® segmentations using an ellipsoidal structural element
with axis length of 2 voxels in x- and y-directions and 1 voxel in z-direc-
tion. Four iterations of binary erosion were performed on each slice for
nuclei segmentations, followed by three iterations of binary closing, using
the same structuring element as for M.

Contiguous objects in the binary M® and nuclei stain segmentations
were uniquely labelled, and objects with a size of <2,000 voxels were re-
moved to eliminate small artefacts. Voxel sizes of 3D reconstruction
from fresh, cultured and, in situ M® are shown in Supplementary Table
$2. The scikit-image library was used for these operations.”* Objects in
M® segmentations touching stack boundaries were removed to exclude
incompletely imaged cells in later analyses.

For each of the segmented nuclei, co-localization with any object in
the M® segmentations was determined. If co-localized voxels were <Z%
of the total number of voxels of a segmented nucleus, that nucleus was
considered as belonging to a neighbouring (non-M®) cell. Z was chosen
between 10 and 25, based on visual assessment of the nuclei segmenta-
tions. The low-percentage cut-off results from the fact that co-localiza-
tion occurs only at the surface of nuclei.

M® and nuclei segmentations were merged and binarized, as nuclei
could theoretically connect previously unconnected objects.

A Gaussian filter with =2 voxels in x- and y-directions and 0.5 voxels
in z-direction was applied, followed by one iteration of grey dilation with
a box structuring element of 15x15x5 voxels. This created monotoni-
cally decreasing intensities from the inside towards the outside of each
cell that could be used to adjust over-/under-segmentation when creat-
ing 3D surfaces. An iso-surface threshold, chosen based on image quality
between 80 and 180 (out of 255), was used when computing surfaces,
using a marching cubes algorithm?®® implemented in scikit. The resulting
triangular mesh was further processed and analysed using the
open-source Visualization Toolkit*® First, a smoothing filter
(vtkSmoothPolyDatafFilter) was applied to the mesh with 3,000 iterations, a
convergence threshold of 0.1, and a feature angle of 90°. Volumes and
surface areas of each of the resulting 3D reconstructions were com-
puted using the vtkMassProperties filter.

2.11 Statistical analysis

Data distribution was assessed with the Shapiro—Wilk normality test.
Normally distributed data were compared by one-way ANOVA. Non-
normally distributed data were compared with the Mann—Whitney U
test. Data were expressed as mean+SEM, and P-values <0.05 were con-
sidered as indicative of statistically significant differences between means
(*P<0.05; **P<0.001, ***P<0.0001). In addition, a linear mixed-effects
model was fitted to account for data clustering linked to individual mice
used. Commonly used aforementioned statistical tests and hierarchical
models were compared. Throughout the study, n/N refers to the num-
ber of cells/hearts (biological replicates).

2.12 M® model development

A computational model was developed to describe passive and active
electrophysiological properties of murine cardiac M®, based on original
whole-cell patch-clamp data. The model includes two time- and voltage-
dependent outward K™ currents, an inwardly rectifying K current, as
well as a non-selective background current. The default membrane ca-
pacitance Cyg Wwas set to the mean of measured membrane capacitan-
ces (18.3 pF; =142 M®, N=32 hearts). Full details of the mathematical
formulations for each current are disclosed in the Supplementary
Methods. In short, the time- and voltage-dependent outward current
lv13 is described as a shaker current. Our experimental data confirm
that this current belongs to the Kv1.3 family. To this end, we optimized a
7-state Markov model (developed originally for shaker channelsin T lym-
phocytes)?® with five closed (Co,. . .,C4), one open (O), and one inacti-
vated (I) state (Supplementary Figure S7). The voltage-gated Kv1.5
channel mediating the ultrarapid K* current is derived from a previous
model* and parametrized based on our experimental data. The in-
wardly rectifying K current is described by re-parametrizing a model
previously used for I, in CM.2” The background current is an unspecific,
electrotonic background current that was added to the model using the
formulation of previous Ohmic models in cardiac fibroblasts.'®

The integration of voltage-clamp data into the model was carried out
by a trust region reflective optimization algorithm. To this end, we used
the Matlab function Isgnonlin to constrain the solution space for model
parameters in a defined range (0.01x, 100x). Constants after optimiza-
tion for each M® current profile, and physical constants used in the
model are summarized in Supplementary Tables S3 and $4.

Building on this default model description, a population of models ap-
proach was developed that explores the impact of variable M® pheno-
types on CM cross-talk. To construct the population of models, the
conductance of the four ion currents included in the model and Cug
were varied systematically from 50% to 200% of their original value. A
total number of 400 different combinations of the aforementioned
parameters were generated using Latin Hypercube Sampling30
(Supplementary Methods).

2.13 Modelling heterocellular coupling

M®-CM interactions were investigated using the above M® models and
a mouse CM model*’
ear resistive coupling. The intercellular ‘gap junction’ current I provides

electrotonic coupling between two cells as in:

Igj = ggj(vm‘2_vm‘1)7 (5)

Heterocellular coupling was introduced using lin-

where g, is the gap-junctional conductance (assumed to be Ohmic), and
Vinx is the transmembrane voltage in cell x.

