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M acrophages facilitate electrical conduction in the heart
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SUMMARY

Organ-specific functions of tissue-resident macrophages in the steady-state heart are unknown.
Here we describe that cardiac macrophages facilitate electrical conduction through the distal
atrioventricular node, where conducting cells densely intersperse with elongated macrophages
expressing connexin 43. When coupled to spontaneously beating cardiomyocytes via connexin
43-containing gap junctions, cardiac macrophages have a negative resting membrane potential
and depolarize in synchrony with cardiomyocytes. Conversely, macrophages render the resting
membrane potential of cardiomyocytes more positive and, according to computational modeling,
accelerate their repolarization. Photostimulation of channelrhodopsin 2-expressing macrophages
improves atrioventricular conduction, while conditional deletion of connexin 43 in macrophages

and congenital lack of macrophages delay atrioventricular conduction. In the Cd11b”™®

mouse,
macrophage ablation induces progressive atrioventricular block. These observations implicate

macrophages in normal and aberrant cardiac conduction.
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INTRODUCTION

Studies in the late 19™ century first described macrophages as phagocytic cells that defend the
organism against pathogens'. More recently, it became clear that resident macrophages populate
all tissues and pursue organ-specific functions. For instance, macrophages contribute to
thermogenesis regulation in adipose tissue?, iron recycling in the spleen and liver’ and synaptic
pruning in the brain®. These non-canonical activities highlight macrophages’ functional diversity

and emphasize their ability to execute tissue-specific tasks beyond host defense’.

The cardiac conduction system coordinates the heart’s electrical activation. Electrical impulse
generation begins in the sinoatrial node and sequentially propagates activation of the atria,
atrioventricular (AV) node, His and Purkinje systems, and ventricles. By providing the only
electrical connection between the atria and ventricles, the AV node plays an essential role. First
described by Tawara in 1906°, the AV node is located at the base of the right atrium and contains
cardiomyocytes with a distinct action potential’. Clinically, AV block delays or abolishes atrial
impulse conduction to the ventricles, which can lead to hemodynamic deterioration, syncope and

death if not treated with pacemaker implantation®.

Macrophages are an intrinsic part of the healthy working myocardium, where they appear as
spindle-like cells interspersed among myocytes, fibroblasts and endothelial cells’ . Cardiac
healing after injury requires macrophages'?; however, in contrast to other organs, specific
functions of cardiac macrophages in the steady-state are unknown. Here we report resident
macrophages’ abundance in the distal AV node and show that they contribute to cardiac

conduction.
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M acr ophages abound in the AV node

Resident macrophages are present in the left ventricle (LV), but prior work did not report on
intra-organ heterogeneity. It therefore remained unclear whether macrophages distribute
homogeneously throughout the heart and whether any reside in the conduction system. To
investigate macrophages’ presence and spatial distribution in the intact AV node, we optically
cleared and imaged entire AV nodes of Cxzcrl“™* mice, in which fluorescent protein identifies
macrophages, by confocal microscopy (Fig. 1a). We found that HCN4-expressing
cardiomyocytes', in particular in the lower nodal or AV bundle, frequently intersperse with
macrophages (Fig. 1b). AV node macrophages assume an elongated, spindle-shaped appearance
with far-reaching cytoplasmic projections (Fig. 1c). To study the morphological characteristics
of AV node macrophages by electron microscopy, we labeled GFP* macrophages in Cxscrl "

mice with diaminobenzidine (DAB). DAB" macrophages display long cellular processes that

closely associate with cardiomyocytes (Fig. 1d).

To compare macrophage numbers in the AV node with the LV myocardium, we investigated
microdissected tissue by flow cytometry. The mouse AV node has a higher macrophage density
than the LV (Fig. 2a). Similar to mice, CD68" macrophages were more abundant in human AV
nodes than in working myocardium (Extended Data Fig. 1a, b). In the mouse AV node, the
majority of the CD45" leukocytes are CD11b” F4/80" Ly6C'" macrophages. The expression of
CD64 and CX3CR1 and the lack of CD11c and CD103 confirm that these cells are macrophages
and not dendritic cells (Fig. 2b). Steady-state myocardial tissue-resident macrophages primarily
arise from embryonic yolk-sac progenitors and perpetuate independently of monocytes through

10,11

in situ proliferation . Using parabiosis, we determined that circulating cells contributed

minimally to AV node macrophages, similar to LV free wall macrophages (Fig. 2c).
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Single-cell RNA-sequencing (RNA-seq) of AV node macrophages showed cellular subsets that
are also present elsewhere in the heart'' (Fig. 2d). These macrophage subsets separated based on
their expression of major histocompatibility complex class II (2) and chemokine receptor 2
(Ccr2) (Extended Data Fig. 2a-c). RNA-seq and quantitative real-time PCR (qPCR) revealed that
AV node macrophages express ion channels and exchangers (Extended Data Fig. 2d, e), while
deposited microarray data’ show cardiac macrophages’ enrichment of genes associated with

conduction (Extended Data Fig. 2f).
Connexin 43 connects macr ophages with myocytes

Gap junctions, which are formed by connexin (Cx) proteins, connect two adjacent cells’
cytoplasm and enable intercellular communication'®. Most tissues as well as immune cells
express Cx43"”. Cx43-containing gap junctions electrically couple cardiomyocytes, enable
electrical impulse propagation, and consequently coordinate synchronous heart muscle
contractions'®. In addition, Cx43-containing gap junctions couple cardiomyocytes with non-

cardiomyocytes, which can thereby alter the electrophysiological properties of cardiomyocytes'’.

To determine if AV node macrophages express proteins that give rise to gap junctions, we
evaluated six connexins found in leukocytes'® in FACS-purified cells harvested from
microdissected AV nodes. AV node macrophages mainly express Cx43 (Fig. 3a). We next sorted
macrophages from the peritoneal cavity and compared their Cx43 levels with AV node
macrophages and whole AV node tissue. AV node macrophages express Cx43 at much higher
levels than peritoneal macrophages (Fig. 3b). To ensure the purity of sorted macrophage
populations, we measured different macrophage-'? and cardiomyocyte-specific markers™ in

FACS-purified macrophage populations. All macrophage samples display a characteristic
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macrophage signature (Extended Data Fig. 3a) and lack expression of cardiomyocyte-specific
genes (Extended Data Fig. 3b). As reported previously, peritoneal macrophages express Gata6”'

but AV node macrophages do not (Extended Data Fig. 3b).

We then analyzed the Cx43 protein expression in AV node macrophages by whole-mount
immunofluorescence in the lower AV node, an area in which conducting cells express this
connexin®**’. Cx43 marks contact points between CX3CR1" macrophages and HCN4"
cardiomyocytes, suggesting gap junction-mediated intercellular communication between both
cell types in the distal AV node (Fig. 3¢). Electron microscopy also visualized contact sites
between AV node macrophages and conducting cardiomyocytes (Fig. 3d). Functional gap
junction connections between macrophages and conducting cardiomyocytes were suggested by
rapid distribution of the gap junction-permeable dye Lucifer yellow in an ex vivo scrape-loading
and dye transfer assay. Spread of Lucifer yellow in conducting cardiomyocytes and transfer to
neighboring CX;CR1" macrophages occurred within 10 minutes (Extended Data Fig. 3c).
Together, these observations establish the presence of functional gap junctions between

conducting cells and AV node macrophages.
M acr ophages electrically modulate myocytes

