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Current mechanisms driving cardiac pacemaker function have focused on ion channel and gap junction channel func-
tion, which are essential for action potential generation and propagation between pacemaker cells. However, pace-
maker cells also harbour desmosomes that structurally anchor pacemaker cells to each other in tissue, but their
role in pacemaker function remains unknown.

To determine the role of desmosomes in pacemaker function, we generated a novel mouse model harbouring cardiac
conduction-specific ablation (csKO) of the central desmosomal protein, desmoplakin (DSP) using the Hcn4-Cre-ERT?2
mouse line. Hcn4-Cre targets cells of the adult mouse sinoatrial node (SAN) and can ablate DSP expression in the
adult DSP csKO SAN resulting in specific loss of desmosomal proteins and structures. Dysregulation of DSP via
loss-of-function (adult DSP csKO mice) and mutation (clinical case of a patient harbouring a pathogenic DSP variant)
in mice and man, respectively, revealed that desmosomal dysregulation is associated with a primary phenotype of
increased sinus pauses/dysfunction in the absence of cardiomyopathy. Underlying defects in beat-to-beat regulation
were also observed in DSP ¢sKO mice in vivo and intact atria ex vivo. DSP c¢sKO SAN exhibited migrating lead pacemaker
sites associated with connexin 45 loss. In vitro studies exploiting ventricular cardiomyocytes that harbour DSP loss and
concurrent early connexin loss phenocopied the loss of beat-to-beat regulation observed in DSP csKO mice and atria,
extending the importance of DSP-associated mechanisms in driving beat-to-beat regulation of working cardiomyocytes.

We provide evidence of a mechanism that implicates an essential role for desmosomes in cardiac pacemaker function,
which has broad implications in better understanding mechanisms underlying beat-to-beat regulation as well as sinus
node disease and dysfunction.

Desmosome e Sinus node dysfunction e Physiology/function e Arrhythmia (mechanisms) e Heart rate variability

1. Introduction

The heartbeat is initiated by synchronous depolarization of a network
of pacemaker cells in the sinoatrial node (SAN)." This large heteroge-
neous structure is composed of thousands of pacemaker cells, each
with the ability to generate action potentials spontaneously and,

presumably, at different frequencies.”” A regular heart rate is therefore
the result of pacemaker cells attaining synchronous depolarization
through mutual entrainment.” Current understanding of cardiac pace-
maker function has primarily focused on ion channel and gap junction
channel function, which are essential for generating and propagating
action potentials across pacemaker cells.>~¢ Inherent to the SAN,
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architecture is also anchoring junctions that structurally tether the
cell—cell interface of adjacent pacemaker cells;’ however, their role
in SAN function remains unknown.

Desmosomes are a subset of anchoring junctions that link the inter-
mediate filament cytoskeleton between two adjacent cells.® They are
formed by specialized desmosomal cadherins (desmoglein and desmo-
collin) from two adjacent cells that link to each other in the extracellu-
lar space, which then intracellularly link to the intermediate filament
(i.e. desmin) through desmoplakin’s (DSP) interaction with plakoglobin
and plakophilin.? DSP is necessary for desmosomal assembly.” In ven-
tricular muscle, desmosomes provide mechanical stability to cardio-
myocytes, but recent insights also suggest their potential importance
in gap junction'®"" and ion channel function.'"* Recent ultrastructural
studies also describe their abundance in the SAN; however, the unique
cellular heterogeneity (smaller central vs. larger periphery cells), cyto-
skeletal and junctional architecture, as well as electrophysiological
properties of the SAN present as being distinct from ventricular cardi-
omyocytes."*~” The SAN also possesses a rudimentary contractile ap-
paratus, unlike ventricular cardiomyocytes.” To support the prominent
cytoskeletal architecture of ventricular cardiomyocytes, they contain
additional composite junctions (mix of desmosomal and fascia adhe-
rens junction proteins),”"* which have not been reported in SAN cells,
suggesting a potentially distinct role for desmosomes in SAN compared
with ventricular cardiomyocytes. However, the physiological relevance
of desmosomal anchoring junctions in the SAN, including their contri-
bution to differences in pacemaker activity between cells from across
the SAN as well as whether their disruption would impact SAN func-
tion, has not been addressed.