By introducing this term into the reaction—diffusion equations, trans-
membrane voltage for connected cells is:

dVim 1

Cmfl T = Iion,1 - Igj» (6)
dVi2

le ? = Iion4,2 + Igj7 (7)

where lign x is the transmembrane current and Cp,, , the membrane ca-
pacitance of cell x.

To quantify the impact of different M® subtypes on RMP and AP char-
acteristics of CM, a single CM model was connected to models of differ-
ent cardiac M®. Intercellular g5 was set to 0, 1,2 or 8 nS to represent no
coupling, weak, medium, and high coupling, respectively. The CM was
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stimulated at 5 Hz for 10 s to approach steady-state. Simulations were
implemented in Myokit>? and ordinary differential equations were solved
using the forward Euler method with a time step of 5 pis.

3. Results

3.1 Cardiac MO isolation and passive
properties

Cxscry MO were isolated from cardiac cell suspensions of healthy
Cx3cr?YFP/+ mice comprising a major Ly6C®" MHC-I"&" (63%) and a
minor Ly6C®" MHC-II* population (15%; all percentages with refer-
ence to eYFPT cells; Supplementary Figure S2), as previously de-
scribed**3* In control samples from Cx3cr?YFP/ ~ littermates, fewer than
0.003% of cells were false-positively FACS-sorted as eYFP™".

Figure 1A shows representative confocal images of cardiac M® and
their 3D reconstructions for freshly isolated, cultured (1week), and in
situ cells. After isolation, cardiac M® are near-spherical. Cultured M®
are larger, with elongated cellular processes. M® in situ present multiple
cytoplasmic projections. The surface membrane area of freshly isolated
M® is 379422 um? (=21 cells, N=3 hearts). This is significantly smaller
than the surface area of cultured (841+£103 umz; n=14, N=3) or in situ
cardiac M® (1,163+81 um?; n=35, N=3; right panelin Figure 1B).

Passive electrophysiological properties of freshly isolated cardiac M®
include a membrane resistance of 2.21+£0.07 GQ (n=142, N=32) and a
capacitance of 18.3£0.1 pF (n=142, N=32). RMP, measured immediately
after obtaining the whole-cell configuration, was -39.6£0.3 mV (n=63,
N=23; Figure 1B). In keeping with the increase in surface area, M® cul-
tured for 1 week had a larger capacitance of 34+£0.4 pF (n=35; N=2) and
a lower membrane resistance of 1.12+£0.03 GQ (n=15, N=2). RMP was
not statistically different after 1 week in culture, at -42.2£2.0 mV (n=9,
N=2).

3.2 K" selectivity of transmembrane

currents in cardiac MO

To identify the nature of ion currents in M®, we varied extracellular ion
concentrations and compared changes in E., with theoretical predic-
tions (Nernst’s equation). Figure 1C shows |-V curves and representative
current traces at extracellular K¥ concentrations ([K*],) of 5.4, 10, and
50 mM; currents normalized to cell capacitance (pA/pF) to account for
M® size. Upon raising [K*],, inwardly directed currents with increased
amplitude appear at holding potentials negative to E,., (Figure 10); these
can be inhibited by 1 mM BaCl,. When changing [K*], from 5.4 to
50 mM, E,, was shifted (in absolute value) by +48+3.8 mV (n=4, N=2),
in line with a theoretically predicted shift by +56.6 mV. In contrast, E,.,
was only marginally depolarized when raising [Ca*"],, from 2 to 20 mM
(observed: +7.1£2.7 mV [n=10, N=2], predicted: +-29.3 mV). E.., was
not significantly altered by reducing [Cl], from 163.4 to 13.4 mM (ob-
served: +3.1£0.6 mV [n=8, N=2], predicted: +63.6 mV; Figure 1D).

To narrow down the identity of K™ channels in M®, we applied phar-
macological agents. Inward currents were inhibited by 80+£5% (n=7,
N=3) in the presence of BaCl, (1 mM), a potent blocker of inwardly rec-
tifying K™ channels (Figure 1C and E). The broad-spectrum K™ channel
blockers 4-AP (1 mM) and TEA (1 mM) inhibited outward currents by
3224£3.1% (n=4, N=3) and 38.6+3.6% (n=9, N=5), respectively.
Currents were not affected by the Cl” channel blocker DIDS (n=7, N=2;
Figure 1E).

RNA-seq revealed that, among genes encoding channel proteins that
conduct K* currents, Kcna3, Kena5, Keng2, and Kcnj2 are robustly
expressed in murine cardiac M® (encoding Kv1.3, Kv1.5, Kv6.2, and
Kir2.1 channels, respectively) (Figure 2A and Table 7). Although RNA-seq
data show high mRNA levels of genes encoding Ca** channels, we did
not observe any currents indicative of functional expression of voltage-
activated Ca®>" channels in the plasma membrane of M®.

Based on functional and RNA-seq data (Table 1 and Figure 2), we con-
sider Kv1.3 and/or Kv1.5 as plausible substrates for outward, and Kir2.1
for inwardly rectifying K* currents observed in cardiac M®. RNA-seq
data additionally reveal presence of MRNA encoding for Kvé6.2 channels;
this current was not individually observed in functional studies.