Since gap junctions electrotonically couple neighboring cells™, we next tested the hypothesis
that macrophages enter electrotonic communication with adjacent cardiomyocytes. We began by
investigating the membrane potential of FACS-purified cardiac macrophages attached to
neonatal mouse cardiomyocytes using whole-cell patch clamp. As observed in vivo, Cx43
localized at sites of macrophage-cardiomyocyte interaction, indicating gap junction

communication between these cell types in culture (Fig. 3¢). TexasRed" dextran entering GFP"
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macrophages from the micropipette (Fig. 3f) confirms that our membrane potential recording
derived from macrophages. Spontaneously-beating cardiomyocytes displayed a typical resting
membrane and action potential® (Fig. 3g). The resting membrane potential in solitary cardiac
macrophages is depolarized relative to that of cardiomyocytes (Fig. 3g). We documented values
between -35 and -3 mV that correspond well with data reported for human monocyte-derived and

: 26,2
mouse peritoneal macrophages”®*’

(Fig. 3h). There was no spontaneous depolarization in solitary
cardiac macrophages (Fig. 3g). We next recorded the membrane potential in cardiac
macrophages attached to beating cardiomyocytes. 23% of these macrophages rhythmically
depolarized with a distinct action potential morphology, characterized by a slowed upstroke and
reduced maximal polarization when compared to the isolated cardiomyocyte (Fig. 3g). These
cardiomyocyte-linked macrophages’ resting membrane potentials were more negative than those
of solitary macrophages, indicating electrical coupling (Fig. 3h). We recorded irregular
depolarization in another 23% and lack of activity in the remaining 54% (Extended Data Fig.
4a). Macrophages with any kind of depolarization, either regular or irregular, had a more
negative resting membrane potential than non-depolarizing macrophages (Extended Data Fig.
4b). To simultaneously record action potential-related fluorescence changes in macrophages and
cardiomyocytes, we examined cardiomyocyte-driven macrophage depolarization using the

ANNINE-6plus voltage-sensitive dye. These data show that macrophage action potentials are

synchronous with action potentials of cardiomyocytes (Extended Data Fig. 4c, d).

Next we investigated whether macrophages change the electrical properties of coupled
cardiomyocytes. Indeed, macrophages render cardiomyocyte resting membrane potentials more

positive, an effect that was reversed by pharmacological Cx43 blockade (Fig. 31). Inhibition of
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Cx43-mediated gap junctions in solitary cardiomyocytes did not change their resting membrane

potential (Extended Data Fig. 4e).

To explore the consequences of the observed communication between macrophages and
cardiomyocytes, we pursued mathematical modeling of electrical interactions between
macrophages and AV cardiomyocytes (see Supplementary Table 1 for model parameters).
Recapitulating the experimental data (Fig. 31), modeling indicates that the cardiomyocyte resting
membrane potential is more depolarized when the cell is coupled to a macrophage, an effect that
increases with gap junction conductance (Extended Data Fig. 4f). Modeling suggests that
coupling increasing numbers of macrophages accelerates cardiomyocyte repolarization (Fig. 3j).
For example, coupling three macrophages to an AV bundle cardiomyocyte, a ratio supported by
histology (3 + 0.3, mean + s.e.m., » = 17 in 5 mice; Fig. 1 and Fig. 3c), decreases cardiomyocyte
action potential duration from 30 ms to 21 ms while depolarizing the resting membrane potential
from -69 mV to -52 mV (Fig. 3k, 1), assuming a gap junction conductance of 1 nS. /n vivo, a
shorter action potential duration would decrease the effective refractory period of the myocyte
and increase the frequency at which it can be depolarized. A higher resting membrane potential
would facilitate depolarization with less stimulation. Both alterations facilitate AV conduction at
higher frequencies. These results correspond well with prior conceptual models of electrotonic

interactions between cardiomyocytes and other electrically non-excitable cells™.

To investigate cell-cell communication directly in the AV node, we expressed the
photoactivatable channelrhodopsin 2 (ChR2)* in macrophages to control their membrane
potential. When illuminated, the cation channel ChR2 undergoes a conformational change,
resulting in an immediate increase in ionic permeability with high conductance for Na" (ref. 30).

We posited that light-triggered cation influx into macrophages and their resulting depolarization
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should alter AV node conduction if the cells are electrotonically coupled to conducting
cardiomyocytes. To this end, we bred tamoxifen-inducible Cxzcrl“"“*® with CAR2™" mice to
obtain mice in which tamoxifen treatment triggers ChR2 expression in macrophages, hereafter
denoted Cx;crl ChR2. First, we validated macrophage-specific expression of the tamoxifen-
inducible Cre recombinase fusion protein (CreER) by measuring YFP fluorescence in heart
tissue, as YFP is co-expressed with CreER. We found that YFP signal colocalizes with CX;CR1"
macrophages whereas cardiomyocytes are YFP negative (Extended Data Fig. 5a). In addition,
after tamoxifen treatment, AV node macrophages specifically expressed the ChR2 protein, which
is fused with YFP (Extended Data Fig. 5b). We then retrogradely perfused hearts isolated from
Cxscrl ChR2 mice and inserted a fiber optic cannula into the right atrium to directly illuminate
the AV node region (please see Fig. 4a and Extended Data Fig. 5c for experimental setup). AV
node conduction was assessed by ECG during rapid electrical atrial pacing, comparing
continuous 470-nm wavelength illumination with no illumination. We observed improved AV
node conduction during photostimulation of macrophages in hearts harvested from Cxscr! ChR2
mice. Specifically, the Wenckebach ratio increased when the light was switched on, i.e. the
number of conducted atrial stimuli between two non-conducted impulses rose (Fig. 4b-d). In
Cx;serl W/CreER ¢ ontrol hearts, we observed no difference between illuminated and non-illuminated
states. Thus, opening the cation channel ChR2 in macrophages facilitates AV node conduction
during rapid pacing. Modeling indicates that with ChR2-induced tonic depolarization of
macrophages, the minimum heterocellular coupling required to achieve macrophage-mediated
passive action potential conduction between otherwise not connected cardiomyocytes becomes
smaller (Extended Data Fig. 6a, b). Taken together, our observations suggest that cardiac

macrophages can electrically couple to cardiomyocytes via gap junctions containing Cx43. This
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leads to cyclical macrophage depolarization, modulates cardiomyocytes’ electrophysiological

properties and alters AV nodal conduction.
Deleting Cx43 in macrophages delays AV conduction

The experiments described above indicate that macrophages present in the AV node may
facilitate conduction. To test this hypothesis in loss-of-function experiments, and to directly
investigate the importance of Cx43 in macrophages, we bred mice in which tamoxifen treatment
deleted Cx43 in CX3;CR1-expressing macrophages, hereafter denoted Cxscrl Cx43”. All mice
underwent analysis seven days after tamoxifen treatment (Fig. 5a). Genomic PCR-based
examination of the wild-type (Cx43""), floxed intact (Cx43") and recombined (Cx43") alleles of
the Cx43 gene in FACS-purified CX;CR1" cardiac macrophages showed effective Cx43 deletion
in cardiac macrophages after tamoxifen treatment (Extended Data Fig. 7a). mRNA analysis
supported these findings (Extended Data Fig. 7b). Furthermore, the overall myocardial Cx43
protein level did not change, indicating unaltered Cx43 expression in other cardiac cells

(Extended Data Fig. 7c).