Through the generation of a novel cardiac conduction-specific DSP
knockout mouse model (DSP csKO) as well as clinical and genetic
evaluation of an adult patient with primary sinus arrhythmias, we pro-
vide evidence that desmosomes are critical for normal SAN function
and mutual entrainment in vivo. Specifically, we show an important
role for SAN in lead pacemaker cells, which showed the most vulner-
ability to loss of desmoplakin and disruption of desmosomes. Studies
exploiting ventricular cardiomyocytes that harbour DSP loss further
translate the importance of DSP-associated mechanisms in driving
beating synchrony of working cardiomyocytes as they phenocopy the
loss of beat-to-beat control observed in DSP ¢sKO mice and atria.
These results reveal that the establishment of a spontaneous rhythmic
heart rate in vivo is an emergent function of a network of pacemaker
cells that require desmosomes for co-ordinated function.

2. Methods

An expanded Methods section is provided in the Supplementary material
online.

2.1 Generation of mouse lines

Mouse strains used included DSP floxed (DSP™*M°%) Hen4eERT2 and
Rosa26™™*? as published elsewhere. Cardiac conduction-specific DSP
knockout mice were generated by crossing DSPM* mice with Hen4<eERT2
mice. Tamoxifen injection was performed to achieve conduction-specific
ablation of DSP in mice using previously published protocols. For lineage
tracing studies, DSpPoxox.pyencreERT2 ice were crossed with Rosa267°mRed
mice. For experimental studies, adult mice were sacrificed by cervical dis-
location following anaesthesia by intraperitoneal injection of a mixture of
ketamine (100 mg/kg) and xylazine (5 mg/kg), while the depth of anaesthe-
sia was monitored by toe pinch. Neonatal mice were sacrificed by decapi-
tation. All animal procedures were in full compliance with the guidelines

approved by the University of California-San Diego Animal Care and Use
Committee and carried out in accordance with the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health.

2.2 Electron microscopy

Fixed hearts were excised, and only the cardiac region encompassing the
junction of the superior caval vein (SCV) and right atrium was processed
for EM as previously described."

2.3 Whole mount imaging

Hearts were fixed with 4% paraformaldehyde/PBS solution overnight at
4°C and placed on Sylgard-®184 (Dow Corning) coated petri dishes for
imaging. Bright field and epifluorescence images were acquired with an
Olympus MVX10® MacroView microscope.

2.4 Pacemaker cell isolation

Pacemaker cells were isolated from hearts of tamoxifen-treated adult
DSP TomRed reporter mice as previously described,’® with minor
modifications.

2.5 IF microscopy

Cells were stained with primary antibodies against desmoplakin (mouse,
1:100, AbDSerotec), desmin (rabbit, 1:100, Santa Cruz Biotechnology),
plakoglobin (goat, 1:100, Santa Cruz Biotechnology), and/or a-actinin
(mouse, 1:100, Sigma) and imaged as previously described."®

2.6 Protein blot analysis

Total protein was isolated using methods as previously described.® Immu-
nodetection of desmoplakin (mouse, 1:1000, AbDSerotec), plakophilin-2
(mouse, 1:100, Fitzgerald), plakoglobin (goat, 1:1000, sigma), desmoglein-2
(mouse, 1:100, Fitzgerald), desmocollin-2 (mouse, 1:500, Fitzgerald),
N-cadherin (rabbit, 1:100, Abcam), hyperpolarization activated cyclic
nucleotide-gated potassium channel 4 (rat, 1:1000, Abcam), connexin 45
(rabbit, 1:1000, Invitrogen), connexin 43 (rabbit, 1:10000, Sigma), connexin
30.2 (rabbit, 1:500, Abcam), and glyceraldehyde 3-phosphate dehydrogen-
ase (mouse, 1:2000, Santa Cruz Biotechnology) was performed as previ-
ously described.”®

2.7 ECG telemetry recordings and interbeat
interval variability analyses in mice

Conscious ECG telemetry using an implantable wireless transmitter/re-
ceiver system (Data Sciences International/Ponemah) was performed in
mice as previously described."” Sinus pause analysis was performed on Lab-
Chart® (ADInstruments) by manual inspection of ECG telemetry traces
blinded to the group. Interbeat interval variability analyses were performed
on LabChart® (ADInstruments). Twenty minutes of recorded telemetry
ECGs were analysed using the heart rate variability module.