3.3 Electrophysiological heterogeneity of
cardiac MO

Voltage-dependent currents were variable and cells were classed into
eight categories based on the following criteria: (i) outward current mag-
nitude, (i) threshold of activation, (iii) kinetic properties of inactivation,
and (iv) presence of inwardly rectifying current (Figure 2B). Cells display-
ing no apparent voltage-induced activation and only negligible back-
ground currents at densities of <1 pA/pF were identified as Type 0
(33.1%, n=47, N=27). Cells with outward currents with an activation
threshold near -30 mV that fully activated above 0 mV were identified as
Type 1 (14.7%, n=21, N=13). In this group, kinetics of activation and inac-
tivation were voltage-dependent: above 0 mV, outward currents exhib-
ited faster activation and inactivation than below 0 mV. Cells displaying
outward currents that gradually increase with depolarization and that do
not show apparent inactivation were considered as Type 2 (27.5%,
n=39, N=22). Finally, cells where activation at -30 mV was noticeable,
but inactivation kinetics were intermediate between Types 1 and 2 were
classed as a combination of Types 1 and 2 (24.7%, n=35, N=22).

Each of the aforementioned outward current profiles could appear ei-
ther in the presence (52.1%) or absence (47.9%) of an inwardly rectifying
current (Figure 1C). Thus, a total of eight different electrophysiological
profiles could be distinguished in murine cardiac M®. Note that, up to
seven different electrophysiological profiles were found in cells from the
same animal (see Supplementary Figure S3).

3.4 Kv1.3, Kv1.5, and Kir2.1 channels in
cardiac MD

To further determine the identity of Kv channels, we tested the peptide
MgTx, a potent blocker of Kv1.3 at 1 nM (inhibiting several other Kv
channels at 10 nM),*> and XEN-D0103, which selectively blocks Kv1.5 at
3 M3 Type 0 cells displaying no discernible outward current profiles
were excluded from pharmacological experiments.

Figure 3A shows a decrease in maximum current amplitude at +-60 mV
by 49.5£5.0% in the presence of 1 nM MgTx, and by 59.8+£5.6% with
10 nM MgTx (n=12, N=6). Current amplitudes were decreased by
47.6£5.0% in the presence of 3 uM XEN-D0103 (n=7, N=4) (Figure 3B),
suggesting that Kv1.3 and Kv1.5 channels contribute to observed out-
ward currents. Figure 3C and D depict representative voltage-activated
currents during voltage ramp protocols in control conditions and during
exposure to MgTx (n=15, N=6) or XEN-D0103 (n=8, N=6), leading to
similar maximum current inhibition as in voltage step protocols.

To study cumulative inactivation, we analysed responses to repetitive
depolarizing pulses from a holding potential of -60 to +50 mV. Type 1
current profiles became progressively smaller (by 63£16% after 10
repeats). This effect was absent in the presence of 1 nM MgTx to block


https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab126#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab126#supplementary-data

804

A. Simon-Chica et al.

A
Fresh (day 1)

Cultured (day 7)

_ e o . < 3000
&% g8 o s20] 5 2500
840 - 4 - - ;6 5 % - 8 2000
o Sl - E40{--#-- ._,-.- -
8301 &0 & G4 < o 25 < 1500
§20 ¥ Al - o R 8 1000
810 @ ? y ... 801 ¢ 5 500 ot
0 T r 0 T — -100 r T 0
Fresh Cultured Fresh  Cultured Fresh  Cultured Fresh Cultured In situ
Cc 57 [_ITheoretical
0-=Ei;=--;!“””” 60] * Experimental ]
o o 3] -
54 5 & S50 $Te
= 10 - = .
L 10 { 3 40 4
a -
< -151 4 alK*], =50 mM Héao-
S + c
-20 1 | a[K™]g =10 mM §20-
25 4 o [K+]0 =54 mM = ‘§’
101
30] | 2 [K*], = 5.4 mM + BaZ* (1mM) i o 2o
T T T T T v T T T 0 - *
+ + -
-100 -80 -60 40 -20 0 20 40 60 K Ca? Cl
Voltage (mV
ge (mV) 1007
o + Outward current
* + Inward current
5 _ " _ + _ 804
[K'lo=54mM  [K'],=10mM [K'],=50mM ¢ A
560 o .
= *”
! =
_ = 404 iy I3
2 0.50 Fovad
i =] L
O 204 * g
= *
100 pA| .I
200 ms 01 .
*
Ba 4-AP TEA DIDS