To determine how macrophage-specific Cx43 deletion affects AV nodal function, we performed
an in vivo electrophysiological (EP) study on Cxscr/ Cx43” mice and littermate controls. The
AV node effective refractory period was prolonged in Cxscrl Cx43” mice (Fig. 5b). We
examined three additional parameters of AV nodal function including the pacing cycle lengths at
which Wenckebach conduction, 2:1 conduction and ventriculo-atrial Wenckebach conduction
occur. In Cxzerl Cx43” mice, each of these parameters was prolonged, indicating impaired AV
conduction (Fig. 5b). Representative surface ECG tracings of an AV Wenckebach block in

control and Cx;crl Cx43” mice are shown in Fig. 5c. There is progressive PR prolongation prior

10
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to AV block, which develops at a slower pacing rate in Cxscrl Cx43” mice compared to
controls. We did not observe differences in sinus node function or atrial refractory period
(Extended Data Table 1), and compromised AV conduction in Cxzcrl Cx43” mice was not
accompanied by altered AV node macrophage numbers (Fig. 5d, e). These data indicate that

macrophage Cx43 facilitates AV node conduction.

To explore the effect of congenital macrophage loss on AV node conduction, we performed an
EP study in CsfI°” mice, which lack Csfl-dependent tissue macrophages in many organs’'. The
absence of AV node macrophages in Csf1” mice (Fig. 5f, g) prolonged the AV node effective
refractory period as well as the pacing cycle lengths at which Wenckebach conduction and 2:1
conduction occurred (Fig. Sh). Interestingly, we also observed an increase in the atrial refractory

period of Csf1”” mice (Extended Data Table 1).
M acr ophage ablation induces AV block

Cd11b°™ mice express a diphtheria toxin (DT)-inducible system controlled by the human
CD11b promoter that enables efficient depletion of myeloid cells, including resident cardiac
macrophages'’. We monitored these mice continuously by implantable ECG telemetry after
macrophage ablation (Fig. 6a). Maximum depletion of AV node macrophages happened three
days after a single dose of 25 ng/g body weight DT'® (Fig. 6b). Within one day of DT injection,
all mice developed first degree AV block (Fig. 6¢) that progressively evolved into second and
third degree AV block (Fig. 6d). Complete AV block coincided with the time point of peak AV

node macrophage depletion.

To determine whether the observed phenotype resulted from DT-related toxicity, we injected

C57BL/6 mice with DT and monitored their surface ECG. DT did not alter the number of AV
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node macrophages in C57BL/6 mice (Fig. 6b) and did not induce AV block (Fig. 6¢). At the time

DTR .
b~ mice

of complete AV block, we did not observe increased cell death in AV nodes of Cd!1
(Extended Data Fig. 8a). Because blood electrolyte levels may influence conduction, we
measured serum potassium and magnesium levels, which were unchanged (Extended Data Fig.
8b). Moreover, DT did not induce AV block in Cxscr1“*** mice joined in parabiosis with
Cd11b"™ mice, which developed AV block while in parabiosis, thereby indicating that
circulating factors do not contribute to the observed phenotype (Extended Data Fig. 8c).
Injections of isoproterenol, epinephrine and atropine did not attenuate the AV block (Extended

Data Fig. 8d). This suggests that the AV block induced by macrophage ablation did not result

from imbalanced autonomic nervous control.

Three loss-of-function experiments indicate that macrophages facilitate AV node conduction;
however, the observed phenotypes differ in their severity. To better understand the observed
differences, we compared the whole transcriptome of AV node tissue microdissected from
control, Cxscrl Cx43” and macrophage-depleted Cd11b”™® hearts by RNA-seq. The
transcriptional profile of Cxscrl Cx43” AV nodes resembled control nodal tissue with only four
genes significantly dysregulated while macrophage depletion led to a distinct expression profile
characterized by 1,329 differentially expressed genes (FDR < 0.05; Extended Data Fig. 8¢ and
Supplementary Tables 2, 3). Genes associated with cardiac conduction are expressed at lower
levels in macrophage-depleted AV nodes than in controls (Extended Data Fig. 8f). Thus, deletion
of Cx43 in macrophages had mild effects, while depletion of the cells changed the AV node
expression profile, and consequently its function, more drastically. These data suggest that AV
node macrophages engage in additional, Cx43 independent tasks, which may or may not be

related to conduction.
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DISCUSSION

The presence of numerous resident macrophages in the normal myocardium has only recently
gained recognition, a development aided by flow cytometry staining of cell surface marker
combinations in tissue and macrophage-specific expression of fluorescent proteins’ ''. We here
employed optical clearing in combination with cell-specific reporter gene expression in
macrophages to image their presence in whole AV nodes, documenting intra-organ macrophage
heterogeneity. Moreover, we show that macrophages couple electrically to cardiomyocytes in the
distal AV node via Cx43-containing gap junctions. The presence of Cx43-containing gap
junctions in AV node tissue has previously been reported in humans and rabbits®~2. Cx43 shows
relatively little expression within the compact node, but is observed in the lower nodal bundle.
This Cx43-expressing region of the distal AV node contains a particularly dense macrophage

population.

Cardiomyocytes electrotonically drive rhythmic depolarizations in coupled macrophages, which
in turn alters the electrophysiological properties of coupled cardiomyocytes. Macrophages’
electrotonic load depolarizes resting cardiomyocytes, reduces their action potential overshoot,
and aids early repolarization which, according to computational modeling, shortens the
cardiomyocyte action potential, ultimately allowing for higher rates of conducted beats. While
depolarization of the resting membrane potential in working cardiomyocytes impairs excitation
and conduction due to sodium channel inactivation, depolarization of AV nodal cells depends
chiefly on calcium channels whose voltage-dependent inactivation is less prominent™. In
addition, passive conduction via macrophages, as described for other non-myocytes*, may pass
on excitatory stimuli between AV node myocytes that are not in direct electrical contact. Taken

together, these effects could increase the safety of AV node conduction. In support of this
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concept, optogenetics depolarization of AV node macrophages improves AV conduction.
Impaired AV node conduction after i) macrophage-specific depletion of Cx43, ii) congenital lack
of macrophages and iii) acute depletion of macrophages adds further evidence that these cells

can facilitate nodal conduction (summary diagram, Extended Data Fig. 9).

Clinically, AV block is a common indication for pacemaker implantation, yet up to 60% of AV
block cases occur for unknown reasons’*. Macrophages change in phenotype and number in
response to myocardial infarction'? and heart failure®, conditions associated with sudden cardiac
death as a result of ventricular arrhythmias. Other inflammatory diseases of the heart, including
Chagas, Lyme, sarcoid and myocarditis cause conduction abnormalities. It will be important to
determine if these conditions produce AV block solely by affecting cardiomyocytes and
specialized conducting tissues as commonly assumed, or if cardiac macrophages, which rapidly
adapt their phenotype to inflammatory environments, are involved. Understanding macrophages’
contributions to normal cardiac conduction and to abnormalities in heart thythm may yield new
pathophysiologic insight and suggest novel therapeutic strategies that could obviate the expense

and complications associated with the three million pacemakers currently implanted worldwide.
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METHODS
Humans

Human AV node and LV tissues were obtained from fully de-identified heart specimens
collected during routine autopsy of patients with no known cardiac conduction disease. Tissue
sampling was approved by the Partners Healthcare Institutional Review Board under protocol

#2015P001827.
Mice

C57BL/6 (stock 000664), B6.129P-Cx3cr 1™ "/J (Cxser1®™, stock 005582), B6.129P2(Cg)-
Cx3cr]™ 1 ERDLI N oan] (Cxserl R, stock 021160), B6.Cg-G1(ROSA)26Sor™ (A4
COPATHISREYED)Hze /3 ( ChR2M stock 024109), B6.129S7-Gjal™"*%/3 (Cx43™" stock 008039),
B6;C3Fe ala-CsfI1/J (CsfI"*, stock 000231), C57BL/6-Tg(UBC-GFP)30Scha/J (Ubc®*”,
stock 004353) and B6.FVB-Tg(ITGAM-DTR/EGFP)34Lan/J (Cd11b°™, stock 006000) were
purchased from Jackson Laboratory. Genotyping for each strain was performed as described on
the Jackson Laboratory website. One- to 2-day-old C57BL/6 pups (stock 027) were purchased
from Charles River Laboratories. All experiments (except the isolation of neonatal mouse
cardiomyocytes) were performed with 8- to 40-week-old animals and were carried out using age
and gender matched groups. All mice were maintained in a pathogen-free environment of the
Massachusetts General Hospital animal facility, and all animal experiments were approved by

the Subcommittee on Animal Research Care at Massachusetts General Hospital.
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In vivo interventions

Mice were put into parabiosis using either C57BL/6 and Cxscr1““"* or Cd11b"™ and

FP/+ - . . 10 . . . . .
Cxser1 " mice as described previously'’. Tamoxifen (Sigma) was given as a solution in corn

oil (Sigma) to Cxscr ™" ChR2" or Cxser™“*® Cx43™" mice by intraperitoneal injection.