2.8 Clinical and genetic evaluation of a patient
presenting with sinus arrhythmias

The patient was referred to the Cardiovascular Genetics Program at
New York University (NYU) School of Medicine for a second opinion
upon discovery of frequent ectopic beats and sinus bradycardia. The patient
underwent comprehensive clinical evaluation by undergoing cardiac MR,
an electrophysiological study, and implantation of a loop monitor (Ling,
Medtronic) without complications. A comprehensive genetic screen of
77 cardiomyopathy-associated genes was performed on DNA extracted
from peripheral blood by a commercial laboratory (GeneDx, Gettysburg,
Maryland) using next-generation sequencing. Eventual findings were re-
confirmed by capillary sequencing. This clinical study was approved by
the institutional ethics review board of the NYU School of Medicine
(09-0297) and conforms to the principles in the Declaration of Helsinki.
Informed consent was obtained for the inclusion of patient data.
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2.9 Interbeat interval variability and SAN
functional analyses in isolated mouse atria

Mouse atrial preparations were isolated as previously described,” with min-
or modifications. Two platinum recording electrodes were placed on the
right atrium to measure baseline electrograms. Recordings were performed
at 5000 Hz in LabVIEW. Baseline electrograms (10—20 s) were acquired
when the beating rate had stabilized. The fluorescent potentiometric dye
di-4-ANEPPS 20 uM (Invitrogen®, CA) was loaded after the baseline elec-
trogram was recorded. The preparation was excited with a light-emitting
diode array (LEDtronics) at 470 nm. Fluorescence was collected by a cus-
tom tandem lens optical macroscope, filtered with a longpass 610 nm filter,
and collected with a high speed 14-bit CMOS camera (MiCAM Ultima L,
SciMedia) at 1000 frames per second and a spatial resolution of 100 x
100 pixels at 0.1 x 0.1 mm per pixel. Data were analysed using LabChart®
software (ADInstruments).

2.10 Interbeat interval variability analyses in
neonatal mouse cardiomyocyte cultures

Neonatal ventricular cardiac myocytes isolated from Dsp™/f* mice
were plated on laminin-coated petri dishes and infected with AdLacZ
and AdCre, as previously described.'® Spontaneous electrical activation
was detected in cardiomyocytes using the voltage-sensitive fluorescent
dye di-8-ANEPPS (Life Technologies). Dye was loaded in a solution
of 0.1% Pluronic F-127 and 30 wM di-8-ANEPPS in antibiotic-free
media for 25 min, before switching to antibiotic- and serum-free
media for imaging. Data were analysed using LabChart® software
(ADInstruments). Optical data were analysed with custom software in
MATLAB.

2.11 Statistical analysis

Statistical analyses were performed on GraphPad Prism (GraphPad Soft-
ware Inc.). Data presented in the text and figures are expressed as mean
values + SEM. Significance was evaluated by Student’s t-test. A P-value of
<<0.05 was considered statistically significant.

3. Results

3.1 Desmosomal structures in the adult
mouse pacemaker complex

Previous studies have identified desmosomal structures and proteins
in the pacemaker complex (PC) of species such as the monkey and
guinea pig;'®"” however, they have not been specifically evaluated
in the mouse PC (Figure 1A). Representative electron micrographs
highlight heterogeneity of cell types within the adult mouse PC
(Figure 1B), compared with cells of the atrial myocardium, which
show a more homogenous population of atrial cardiomyocytes
(Figure 1C). SAN pacemaker cells could be identified by their high
mitochondrial and glycogen content along with their sparse contractile
apparatus (Figure 1B), as similarly described in other species.”® This is in
contrast to atrial cardiomyocytes, which contain abundant tightly
organized sarcomeres (Figure 1C). Representative micrographs also
revealed desmosomes between pacemaker cells (Figure 1D), which
were similarly observed between atrial cardiomyocytes (Figure 1E).
Fascia adherens anchoring junctions could also be identified between
pacemaker cells (Figure 1D), but they did not display the typical
ribbon-like extensions found in atrial cardiomyocytes (Figure 1E).
Gap junctions were identified between pacemaker cells; however,
they appeared sparse and shortened in length (Figure 1D; see Supple-
mentary material online, Figure S1), as described in the rabbit and cat

PC.2%2" Gap junctions were found in close proximity to desmosomes
(Figure 1D), suggesting a potential relationship between these
structures in the PC.