Figure | Structural and electrophysiological characterization of murine cardiac M®. (A) Confocal images (top) and corresponding 3D reconstructions
(bottom) of freshly isolated, cultured (7 days), and in situ M® (imaged after optical clearing of left ventricular tissue). Scale bars 20 um. (B) Comparison of ca-
pacitance (n=142M®, N=32 hearts [fresh] and n=35, N=2 [cultured]), membrane resistance (=142, N=32 [fresh] and n=15, N=2 [cultured]), and RMP of
freshly isolated and cultured cells (7 days) (=63, N=23 [fresh] and n=9, N=2 [cultured]). Surface area includes data from in situ reconstructions (=35,
N=3). #P<0.001, ***P<0.0001; ANOVA or Mann—-Whitney U test and linear mixed model. (C) Experimental |-V curves at 54 mM (n=8, N=3), 10 mM
(n=6, N=3), or 50 mM (n=4, N=2) external potassium ([K*],) and after 1 mM BaCl, application (n=7, N=3) (in presence of 5.4 mM [K*],), and representa-
tive recordings from a Type 0 M® (see Figure 2). (D) Experimentally observed and theoretically predicted changes (absolute values) in reversal potential,
E.e.» after varying [K'], from 5.4 to 50 mM (n=4, N=2), extracellular calcium ([Ca®"],) from 2 and 20 mM (n=10, N=2), or extracellular chloride ([Cl7,)
from 1634 to 13.4 mM (n=8, N=2). (E) Pharmacological characterization of outward and inward-rectifier currents. Ba*" (1 mM) inhibited inward currents
by 80£5% (n=7, N=3). TEA (1 mM, n=9, N=5) and 4-AP (1 mM, n=4, N=3) inhibited outward currents by 38.6£3.6% and 32.2+3.1%, respectively. Currents
were not affected by the Cl" channel blocker DIDS (100 uM; n=7, N=2).
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Figure 2 RNA-seq and electrophysiological characterization of murine cardiac M®. (A) Representative traces and heatmap quantification of RNA-seq
data illustrates MRNA expression of Kcna3 (encoding for Kv1.3), Kena5 (Kv1.5), Keng2 (Kvé.2), and Kenj2 (Kir2.1) in Cxscrq-positive cells (N=3 hearts). (B)
Relative incidence (% of n=142 M® from N=32 hearts) of different outward and inward-rectifier currents in M®. Four different patterns for outward cur-
rents were identified in cells that either did not (top traces) or did contain prominent inward currents at the most negative polarization steps (bottom
traces). Red asterisks show activation threshold near -30 mV found in Type 1 and Type 14-2. The patch-clamp protocol consisted of 1 s voltage steps from a
holding potential of -60 mV to potentials from -100 to +60 mV, in 10 mV increments.

Kv1.3 (Figure 3E). Unlike Type 1, Type 2 inactivation is slow and does not Type 1 amplitudes decrease with more positive pre-activation voltages.
show cumulative inactivation (Figure 3F). :  Incontrast, Type 2 currents do not completely inactivate during the 30 s
Figure 3G shows representative recordings for voltage-dependent :  pre-activation period, and they show no effect of steady-state voltage on

steady-state inactivation for Types 1 and 2 outward current profiles. . current amplitude. Figure 3H presents steady state activation and
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Table | mRNA expression of ion channels in Cx;cr4-posi-
tive cells as determined by RNA-seq

Gene RPKM  Gene RPKM  Gene RPKM
identifier identifier identifier

Accn2 0.5 Kcna7 0.3 Kenn2 0.9
Cacnala 2.8 Kenb1 5.7 Kenn3 0.6
Cacnalb 0.4 Kenb2 0.0 Kenn4 0.6
Cacnalc 9.4 Kenc1 0.1 Kenqg1 25
Cacnald 29 Kene2 0.2 Kenqg2 0.0
Cacnale 0.0 Kene3 0.3 Keng3 0.0
Cacnalf 0.1 Kenc4 0.2 Keng4 1.6
Cacnalg 3.0 Kend1 0.6 Keng5 0.2
Cacnatlh 24 Kend2 0.8 Kent1 0.3
Cacnals 0.1 Kend3 12 Kent2 0.9
Clcal 0.2 Kenf1 0.1 Kenu1 0.0
Clca2 0.0 Keng1 0.1 Kenv1 0.0
Clca3 0.0 Keng2 8.2 Kenv2 0.4
Clca4 0.0 Keng3 0.0 Orail 25.1
Clen1 0.5 Keng4 0.1 Pkd2 19.0
Clen2 2.0 Kcnip1 0.2 Scn10a 0.1
Clen3 14.0 Kcnip2 2.7 Sen1la 0.0
Clcn4-2 151 Kenj1 0.4 Senla 0.0
Clen5 252 Kenj10 2.7 Scn2al 0.3
Clené 7.7 Kenj11 3.0 Scn3a 0.8
Clen7 7.8 Kenj12 15 Scn4a 0.9
Fam38a 26.8 Kenj13 1.2 Scn5a 52
Fam38b 0.5 Kenj14 0.1 Scn7a 6.4
Gjal 347 Kenj15 0.8 Scn8a 0.0
Gja3 0.1 Kenj16 0.5 Scn9a 0.0
Gja4 4.0 Kenj2 8.1 Trpal 0.0
Gja5 2.0 Kenj3 1.8 Trpct 0.6
Gjab 0.3 Kenj4 0.0 Trpc2 9.8
Gjb1 0.0 Kenj5 14 Trpc3 8.7
Gjc1 12.8 Kenjé 0.0 Trpc4 0.0
Hen1 0.0 Kcnj8 6.9 Trpc5 0.0
Hen2 0.7 Kenj9 0.5 Trpcé 0.3
Hcn3 0.0 Kenk10 0.0 Trpc7 0.0
Hcn4 0.7 Kenk2 0.3 Trpm3 18
Kena1 14 Kenk4 0.0 Trpm4 42
Kena10 0.1 Kenmal 0.5 Trpm7 32,6
Kena2 0.7 Kenmb1 0.6 Trpv1 0.3
Kena3 109 Kenmb2 0.0 Trpv2 175
Kena4 0.1 Kenmb3 0.0 Trpv4 25.1
Kcna5 122 Kenmb4 0.1

Kcnaé 11 Kenn1 0.5

RPKM, reads per kilobase per million mapped reads.

inactivation curves for Type 1 currents, plotted against holding potential.
The parameters for fitting measured data to Eqs (2)—(4) are summarized
in Table 2.