Animals received 5 doses of 2 mg of tamoxifen with a separation of 24 hours between doses.
Cxser ™" ER ChR2"" and Cxser ™" Cx43™" mice were analyzed 2 and 7 days post-
tamoxifen treatment, respectively. Macrophage depletion was achieved by a single
intraperitoneal injection of diphtheria toxin (DT, 25 ng/g body weight, Sigma) in Cdl1b°™

mice'’. C57BL/6 mice injected with DT were used as controls.
EP study

EP studies were performed under general anaesthesia induced by administering 5% isoflurane
driven by an oxygen source into an induction chamber. Anaesthesia was subsequently
maintained with 1-2% isoflurane in 95% O,. For EP study, an octapolar catheter (Millar
Instruments) was inserted into the right jugular vein and positioned in the right atrium and
ventricle. Programmed electrical stimulation was performed using a standard protocol with 120
ms and 100 ms drive trains and single extrastimuli to measure function of the AV node and the
conduction properties of atrial and ventricular tissue. The Wenckebach cycle length was
measured by progressively faster atrial pacing rates. Retrograde (VA) conduction cycle length
was measured by progressively slower ventricular pacing rates. Sinus node function was
determined by measuring the sinus node recovery time (SNRT) following 30 seconds of pacing
at three cycle lengths (120, 100 and 80 ms). SNRT was divided by the basic cycle length to

adjust for the intrinsic heart rate.
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Ambulatory ECG telemetry

Continuous ambulatory ECG telemetry was performed by implanting an ETA-F10 transmitter
(Data Sciences International) during general anaesthesia with isoflurane. The transmitter was
implanted in the abdomen and the leads were tunneled subcutaneously to the upper right and
lower left chest resulting in a lead II position. Telemetry data was recorded continuously via a
receiver placed under the mouse cage. Data analysis was performed using LabChart Pro software

(AD Instruments).
Surface ECG

Mice were anesthetized as described above and surface ECG was recorded using subcutaneous
electrodes connected to the Animal Bio amplifier and PowerLab station (AD Instruments). The
ECG channel was filtered between 0.3 and 1000 Hz and analyzed using LabChart Pro software.
Atropine (1 mg/kg), epinephrine (2 mg/kg) or isoproterenol (20 mg/kg) were administered

intravenously, and changes were examined before and after injection.
Optogenetics

Two days after tamoxifen treatment, Cx;crl wi/CreER (control) and Cx;crl wiCreER o g ol (Cxscrl
ChR2) mice were euthanized and the hearts were perfused in a custom-built, horizontal perfusion
bath in Langendorff mode with oxygenized Krebs-Henseleit solution containing (in mM): 118
NaCl, 4.7 KCI, 1.2 MgSQOy4, 1.55 CaCl,, 24.9 NaHCOs, 1.2 KH,POy, 11.1 Dextrose, pH 7.4 (all
Sigma). Recording and electrical pacing electrodes were connected to the heart, and the
endocardial surface overlying the AV node was exposed by carefully opening the right atrial free

wall above the AV groove. Mean perfusion pressure was maintained at between 60-80 mmHg
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throughout the experiment and adequacy of the preparation was determined by robust return of
sinus thythm in the perfused heart and visual evidence of vigorous contraction. The location of
the AV node was identified grossly under a dissecting microscope. The Wenckebach cycle
length was first determined without illumination by determining the electrical stimulation atrial
pacing rate at which progressive PR interval prolongation occurred, culminating in a non-
conducted atrial impulse due to AV block. The heart was subsequently electrically paced at the
determined Wenckebach cycle length and the AV node was subjected to alternating 10-second
cycles with and without continuous AV node illumination. Continuous illumination of the
exposed AV node was performed using a 400-pum core fiber optic cannula coupled to a 470-nm
LED (ThorLabs) at light intensities of 55.7 mW/mm?. The recorded ECG tracings were analyzed
using LabChart Pro software. The average Wenckebach ratio, which is defined as the number of
conducted atrial stimuli between two consecutive non-conducted impulses and is a sensitive

measure of relative degree of AV block, was determined for each light off and on cycle.
Tissue processing

Peripheral blood for flow cytometric analysis was collected by retro-orbital bleeding using
heparinized capillary tubes (BD Diagnostics) and red blood cells were lysed with 1x red blood
cell lysis buffer (BioLegend). To determine electrolyte levels, blood was collected by cardiac
puncture and electrolytes were measured on serum with EasyLyte PLUS analyzer (Medica). For
organ harvest, mice were perfused through the LV with 10 mL of ice-cold PBS. Hearts were
excised and processed as whole or subjected to AV node microdissection as described
previously®’. Briefly, the triangle of Koch, which contains the AV node, was excised by using
the following landmarks: ostium of the coronary sinus, tendon of Todaro and septal leaflet of the

tricuspid valve. The presence of the AV node was confirmed with HCN4 and
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acetylcholinesterase staining (see below). After harvest, cardiac tissues were minced into small
pieces and subjected to enzymatic digestion with 450 U/mL collagenase I, 125 U/mL collagenase
XI, 60 U/mL DNase I, and 60 U/mL hyaluronidase (all Sigma) for 20 minutes (microdissected
AV node) or 1 hour (whole heart) at 37°C under agitation. Tissues were then triturated and cells
filtered through a 40-um nylon mesh (BD Falcon), washed and centrifuged to obtain single-cell
suspensions. Peritoneal cells were recovered by lavage with 5 mL of ice-cold PBS supplemented

with 3% fetal bovine serum and 2 mM EDTA.
Flow cytometry

Isolated cells were first stained at 4°C in FACS buffer (PBS supplemented with 0.5% bovine
serum albumin) with mouse hematopoietic lineage markers including phycoerythrin (PE) anti-
mouse antibodies directed against B220 (BioLegend, clone RA3-6B2, 1:600), CD49b
(BioLegend, clone DXS5, 1:1200), CD90.2 (BioLegend, clone 53-2.1, 1:3000), Ly6G
(BioLegend, clone 1A8, 1:600), NK1.1 (BioLegend, clone PK136, 1:600) and Ter119
(BioLegend, clone TER-119, 1:600). This was followed by a second staining for CX3CR1
(BioLegend, clone SAO11F11, 1:600), CD11b (BioLegend, clone M1/70, 1:600), CD11c¢
(BioLegend, clone N418, 1:600), CD45 (BD Biosciences, clone 30-F11, 1:600 or BioLegend,
clone 104, 1:600), CD64 (BioLegend, clone X54-5/7.1, 1:600), CD103 (BioLegend, clone 2E7,
1:600), CD115 (eBioscience, clone AFS98, 1:600), F4/80 (Biolegend, clone BM8, 1:600) and/or
Ly6C (BioLegend, clone HK1.4, 1:600 or BD Bioscience, clone AL-21, 1:600). Monocytes were
identified as (B220/CD49b/CD90.2/Ly6G/NK1.1/Ter119)°Y CD11b"¢" CD115"E" Ly6C'oVhieh,
Cardiac macrophages were identified as (B220/CD49b/CD90.2/Ly6G/NK1.1/Ter119)¥
(CD45/CD11b)™¢" Ly6C'*"™ F4/80"¢". Data were acquired on an LSRII (BD Biosciences) and

analyzed with FlowJo software (Tree Star).
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Cell sorting