3.2 Characterization of an adult cardiac
conduction-specific DSP knockout mouse
model reveals loss of identifiable
desmosomes in the adult mouse PC

To determine a role for desmosomes in the adult mouse PC, we gen-
erated a novel mouse model harbouring cardiac conduction-specific
ablation of the central desmosomal protein, desmoplakin (DSP
csKO), using an inducible Hen4-Cre-ER™ mouse line. DSP is a central
component of the desmosomal complex that is essential for desmo-
somal assembly in early embryonic development and mechanical integ-
rity of ventricular cardiomyocytes.®'® To determine the specificity of
Hcn4-Cre-ER™ to target cardiac conduction cells in adult DSP csKO
mice, we crossed DspﬂOX/+:ch4creERT2(+) mice with a Cre-inducible
R26RtdTomato reporter mice, to generate Dsp®/*:Hen4<eERT2(H):
ROSA26™™Redt mice. R26RtdTomato reporter mice express Tomato
Red (TomRed) when exposed to Cre recombinase. Thus, TomRed ex-
pression in the background of Dsp™*:Hen4ER72(+) mice genetically
mark all Hecn4 positive (4) cells in this model at a time point when
Cre is activated with tamoxifen injection. Since the mice were injected
at 1 month of age, TomRed would thus mark all cells within the adult
heart expressing Hcn4. Macroscopic analyses of adult Dsp™®/*:
Hen4<eERT2H):R05A 26 TomRedF mouse hearts revealed that Hend-Cre
targeted cells of the adult mouse SAN (Figure 2). Anterior views
showed TomRed activity localized to the junction of the SCV adjacent
to the right atrium, consistent with the localization of the compact
node (Figure 2B and D). Posterior views highlighted TomRed activity
extending from the SCV toward a mesh-like network surrounding
the large coronary sinus (Figure 2F and H). Lineage tracing studies
revealed that Hcn4-Cre also targeted cells of the adult atrioventricular
node and His-Purkinje network (see Supplementary material online,
Figure $2).

To determine DSP knockdown efficiency in the SAN, we assessed
DSP protein localization and expression in isolated SAN cells
(Figure 3A—F) and compact node-enriched tissue (Figure 3G and H)
in adult DSP csKO hearts harbouring the TomRed reporter. IF staining
analysis showed that TomRed-negative cardiomyocytes (desmin
positive with no Cre recombinase activity) showed DSP localization
at the cell junction and lateral ends (Figure 3A, C, and E; see Supplemen-
tary material online, Figure S3). IF staining of TomRed-positive
cardiomyocytes showed the loss of DSP immunoreactivity (Figure 3B,
D, and F; see Supplementary material online, Figure S3). Protein
blot analyses of DSP expression in compact node-enriched tissues
from adult DSP csKO (Dsp™/ ¢ Hcn4ERT2(H): ROsA26TomRedFy ys,
control (Dsp"*:Hen4reERT2(H. ROSA26 TR hearts further
showed the loss of DSP protein (Figure 3G and H). DSP loss resulted
in a significant reduction in desmoglein-2, desmocollin-2, and
plakophilin-2 protein levels in the compact SAN node and SAN cells
of DSP ¢sKO mice compared with controls (Figure 3H; see Supplemen-
tary material online, Figure S3). Interestingly, no significant differences in
the levels of fascia adherens-associated proteins, plakoglobin, and
N-cadherin were observed in the compact SAN node and SAN cells
of DSP ¢sKO vs. control mice (Figure 3H; see Supplementary material
online, Figure $3). Consistent with protein blot and IF microscopy
analyses, representative electron micrographs from adult DSP
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Figure | Desmosomal junctions in the mouse pacemaker complex. (A) Representative semi-thin section of the areas used for ultrastructural analysis
stained with Toluidine blue. In green boxes the areas used for pacemaker complex analysis, in red boxes working right atrial tissue areas. (B—E) Represen-
tative transmission electron micrographs from the mouse pacemaker complex (B and D) and right atrial muscle tissue (C and E). The cellular composition
(B and C) and cell—cell junction structures (D and E) are highlighted in both cardiac regions (n = 3). E, extracellular matrix; En, endothelial cell; N, nerve
bundle; F, fibroblast; D, desmosome; FA, fascia adherens junction; GJ, gap junction. Bar represents 5 um in B and C. Bar represents 500 nm in D and E.