Flow cytometry confirmed cell surface expression of Kv1.3 (in
86.0£3.0% of FACS-purified cardiac M®), Kv1.5 (84.2+1.8%) and Kir2.1
(55.9+£11.8%) (Figure 3I; N=5). Negative controls (exposed to secondary
antibody only) had negligible levels (<0.8+0.2%) of cells false-positively
identified as fluorescent, demonstrating appropriate specificity of the ap-
proach. The inset in Figure 3 shows a representative dot plot where

eYFP' cells were preselected and secondary antibody APC-fluores-
cence intensity plotted against eYFP fluorescence intensity. HEK-293T
cells served as negative control population, since Kv1.3, Kv1.5, and Kir2.1
are not endogenously expressed in HEK cells.

Electrophysiological, RNA-seq and flow cytometry data were
confirmed by fluorescence imaging of immuno-labelled ventricular
tissue slices, showing consistent presence of Kv1.5, and Kir2.1
channels, co-localized with cardiac M® fluorescence (Supplemen-
tary Figures S4 and S5). Additionally, Cx43 was detected at the in-
terface between CM and M®. Kv1.3 could not be observed in
tissue-resident M®, presumably due to the relatively low expres-
sion levels (based on ion current data, fewer than 100 channels
would be expected per M®).

3.5 Cx43 in cardiac MO

To determine whether mouse cardiac M® express proteins that may al-
low electrotonic coupling, the presence of Cx43 in FACS-purified cells
was examined. Figure 3K illustrates a representative image after immuno-
labelling that shows punctate staining for Cx43 (in red), preferentially
along the M® surface. This was confirmed in tissue slices
(Supplementary Figures S4 and S5).

Flow cytometry detected Cx43 expression in 90.1£1.6% of cardiac
M® (N=4) (Figure 3]), while in negative controls (HEK-293T cells, N=3)
only 2.9£1.7% of cells were false-positively classed as Cx43-expressing.
In agreement with immuno-labelling and flow cytometry, RNA-seq data
show high transcript levels for Cx43 (Gja1, Table 1).

In summary, observed biophysical properties including sensitivities
to BaCl,, MgTx and XEN-D0103, RNA-seq data, and flow cytometry
analysis strongly suggest the functional expression of Kv1.3, Kv1.5,
Kir2.1, and the presence of Cx43 in cardiac M®. Presumably because
of the silent nature of Kv6.2,*” it was not detected in functional
studies.

3.6 Cardiac MO computational model

After experimental identification of molecular candidates underlying M®
currents, a trust region reflective optimization algorithm was imple-
mented for integration of the voltage-clamp data into the M® model.
Major currents of the model are constituted by an electronic back-
ground current I, two different time and voltage-dependent outward
K" currents Ioyewargs simulating the Kv1.3/ Kv1.5 (Types | and Il outward
profiles), and the inwardly rectifying I 21 observed experimentally
(Figure 4A). Experimental and simulated traces (black and red curves, re-
spectively) demonstrate our ability to reproduce averaged experimental
recordings using the M® model. Figure 4B shows the deconstruction of
simulated |-V curves for I, the outward currents lg,13 (left) or lys
(right), and the inwardly rectifying lc;2.1 current. Figure 4C shows the
resulting simulated |-V curve after adding the three corresponding cur-
rents represented in Figure 4B for each respective outward current pro-
file (Type 1 [left] or 2 [right]).

Figure 5A shows the different combinations of experimentally ob-
served (confer Figure 2B) outward and inward-rectifier currents that can
be reproduced by the model. M® with Type 0 outward current profile
correspond to cells showing I, in the absence or presence of lg;rp.1. M®
with Type 1 outward current profile have an additional current compo-
nent, which can be modelled by I, 3, whereas M® with Type 2 outward
current profile correspond to cells showing lk,15 and I, in the absence
or presence of l;2.1. M® displaying Type 142 outward current profile
are modelled by combining Types 1 and 2, representing cells expressing
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Figure 3 lon channels in cardiac M®. Current inhibition in the presence of 1 and 10 nM MgTx (n=15, N=6) (A and C) or 3 uM XEN-D0103 (n=8, N=6) (B
and D). (E) Cumulative inactivation of Type 1 outward currents was abolished after MgTx application. (F) Lack of cumulative inactivation was observed in
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expression of Kv1.3 (in 86.0+3.0% of FACS-purified cardiac M®), Kv1.5 (84.2+1.8%) and Kir2.1 (55.9+£11.8%) (N=5); negative control data are from same
cells and labels, omitting the primary antibody (<0.8+£0.2%). Data from HEK-293T cells (N=3 cultures), which do not endogenously express the ion channels,
are shown for comparison. The inset displays representative dot plots where eYFP™ cells were preselected and secondary antibody fluorescence was plot-
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Table 2 Summary of biophysical properties after fitting
experimental data to outward current profiles