To isolate peritoneal macrophages, depletion of undesired cells including lymphocytes was
performed using MACS depletion columns according to the manufacturer’s instructions
(Miltenyi). Briefly, single cell suspensions after peritoneal lavage were stained using a cocktail
of PE-conjugated antibodies directed against B220, CD49b, CD90.2, NK1.1 and Ter119,
followed by incubation with anti-PE microbeads. The enrichment of peritoneal macrophages was
evaluated by flow cytometry. To purify macrophages from AV node tissue, digested samples
were stained with hematopoietic lineage markers, CD11b, CD45, F4/80 and Ly6C, and
macrophages were FACS-sorted using a FACSAria II cell sorter (BD Biosystems). DAPI was
used as a cell viability marker. To isolate cardiac macrophages from whole heart, digested tissue
samples were first enriched for CD11b" cells using CD11b microbeads and MACS columns
according to the manufacturer’s instructions (Miltenyi). Next, cells were stained with
hematopoietic lineage markers, CD45, F4/80 and Ly6C, and FACS-sorted using a FACSAria I1

cell sorter.

Scrape-loading and dye-transfer assay

C57BL/6 mice were intravenously injected with 4 ng of CX3CR1-APC antibody (BioLegend,
clone SAO11F11) to label tissue-resident macrophages. After 30 minutes of in vivo labeling,
mice were perfused through the LV with 10 mL of oxygenated and prewarmed Tyrode’s solution
containing (in mM): 140 NaCl, 5.4 KCI, 1.8 CaCl,, 1 MgCl,, 10 glucose and 10 HEPES, pH 7.4
with NaOH (all Sigma). The AV node was microdissected in oxygenated and prewarmed
Tyrode’s solution as described above, and incubated in Tyrode’s solution containing 2.5 mg/mL

Lucifer yellow (Molecular Probes) for 2 minutes. The tissue was then washed with Tyrode’s

20



445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

solution for 5 minutes. After washing, the AV node was mounted between two long coverslips
and imaged using an Olympus IV100 microscope and z-stack images acquired at 1-2 um steps
were processed with ImagelJ software (NIH). Control tissue was handled as above, but with

omission of Lucifer yellow, and revealed negligible autofluorescence.
I solation and cultur e of neonatal mouse car diomyocytes

Neonatal mouse cardiomyocytes were isolated by use of enzymatic dissociation. One- to 2-day-
old pups were sacrificed, the hearts removed and the ventricles harvested. The tissue was
dissociated in HBSS containing 0.1% trypsin (Sigma) overnight at 4°C under agitation, followed
by three consecutive digestion steps in HBSS containing 335 U/mL collagenase II (Worthington
Biochemical Corporation) for 2 minutes at 37°C with gentle agitation. The digest was filtered
through a 40-um nylon mesh, washed and resuspended in mouse culture medium which
consisted of DMEM supplemented with 14% FBS and 2% penicillin/streptomycin. Cell
suspensions were preplated into 100-mm cell tissue culture dishes and incubated at 37°C for 45
minutes to allow preferential attachment of non-myocyte cell populations and enrichment of the
cardiomyocyte population. Cardiac cells remaining in suspension were collected and seeded at a
density of 0.5-1x10° cells/cm? on fibronectin-coated 8-mm cover slips (Warner Instruments) pre-
seeded with 5x10* FACS-purified GFP" cardiac macrophages. Medium exchanges were
performed on the first day after seeding and every other day thereafter with mouse culture
medium supplemented with 1 pM cytosine B-D-arabinofuranoside hydrochloride (Sigma).

Experiments were performed on day 3.
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Whole-cell patch clamp

Membrane potentials were recorded with whole-cell patch clamp technique in tight-seal current-
clamp mode at 37°C. Borosilicate-glass electrodes filled with pipette solution had 4 to 6 MQ tip
resistance, and were connected with an Axopatch 200B amplifier and a Digidata 1440A A/D
converter. Data were analyzed with Clampfit 9.2 (Molecular Devices). The bath solution
contained (in mM): 136 NacCl, 5.4 KCI, 1 MgCl,, 1.8 CaCl,, 0.33 NaH,PO., 5 HEPES, 10
Dextrose, pH 7.4 with NaOH, and the pipette solution contained (in mM): 110 K-aspartate, 20
KCl, 1 MgCl,, 5 MgATP, 0.1 GTP, 10 HEPES, 5 Na-Phosphocreatine, 0.05 EGTA, pH 7.3 with
KOH (all Sigma). To identify the patched cell, the pipette was additionally loaded with 0.2
mg/mL TexasRed" dextran (Molecular Probes, MW 3000). To block Cx43-mediated gap
junction communication, 200 pM of the Cx43-mimetic peptide Gap26 (Alpha Diagnostics) was

added to the batch solution during patch clamp recording.
Voltage dye imaging

Cardiomyocyte-macrophage co-cultures were loaded with 4 pM of ANNINE-6plus (Sensitive
Farbstoffe GbR) for 5 minutes in Tyrode’s solution. After washing, cover slips were transferred
to Tyrode’s solution containing 20 uM of blebbistatin (Sigma) to uncouple the excitation-
contraction process in cardiomyocytes. To optically detect action potentials, line scans were
obtained from the surface membranes of cardiomyocytes and attached macrophages using an
Olympus IV100 microscope. The acquired line-scans were filtered with a collaborative filter to
increase the signal-to-noise ratio and analyzed in Matlab (Mathworks) as previously described’®.
In detail, the average signal intensity of each successive line in the line-scan image

corresponding to the membrane of the cell of interest was calculated to obtain the time course of
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the averaged fluorescence [F(t)]. The time course of normalized fractional fluorescence changes
[AF/Fy(t)], where AF is F(t) — Fo(t) and F(t) is the baseline trace, was subsequently determined

for the cardiomocyte and attached macrophage.
Histology

Immunofluorescence staining: To eliminate blood contamination, hearts were perfused with 10
mL of ice-cold PBS. Hearts from Cxscrl ChR2, Cxscrl Cx43”, Csf1% and Cd11b°™ mice were
embedded in OCT compound and flash-frozen in a 2-methylbutane bath on dry ice. Serial frozen
6- to 25-pum sections were prepared and acetylcholinesterase staining (MBL) was carried out to
identify the AV node. The selected sections were fixed with 10% formalin for 5 minutes, washed
and permeabilized with 0.1% Triton X-100 in PBS for 30 minutes. The tissue sections were then
blocked with 4% normal goat serum in PBS for 30 minutes at room temperature. After blocking,
sections were incubated with a rabbit anti-mouse HCN4 antibody (Alomone labs) overnight at
4°C, followed by a biotinylated goat anti-rabbit IgG antibody for 45 minutes and DyLight 649-
streptavidin (Vector Laboratories) for 30 minutes at room temperature. The sections from Cx;crl
ChR?2 hearts were additionally incubated with a chicken anti-GFP antibody (Abcam) overnight at
4°C. Alexa Fluor 568 goat anti-chicken IgG antibody (Life Technologies) was used as a
secondary antibody. The sections from Cx;crl Cx43” and Csf1? hearts were additionally
incubated with a rat anti-mouse CD68 antibody (AbD Serotec, clone: FA11) for 2 hours at room
temperature. Alexa Fluor 568 goat anti-rat IgG antibody (Life Technologies) was used as a
secondary antibody. TUNEL staining was performed using DeadEnd Fluorometric TUNEL
system (Promega) according to the manufacturer’s protocol and DAPI was applied for nuclear
counterstaining. Cover slips seeded with cardiomyocytes and GFP" FACS-purified cardiac

macrophages were fixed with 4% PFA for 10 minutes at room temperature. After washing, cells
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were permeabilized with 0.1% Triton X-100 in PBS for 10 minutes at room temperature, washed
and blocked in blocking solution (PBS containing 10% goat serum, 0.1% Tween-20 and 0.3 M
glycine) for 1 hour at room temperature. Cells were then stained with rabbit anti-mouse Cx43
antibody (Sigma) in blocking solution for 1 hour at room temperature, followed by incubation
with Alexa Fluor 647 goat anti-rabbit IgG secondary antibody (Life Technologies) for 1 hour at
room temperature. After washing, cells were stained with Alexa Fluor 568 rabbit anti-Desmin
antibody (Abcam) and DAPI was applied for nuclear counterstaining. All images were captured
using an Olympus FV1000 or a Nikon 80i fluorescence microscope and processed with ImageJ

software.

—+ .
197" mice were harvested as

Whole-mount immunofluorescence staining: AV nodes from Cx;cr
described above and fixed using periodate-lysine-paraformaldehyde (PLP) in a 96-well plate for
1 hour at room temperature. Tissues were washed in 1% Triton X-100 diluted in PBS, and
blocked and permeabilized in blocking solution (PBS containing 20% goat serum, 1% Triton X-
100 and 0.2% sodium azide) for 1 hour at room temperature. AV nodes were then stained with
chicken anti-GFP (Abcam), rabbit anti-mouse Cx43 (Sigma) and rat anti-mouse HCN4 (Abcam)
antibodies in blocking solution for 3 days at 4°C. After washing, samples were incubated with
Alexa Fluor 488 goat anti-chicken IgG, Alexa Fluor 568 goat anti-rabbit IgG and Alexa Fluor
647 goat anti-rat IgG secondary antibodies (Life Technologies) overnight at 4°C. AV nodes were
then optically cleared or mounted between two long coverslips and imaged using an Olympus

FV1000 microscope and z-stack images acquired at 0.1- to 2-um steps were processed with

ImagelJ software.

Optical clearing: Stained AV nodes were cleared using Rapiclear 1.49 (SunJin Lab) by

immersion in the clearing solution for 24 hours at room temperature. The cleared tissues were
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then mounted on a custom-made sample holder and imaged using an Olympus FV1000

microscope. Acquired images were processed with Amira 3D software (FEI Software).

Immunohistochemistry: Human AV node samples were stained with Masson’s trichrome to
identify the cardiac conduction tissue. To identify human cardiac macrophages, the paraffin-
embedded tissue was first deparaffinized and antigen retrieval was performed using sodium
citrate, pH 6.0 (BD Biosciences). In order to block endogenous peroxidase activity, the tissue
sections were incubated in 1% H,0; diluted in dH»O for 10 minutes and rinsed in dH,O and
PBS. The sections were then blocked with 4% horse serum in PBS for 30 minutes at room
temperature and incubated with a monoclonal mouse anti-human CD68 antibody (Dako, clone:
KP1) overnight at 4°C. A biotinylated horse anti-mouse IgG antibody (Vector Laboratories) was
applied for 30 minutes at room temperature. For color development, the VECTA STAIN ABC
kit (Vector Laboratories) and AEC substrate (Dako) were used. All the slides were
counterstained with Harris hematoxylin and scanned with NanoZoomer 2.0-RS (Hamamatsu).

Sections were analyzed at 20x magnification using 1Vision (BioVision Technologies).

Electron microscopy: Hearts from Cxzcrl """ mice were fixed using PLP solution and frozen
50-um sections were incubated in 0.3% H,O; diluted in PBS for 10 minutes, followed by
incubation with PBS containing 1% BSA and 0.05% saponin for 1 hour at room temperature. A
rabbit anti-GFP antibody (Life Technologies) was applied to the sections and incubated
overnight at 4°C. The tissue sections were washed and incubated with a biotinylated goat anti-
rabbit IgG antibody for 2 hours at room temperature. After washing, sections were incubated
with Vecta Stain ABC reagent for 30 minutes at room temperature, washed and then fixed with
PBS containing 1% glutaraldehyde and 5% sucrose for 30 minutes at room temperature. For

color development, diaminobenzidine solution was applied followed by 1% H,0, in dH,O. The
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sections were washed and incubated with 1% osmium tetroxide in 0.1 M sodium cacodylate
buffer on ice for 30 minutes. Prior to embedding, sections were dehydrated and allowed to pre-
infiltrate in a 1:1 mix of Eponate resin and propylene oxide overnight at room temperature with
gentle agitation. Sections were then infiltrated with fresh 100% Eponate resin and polymerized
for 1-2 days at 60°C. Polymerized sections were trimmed and oriented such that the targeted AV
node region would lie at the sectioning face. Thin sections were cut using a Leica EM UC7
ultramicrotome, collected onto formvar-coated grids, stained with uranyl acetate and Reynold’s
lead citrate and examined in a JEOL JEM 1011 transmission electron microscope at 80 kV.
Images were collected using an AMT digital imaging system (Advanced Microscopy

Techniques).

Y FP tar get-to-background ratio (TBR) measur ement

3 wt/wt 5 wt/CreER

Cx;ser and Cx;cr mice were intravenously injected with 4 pg of CX3;CR1-PE
(BioLegend, clone SAO11F11) and Scal-APC (BioLegend, clone E13-161.7) antibodies to label
tissue-resident macrophages and endothelial cells, respectively. After 30 minutes of in vivo
labeling, mice were perfused through the LV with 10 mL of ice-cold PBS. Hearts were then
mounted between two long coverslips and imaged using an Olympus IV100 microscope. Z-stack
images acquired at 1-um steps were analyzed in Matlab with custom developed functions. Semi-

automatic thresholding-based algorithms were used for TBR measurements. A BM3D filter

method was implemented for noise reduction to increase the overall signal-to-noise ratio.
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Western Blot

Total protein was extracted from heart tissue in RIPA lysis buffer (Pierce) supplemented with
protease/phosphatase inhibitor cocktail (Cell Signaling). Protein concentration was measured
using BCA assay (Pierce). Lysates of 3 ug were then subjected to electrophoresis using
NuPAGE Novex Gel system (Life Technologies) and were blotted to nitrocellulose membrane
using iBlot Gel Transfer system (Life Technologies) according to manufacturer’s instructions.
Anti-mouse Cx43 antibody (Sigma), anti-mouse GAPDH antibody (R&D Systems) and HRP-
coupled secondary antibodies (Pierce) were used. Signals were visualized with

chemiluminescent substrate (Pierce) and densitometric analysis was performed with Imagel.
PCR confirmation of the deletion of the Cx43 allele