Biophysical properties Type 1 outward current profile

Activation Vasg [mV] -24.8
Steady-state inactivation Visg [mV] -48.6
Inactivation time constant [ms] 350
Cumulative inactivation Yes
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Figure 4 Deconstruction of simulated currents. (A) Cardiac M®
with Type 1 or 2 outward current profiles in the presence of an in-
ward-rectifier current can be reproduced by a background current (),
an outward current (louwward, lkv13 for Type 1, left, or lx,15 for Type 2,
right) and an inward-rectifier current (lc;2.1). Comparison between
simulated (red lines) and experimentally recorded currents (black
traces). (B) Deconstruction of the different simulated currents. (C)
Simulated IV curve after adding the three currents represented in (B).

both lky13 and ly15 (each individual contribution is optimized to the av-
eraged experimental recording) in the absence or presence of li;.1-
Without lg;o.1 M® RMP values were -10 mV (Type 0), -31.4 mV (Type

1), and -7.6 mV (Type 2). After addition of l¢21, these changed to
-51.1 mV, -59.7 mV, and -60.7 mV for Types 0, 1, and 2, respectively.
RMP of Type 142 M® was -21 mV, and -60.6 mV in the presence of

Ikir2.1-

3.7 Effects of MO-CM coupling in silico

To study the effect of M®—CM coupling, a single CM connected to a sin-
gle M® was modelled, while varying the M® current profile to represent
experimental findings. This configuration was implemented to quantify
the impact of M®—coupled in ‘single-sided’ mode®*—on RMP and AP
characteristics of CM, and vice versa.

Figure 5B illustrates the principal approach and shows CM membrane
voltage (left) during an AP before (0 nS) and after coupling to one M®
(here of Type 0 in the presence of I 1) at different junctional conduc-
tance values, as well as M® membrane voltage changes in the same sce-
nario (right).

Based on observed cell-to-cell M® variability, a population of models
approach was developed and used to explore the impact of 400 variable
M® phenotypes on MO®—-CM electrophysiological cross-talk (Figure 6). In
general, MO—if they have any discernible effect on coupled CM—will
depolarize the RMP of coupled CM (by up to 9.4 mV [from -83.5 mV at
0 nS coupling to maximally -74.1 mV at 8 nS], depending on M® model
used). This can reduce CM AP upstroke velocity by up to 4.2% (from
275.8t0 264.1 mV x ms'1). In addition, M® coupling speeds up early re-
polarization (shortening APDsg by up to 34.9%, from 4.3 to 2.8 ms), and
delays late repolarization (prolonging APDgg by up to 12.7%, from 74.1
to 83.5 ms) in the most critical scenarios. In turn, CM hyperpolarize cou-
pled M® (e.g. for Type 0 + k2.1 by up to 27.8 mV, from -51.1 mV at
0 nS coupling to maximally -78.9 mV at 8 nS), and they induce AP-syn-
chronized depolarizations in M®.

The effects of M® on CM electrophysiology scale with RMP of M.
Among the various types of M®, the most profound electrotonic cross-
talk effects were regularly observed in the absence of the inwardly recti-
fying lxirp.1 current (Supplementary Figure S6). Accordingly, the largest
depolarization of CM RMP (by up to 9.4 mV, as mentioned above) was
observed when coupling to M® presenting Type 2 outward profile in
the absence of Ixjr2 1.

4. Discussion

Advances in cell isolation, flow cytometry, imaging tools, and the devel-
opment of new genetic reporter lines have helped to provide new insight
into phenotypes, subpopulations, and functions of tissue-resident M®.
Here, we used enzymatic digestion of hearts from Cx3cr§’YFP/ * mice, fol-
lowed by flow cytometry, to identify and sort eYFP* M®. We character-
ized isolated and cultured M® functionally and structurally, using single-
cell patch-clamp, RNA-seq, immunocytochemistry, and high-resolution
3D fluorescence imaging, also to compare with in situ M® dimensions.
Based on our wet-lab data, we developed a computational model repro-
ducing eight different types of observed M® electrophysiology signatures
in silico. Using a population of models approach, we explored potential
effects of CM-M® coupling on electrophysiological properties of both
cell types.

4.1 Morphology of cardiac MO depends on

type of experimental model used
We observed significant differences in shape and size of freshly isolated,
cultured, and in situ ventricular M®. While freshly isolated M® appear as
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Figure 5 Modelling heterocellular M®—CM coupling: approach. (A) Simulated M® current profiles after applying the same voltage-clamp protocol as in
Figure 2B, showing the different experimentally observed combinations that can be reproduced using the model. (B) Voltage dynamics of CM (left) coupled
to M® (right, here Type 0 with inwardly rectifying current). Intercellular conductance was 0, 1,2 or 8 nS. AP in CM were triggered by rectangular current

pulses (2 ms, 5 nA).

small spherical cells (average surface area 379+22 pm?), cultured M®
are more elongated with cellular protrusions and a more than two-fold
larger surface (841£103 pum?). M® in situ display even more complex
morphologies, with cellular branches that wrap around neighbouring
CM, and an average surface area three times larger than freshly isolated
cells (1,163+81 um?) (Figure 1A and B). The here observed cell surface
values are significantly higher than those previously reported for murine
cardiac M® in the AV node region (149424 um?, Hulsmans et al, 2017),
where (erroneously) the cell cross-sectional area was referred to as cell
‘surface’. Differences between freshly isolated, cultured, and in situ cells
can be explained by the fact that cell isolation involves enzymatic diges-
tion and mechanical agitation, apparently resulting in a loss of cellular
protrusions (only cell fragments containing a nucleus may survive). The
in situ M® morphology, 3D-reconstructed from optically cleared

myocardium, allows the most appropriate means of evaluating cellular
geometry and size in native tissue. This information is useful for scaling
electrophysiological properties recorded from isolated and/or cultured
M® towards values required for quantitative exploration of putative het-

erocellular electrical interactions in intact myocardium.

4.2 M® size correlates with passive
electrophysiological properties

Our study provides first detail on the electrophysiological characteriza-
tion of resident ventricular M® in mouse heart. Matching the observed
increase in surface area, cultured M® had a 1.9-fold higher capacitance
compared to freshly isolated M® (34+£0.4 pF vs. 18.3£0.1 pF, P<0.001),
while their membrane resistance was reduced by an inverse multiplier
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Figure 6 Modelling heterocellular M®—CM coupling: population of models. (A) Simulated RMP from isolated M®, colour coded according to M® RMP, as
shown. (B) CM AP after coupling by a conductance of 1 nS (left) or 8 nS (right) to one of 400 M®, simulated in a population of models approach. (C) M®
membrane potential after coupling them to a CM by a conductance of 1 nS (left) or 8 nS (right).

(0.51-fold: 1.12£0.03 GQ vs. 2.21+£0.07 GQ, P<0.001). RMP did not
change from isolation to one week of M® culture (Figure 1B).

If in vitro data can be scaled to the in situ setting, one would predict that
tissue-resident M® have an average membrane capacitance of about
56 pF and a membrane resistance in the order of 720 MQ. Accordingly,
effects of M® on coupled CM might be underestimated in vitro, and in sil-
ico when relying on electrophysiological data from freshly isolated cells.
To date, direct measurements of passive M® properties in tissue are
lacking. Direct recordings in situ would be particularly challenging if M®
were electrotonically coupled to other cell types, in particular CM. Such

coupling, apparently via Cx43, is evident in mouse atrioventricular
node? and it is plausible elsewhere, as Cx43 was detected in over 90%
of freshly isolated ventricular M® (Figure 3/). Further research is needed
to explore the functional relevance of this facet of cardiac heterocellular
electrophysiology, as discussed below.

4.3 Kv1.3, Kv1.5, and Kir2.1 are functionally

expressed in cardiac MO
In addition to passive electrophysiological properties, we investigated
voltage-activated currents in M®. We found four different patterns of



Electrophysiology of murine cardiac macrophages

811

voltage-activated outward currents in isolated M®, both in the absence
or presence of voltage-gated inwardly rectifying currents (Figure 2B). lon
selectivity experiments showed that underlying ion channels are pre-
dominantly K™ selective (Figure 1C and D). Based on RNA-seq, immuno-
cytochemical labelling, and pharmacological interventions, we identified
Kv1.3, Kv1.5, and Kir2.1 as key ion channels responsible for the currents
observed in cardiac MO (Figures 1-3). The Kcng2 gene, found in RNA-
seq data, encodes Kv6.2, which was not observed functionally. This chan-
nel has been classified previously as electrophysiologically silent, explain-
ing its lack of detectable activity.>® That said, Kv6.2 can form heteromers
with Kv2.1 channels, modifying the voltage dependence of their activa-
tion and inactivation kinetics.*® Our results are in line with previous stud-
ies showing that leukocytes express a diverse repertoire of Kv proteins,
driving outward K™ currents, incl. Kv1.3 and Kv1.5.2%%"*2 Several elec-
trophysiological studies described inwardly rectifying currents and identi-
fied Kir channels as responsible for this current.***> Our data establish
that the inwardly rectifying K™ channel Kir2.1 is functionally expressed in
52% of murine cardiac ventricular M®.

While this study focuses on voltage-gated K* channels, our RNA-seq
data also indicate expression of a variety of other ion channels, incl.
TRPV4, TRPM7, and TRPC3. This is in keeping with previous studies
showing TRPV4 channel activity in murine M® of different origin (bone
marrow-derived and alveolar M®).***” Whether or not these channels
are functionally expressed in the plasma membrane (or in intracellular
organelles) of cardiac M®, and how they may be activated, needs to be
explored in follow-up research. Our data suggests that the contribution
of Ca®" conducting channels to voltage-activated currents in M® is
smaller than that of K* channels, and that Cl” channels do not play a sig-
nificant role in the observed whole-cell current profiles, at least using the
here described experimental conditions.

It is unclear whether the heterogeneous current profiles observed
in cardiac M® may be attributable to different states of M® activa-
tion (e.g. activated vs. quiescent M®), or linked to their origin (tis-
sue-resident vs. recruited M®), as has been suggested for other
types of M®.** Thus, the functional relevance of K* channel-based
currents in cardiac M® remains to be elucidated. Also, the nature
and activity of ion flux pathways for Na* and Ca*" (in our computa-
tional models currently subsumed in the background current) needs
to be evaluated further.