Genomic DNA from FACS-purified cardiac macrophages was isolated with DNeasy Blood &
Tissue kit (Qiagen) and used in PCR with two pairs of Cx43-specific primers: 5’-
CTTTGACTCTGATTACAGAGCTTAA-3’ and 5’-GTCTCACTGTTACTTAACAGCTTGA-3’
for detecting Cx43" or Cx43" alleles, and 5’-GCTACTTCTTGCTTTGACTCTGATTA-3’ and
5’-GCTCACTTGATAGTCCACTCTAAGC-3’for detecting the Cx43 allele lacking the floxed
fragment. To normalize the amount of input DNA, specific primers to the Cx;crI™ gene were

used: 5’-GTCTTCACGTTCGGTCTGGT-3’ and 5’-CCCAGACACTCGTTGTCCTT-3".
gPCR

Total RNA from whole AV node tissue was extracted using the RNeasy Micro kit (Qiagen) or
from FACS-purified cells using the Arcturus PicoPure RNA isolation kit (Applied Biosystems)

according to the manufacturer’s protocol. First-strand cDNA was synthesized using the High-
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Capacity RNA-to-cDNA kit (Applied Biosystems) and pre-amplified using the TagMan PreAmp
Master Mix kit (Applied Biosystems) according to the manufacturer’s instructions. TagMan gene
expression assays (Applied Biosystems) were used to quantify target genes. The relative changes

2-AACT

were normalized to Gapdh mRNA using the method.

Bulk RNA-seq

Total RNA from whole AV node tissue was extracted using the RNeasy Micro kit (Qiagen)
according to the manufacturer’s protocol. The RNA quality was assessed with the RNA 6000
Pico assay kit using the Agilent Bioanalyzer. Sequencing-ready cDNA libraries were prepared
using the NEBNext Ultra RNA Directional Library Prep kit for Illumina (New England BioLabs)
following the manufacturer’s protocol. Bioanalyzer traces were used to confirm library size
distribution. The libraries were quantified by qPCR using KAPA Library Quantification kit
(Kapa Biosystems) and then sequenced as single-end 50 base reads on a Illumina HiSeq 2000 in

high-output mode.
Single-cell RNA-seq

AV node macrophages were FACS-purified from whole AV node tissue as described above.
Single macrophages were then captured using the Fluidigm C1 microfluidic chip designed for 5-
to 10-um cells according to the manufacturer’s protocol. A concentration of 1.8x10° cells per mL
was used for chip loading. After cell capture, chips were examined visually to identify empty
chambers, which were excluded from later analysis. Cell lysis and cDNA synthesis were
performed on-chip with Clontech SMARTer Ultra Low RNA kit for the Fluidigm C1 system.
Amplified cDNA was validated and quantified on an Agilent Bioanalyzer with the High

Sensitivity DNA chip. Illumina libraries were then constructed in 96-well plates using the
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Illumina Nextera XT DNA Sample Preparation kit according to a modified protocol supplied by
Fluidigm. Constructed libraries were validated and quantified with the Agilent High Sensitivity
DNA chip, and subsequently normalized and pooled to equal concentrations. The pooled
libraries were quantified by qPCR and sequenced as single-end 50 base reads on a [llumina

HiSeq 2000 in high-output mode.
RNA-seq and microarray data analysis

Bulk RNA-seq: Transcriptome mapping was performed with STAR version 2.3.0% using the
Ensembl 67 release exon/splice-junction annotations. Approximately 65-78% of reads mapped
uniquely. Read counts for individual genes were calculated using the unstranded count feature in
HTSeq v.0.6.0*. Differential expression analysis was performed using the exactTest routine of
the edgeR R package’! after normalizing read counts and including only those genes with counts
per million (cpm) > 1 for two or more replicates. Differentially expressed genes were then
defined as those genes with > 2-fold change in expression and false discovery rate (FDR) < 0.05.
Hierarchical clustering of differentially expressed genes was performed with the heatmap.2
function in the R gplots library. Gene Set Enrichment Analysis (GSEA) was performed as
described previously*. Input rankings were based on the sign of the fold change multiplied by
the inverse of the P value. Genes involved in cardiac conduction (gene ontology term
G0:0061337, 38 unique members) were downloaded from the QuickGO Browser

(http://www.ebi.ac.uk/QuickGOY/).

Single-cell RNA-seq: Transcriptome mapping (73-87% reads were uniquely mapped) and counts
per gene calculations were performed in the same manner as with the bulk RNA-seq data. The 76

cells with the most reads (260K — 6.3M, median 2.1M) were selected for further analysis.
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Expression thresholding for detected genes and calculation of overdispersion (i.e., higher than
expected variance) was performed with SCDE" using the clean.counts and pagoda.varnorm
routines, respectively, which resulted in 9,235 genes retained for further analysis. Hierarchical
clustering of the 200 most overdispersed genes was performed using the heatmap.2 function in
the R gplots library. To group cells into three co-expression categories based on A2 and Ccr2
expression levels, we performed spectral clustering on their joint distribution based on log2(cpm)
values (specc command in the factoextra R library). Then, the two clusters with lowest average

H?2 expression were joined to form a larger cluster shown in orange in Extended Data Fig. 2a.

Microarray: Raw microarray data from” were downloaded from ArrayExpress
(www.ebi.ac.uk/arrayexpress), accession number E-MEXP-3347, and normalized using the
robust multi-array average*!. GSEA was performed using standard parameters (gene set

permutation, signal-to-noise ratio as a ranking metric).
Computational modeling

Macrophages were modeled as unexcitable cells based on a fibroblast model*. The macrophage
model comprises an inwardly rectifying potassium current and an unspecific background current.
Supplementary Table 1 shows the constants of the resulting model. Potassium concentrations
were set to match experimental conditions. The remaining parameters C,,, G5, and Gg; were
fitted to experimental whole-cell patch clamp data. The membrane capacitance of the model, C,,
was set to the mean of the measured macrophage membrane capacitances (n = 18). The
conductance of the unspecific background current, G, was set to the inverse of the mean of
measured membrane resistances (n = 9). Finally, the maximal conductance of the potassium

channel, Gx;», was adapted such that the resulting resting membrane potential matched the
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measurements (n = 20). The resulting resting membrane potential also served as initial value for
the membrane potential V;, of the model. A mathematical model of a rabbit AV bundle
cardiomyocyte*® was adapted to mouse cells to be able to estimate the effects of macrophage
coupling to an AV bundle cardiomyocyte. The rabbit model was modified such that the action
potential duration (APDyy) was reduced from 48 ms to 30 ms, a physiological value for mouse
atrial cardiomyocytes®’. For this purpose, we introduced two scaling factors for the time
constants of gating variables that correspond to the currents /¢, 1, and /,,. Namely, in the altered
model it is 7, = s,7, for * € {d, 1, p;} where T, is the corresponding original value from the
unaltered model. The resulting scaling factors of the modified model were s;,= 0.5182 and s, =

7.0239.
Statistics

All statistical analyses were conducted with GraphPad Prism software (GraphPad Software) and
data are expressed as mean =+ standard error (s.e.m.). All » numbers represent biological repeats
unless indicated otherwise. The data was tested for normality using the D’ Agostino-Pearson
normality test and for equal variance. Statistical significance was assessed by the two-sided
Student’s #-test for normally distributed data. If normal distribution or equal variance
assumptions were not valid, statistical significance was evaluated using the two-sided Mann-
Whitney test and the two-sided Wilcoxon rank-sum test. For multiple comparisons,
nonparametric Kruskal-Wallis tests followed by Dunn’s posttest were performed. Statistical
significancy of contingency tables was assessed with a Fisher’s exact test. The Mantel-Cox test
was used to compare onset of AV block in DT-treated mice. P values of 0.05 or less were

considered to denote significance. Animal group sizes were as low as possible and empirically
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chosen. No statistical methods were used to predetermine sample size and animals were

randomly assigned to treatment groups. Tested samples were assayed in a blinded fashion.
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AV bundle

His bundle

Figure 1| Resident cardiac macrophagesin the AV node. a, Volumetric reconstruction of
confocal microscopy after optical clearing of the atrioventricular (AV) node in a Cxscrl ™" "
mouse stained with HCN4 (red). The node is orientated along the AV groove extending from the
compact node (CN) into the proximal His bundle. Dashed square indicates the lower nodal or
AV bundle. CFB, central fibrous body; IAS and IVS, interatrial and interventricular septum. b,
Higher magnification of dashed square in (a). ¢, 3D rendering of GFP" macrophages in the AV
bundle. d, Electron microscopy of a DAB™ macrophage in AV node of Cx;cr!“" mouse
stained with a primary antibody for GFP. Arrow indicates nucleus, arrowheads indicate cellular
processes.
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847  t-test. b, Expression of CD64, CX;3CR1, CD11c and CD103 on AV node and LV free wall

848  macrophages. Representative histograms of 4 mice are shown. Gray, isotype control antibody. C,
849  Macrophage chimerism in the LV free wall and AV node and monocyte chimerism in the blood
850  of C57BL/6 mice that had been joined in parabiosis with CxscrI““* mice for 12 weeks (mean +
851  s.e.m.,n=3[AV node] and n =7 [LV free wall and blood] of 2 independent experiments). d,
852 (Top) Workflow; (bottom) Heat map of expression levels (cpm, counts per million) among top
853 200 overdispersed genes from RNA-seq data of 76 AV node macrophages. Unsupervised

854  clustering reflects three macrophage subsets according to expression levels of H2 and Ccr2
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Figure 3| AV node macrophages couple to conducting cardiomyocytes and alter their
electrophysiological properties. a, Relative connexin (Cx) expression levels in FACS-purified
AV node macrophages by qPCR (n =4 to 6 of 2 independent experiments). b, Cx43 levels by
qPCR in whole AV node tissue and in macrophages FACS-sorted from AV node and peritoneum
(P). n =610 9 of 2 independent experiments; mac, macrophage. ¢, Whole-mount
immunofluorescence microscopy of AV lower nodal area from a Cx;crl """ mouse stained with
Cx43 (red) and HCN4 (white). Arrowheads indicate Cx43 colocalization with GFP"
macrophages (green). d, Electron microscopy image of a direct membrane contact of a DAB”
macrophage and a cardiomyocyte in AV node tissue of Cxscrl““”* mouse stained for GFP.
Arrow indicates membrane contact. €, Immunofluorescence image of a co-cultured desmin”
neonatal mouse cardiomyocyte (white) and GFP" cardiac macrophage (green) stained with Cx43
(red, arrow), illustrating setup for patch clamp experiments (f-1). f, Inmunofluorescence images
of dextran diffusion during whole-cell patch clamp with a dextran-loaded pipette. (Top)
Arrowhead indicates GFP" cardiac macrophage (green); (bottom) TexasRed ™ dextran (red)
diffusion into macrophage. g, Spontaneous recordings and h, resting membrane potential of
solitary cardiac macrophages (n = 20) and macrophages attached to cardiomyocytes (n = 43) by
whole-cell patch clamp. Data are mean + s.e.m. from 13 independent experiments, P < 0.01,
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nonparametric Mann-Whitney test. Rhythmic depolarization was observed in 10/43 macrophages
attached to cardiomyocytes. i, Resting membrane potential of solitary cardiomyocytes (n = 13)
and cardiomyocytes coupled to macrophages before (n = 14) and after (n = 7) addition of the
Cx43 inhibitor Gap26. Data are mean = s.e.m. from 3 independent experiments, P <0.05 and
"P <0.01, Kruskal-Wallis test followed by Dunn’s posttest. j, Mathematical modeling of AV
bundle cardiomyocyte membrane potential uncoupled or coupled to one, two or four cardiac
macrophages at a junctional conductance of 1 nS. k, Computational modeling of resting
membrane potential and |, action potential duration (APDg) of an AV bundle cardiomyocyte
coupled to an increasing number of cardiac macrophages.
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Figure 4| Optogenetics stimulation of AV node macrophages improves nodal conduction. a,

Experimental outline. Hearts of Cx;cr

ChR2""" (Cx;scrl ChR2) mice were perfused in a Langendorff setup. Recording and pacing
electrodes were connected to the heart and illumination with a fiber optic cannula was focused
on the AV node. b, Representative bar graphs of a control and Cx;crl ChR2 heart showing the

1" ER (control) or tamoxifen-treated Cixscr

5 wt/CreER

Wenckebach ratio during light off and on cycles. Data are mean + s.e.m., P <0.01,
nonparametric Mann-Whitney test. ¢, Contingency graph of control (n = 3) and Cxscrl ChR2 (n
= 6) hearts indicating the presence of increased Wenckebach ratio phenotype during

photostimulation of the AV node. Fisher’s exact test. d, Representative ECG recordings from a
Cxscrl ChR2 heart illustrating the Wenckebach ratio during light off and on cycles. Arrows

indicate failure of conduction leading to missing QRS complexes. Stim, stimulation.
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Figure 5| Cx43 deletion in macrophages and congenital lack of macrophagesdelay AV
conduction. a, Experimental outline of the electrophysiological (EP) study performed on mice
lacking Cx43 in macrophages. b, AV node effective refractory period at 120 ms pacing
frequency, and pacing cycle lengths at which Wenckebach conduction, 2:1 conduction and
ventriculo-atrial (VA) Wenckebach conduction occurred in control (n =5 to 9) and Cx;crl Cx43
- (n =6 to 8) mice. Data are mean + s.e.m., 2 independent experiments, "P<0.05and P <0.01,
Student’s #-test and nonparametric Mann-Whitney test. C, Surface ECG from control and Cx;crl
Cx43” mice illustrating the Wenckebach cycle length. Arrows indicate missing QRS complexes.
Stim, stimulation. d, Flow cytometric quantification of AV node macrophages in control and
Cxscrl Cx43” mice. Data are mean + s.e.m., 7 = 6 mice per group, nonparametric Mann-
Whitney test. €, Immunofluorescence images of control and Cx;crl/ Cx43” AV node stained for
CD68 (green) and HCN4 (red). f, Quantification of AV node macrophages in control (z = 5) and
CsfI1” (n = 4) mice by flow cytometry. Data are mean + s.e.m., 3 independent experiments, P <
0.05, nonparametric Mann-Whitney test. g, Immunofluorescence image of a Csf1” AV node
stained for CD68 (green) and HCN4 (red). h, AV node effective refractory period at 120 ms
pacing frequency, and pacing cycle lengths at which Wenckebach and 2:1 conduction occurred
in control (n = 6) and Csf1”” (n = 5) mice. Data are mean + s.e.m., 3 independent experiments,
P <0.01, nonparametric Mann-Whitney test.
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Figure 6 | Macrophage ablation induces AV block. a, Experimental outline. DT, diphtheria
toxin. b, Flow cytometric quantification of AV node macrophages three days after intraperitoneal
injection of DT into C57BL/6 and Cd11b"™® mice. Data are mean + s.e.m., n = 6 mice per group,
P < 0.01, nonparametric Mann-Whitney test. ¢, Onset of first degree AV block in Cd116"™ (n
=6) and C57BL/6 (n = 10) animals after DT injection (2 independent experiments, rp<
0.0001, Mantel-Cox test). d, Telemetric ECG recordings before and after DT injection in
Cd11b°™ mice. Arrows indicate non-conducted P waves in second degree AV block.