4.4 Electrotonically coupled M® can affect
CM electrophysiology

The study of heterocellular electrotonic coupling in native myocardium
in situ remains challenging. In this regard, cell-type-specific targeting of
optogenetic reporters or actuators has opened up new ways to study
cell—cellinteractions.*® Using a membrane potential reporter targeted to
fibroblasts, Quinn et al'' demonstrated for the first time in 2016 that
non-myocytes can electrotonically couple to CM in murine ventricular
scar border zones in situ. This was subsequently confirmed by Rubart et
al® Using a light-activated ion channel targeted to M®, Hulsmans et al.
showed in 2017 that resident cardiac M® can electrotonically couple to
CM vig Cx43-based junctions, and that this coupling affects AV node
conduction in healthy murine heart. Using RNA-seq, we confirm that
Cx43 is the dominant connexin isoform in cardiac resident M®
(Table 1), and we show that it is expressed at the surface of the vast ma-
jority of isolated M®, as well as at points of heterocellular contact in tis-
sue (Figure 3K and Supplementary Figures $4 and S5).

While it is widely accepted that conduction in working myocardium is
maintained chiefly via Cx43-containing gap junctions between CM, it has
been suggested that extensive membrane approximations (via capacita-
tive effects), dynamic changes in the composition of the extracellular
fluid in restricted spaces between cells (via ephaptic coupling)>® or
tunnelling nanotubes (which can interconnect different cells directly)'™’
may also play a role in heterocellular electrophysiological interactions in
the heart. Non-canonical mechanisms of CM-M® coupling are ill-ex-
plored and need to be investigated in follow-up studies involving 3D
nanoscopic reconstruction of heterocellular contact sites, such as by EM
tomography.” In addition, Cx43 expression at points of contact be-
tween CM and M®, observed by us and others,® may have other intrigu-
ing functions (apart from electrotonic coupling), including structural
roles and contributions to inflammatory signalling.>*

Based on our experimental findings, we established a computational
model incorporating measured passive electrophysiological properties
and three ion conductances to describe different types of M® behaviour
observed (Figures 4 and 5A). This was used to quantitatively assess the
plausibility of effects of M®—CM coupling on RMP of the two cell types
and, in CM, on AP dynamics (Figure 5B). Note that, these simulations are
based on the premise that M® are coupled to CM in native tissue—a
stipulation that has yet to be confirmed directly for tissue outside the
murine AV node.

Using a population of models approach, whereby key ion currents and
capacitance of M®, as well as their coupling to CM, are systematically
varied, we found that M® can depolarize RMP of CM with increased M®
coupling while, as expected, CM hyperpolarize RMP of M® upon elec-
trotonic connection. Coupled M® follow rhythmic CM depolarizations
upon AP generation, with more pronounced depolarizations of M® at
higher coupling strengths (Figures 5 and 6). In turn, our models predict
that M® affect the AP in coupled CM, shortening APDsg by up to 34.9%
and prolonging APDgyg by up to 12.7% in the most critical scenarios
(Figure 6). Altogether, the numerical simulations identify heterocellular
coupling strength along with M® RMP (which, in turn, is strongly affected
by the absence or presence of the inward-rectifier ;- 1, Supplementary
Figure S6) as governing variables of M® effects on CM. Unsurprisingly,
given the nature of active and passive electrophysiological properties,
these effects are much less pronounced than those of CM on M® RMP.

Our results, combining original experimental and modelling data, sug-
gest a very limited effect of M® on cardiac electrophysiology in intact
(healthy) mouse ventricles (note that previously reported effects of M®
on atrioventricular CM function® were driven by targeted light-activation
of non-native channelrhodopsins in M®). This is in keeping with the idea
that cardiac M® are mobile cells whose location and contact to individ-
ual CM is thought to be dynamic: if their coupling to CM had a major im-
pact on individual CM excitability, it is likely that this would counter
maintenance of a physiological steady-state.

Effects of M® on CM electrophysiology may differ in injured myocar-
dium, e.g. following ischemia/reperfusion injury, when M® locally prolif-
erate and/or infiltrate, thereby increasing the likelihood that multiple M®
are coupled to one-another and/or to remaining CM in scar centre or
border zones. This forms a worthwhile target for further investigation.

The here presented study provides a first characterization of the elec-
trophysiology of resident cardiac M®, and a computational model which
allows one to quantitatively assess putative electrophysiological conse-
quences of heterocellular M®-CM coupling. Follow-on studies are
needed to explore the presence of ion currents with different selectivity
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(e.g. conductingNa™ or Ca2+) and mode of activation (e.g. ligand or me-
chanically activated channels), and to address canonical and non-canoni-
cal M® functions and their electrophysiological modulation in healthy
and diseased myocardium.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Cardiac tissue contains resident macrophages (M®) which, beyond immunological and housekeeping roles, have been found to electrotonically cou-
ple via connexins to cardiomyocytes (CM), stabilizing atrioventricular conduction at high excitation rates. Here, we characterize structure and elec-
trophysiological function of murine cardiac M® and provide a computational model to quantitatively probe the potential relevance of MO—-CM
coupling for cardiac electrophysiology. We find that M® are unlikely to have major electrophysiological effects in normal tissue, where they would
hasten early and slow late CM-repolarization. Further work will address potential arrhythmogenicity of M® in patho-physiologically remodelled tis-
sue containing elevated M®-numbers, incl. non-resident recruited cells.
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