csKO (Figure 31 and J) and control (Figure 3K and L) PC revealed that
unlike controls, in which desmosomes could be identified in abundance
(Figure 31 and J), that defined desmosomal structures could not be
identified in adult DSP ¢sKO PC (Figure 3K and L). In contrast, defined
desmosomes could be identified in atrial cardiomyocytes adjacent to
the SAN in adult DSP ¢sKO hearts (Figure 3M and N), underscoring
the specificity of the desmosomal defects to the PC.

3.3 Dysregulation of DSP (loss or mutation)
leads to increased sinus pauses in mice and
man in vivo

To determine the impact of loss of DSP on cardiac conduction in vivo,

we monitored cardiac rhythm in DSP ¢sKO mice via ECG telemetry.
Adult DSP csKO mice presented with a significant increase in the
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Figure 2 Hcn4 promoter-driven Cre recombinase activity targets the adult mouse pacemaker complex. Representative whole mount pictures from a
Dspﬂ°X/+:ch4C'eERT2(+): ROSA26™°™Red+ adult mouse after tamoxifen administration: Brightfield (A, C, E, and G) and TomRed fluorescence (B, D, F, and H).
Anterior views (A—D) of the mouse heart show TomRed expression localized to the junction of the superior caval vein (SCV). Posterior views (E—H)
highlight TomRed expression in a mesh-like network surrounding the large coronary sinus (CoS). RA, right atrium; Ao, aorta; PuT, pulmonary trunk; LA,
left atrium; RV, right ventricle; LV, left ventricle; PuA, pulmonary artery; PuV, pulmonary vein; ICV, inferior caval vein; LSCYV, left superior caval vein.

number of sinus pauses during periods of rest (Figure 4A and B). Sinus
pauses were observed in the absence of cardiomyopathy as no
significant differences in left ventricular dimensions and function
(see Supplementary material online, Table ST7), as well as atrial fibrosis
(see Supplementary material online, Figure $4), could be observed
between adult DSP csKO and control hearts.

We also show evidence from a clinical case that provides the first
demonstration of a deleterious human DSP variant that primarily as-
sociates with a phenotype of sinus pause/bradycardia in the absence
of cardiomyopathy (Figure 4C—E). A 19-year-old male presented with
isolated ventricular ectopies (>40 000 in 24 h). He denied syncope
or pre-fainting episodes and had a negative family history for sudden
death and/or known cardiac disease. Clinical evaluation revealed
marked sinus bradycardia (30—40 bpm) and frequent sinus pauses
(Figure 4C—E). Cardiac MRI showed preserved global left (LV) and right
(RV) ventricular systolic function (LV ejection fraction: 51%; RV ejec-
tion fraction: 46%) as well as the absence of focal wall motion abnor-
malities and scarring. No ventricular ectopies and/or sustained
arrhythmias were elicited either at baseline or after isoproterenol infu-
sion during an electrophysiological study (EPS). However, the EPS
showed marked sinus dysfunction, with a sinus node recovery time
(SNRT) of 3's (¢SNRT 1.5 s). Prolonged rhythm monitoring with
Ling (Medtronic) loop recorder demonstrated the occurrence of
frequent sinus pauses of ~3 s (Figure 4E). Comprehensive cardiomyop-
athy screening from a commercial panel, which included 77 genes
revealed the presence of a heterozygous splice site mutation in the

DSP gene [c273 +5 G > A, IVS2 + 5 G > A]. This mutation has
been previously reported in two paediatric cases diagnosed with
ARVC, and it is expected to destroy a natural splice donor site at intron
2, which is predicted to cause abnormal gene splicing.?>?* This DSP
variant was absent in >500 healthy controls screened and not re-
ported in the NHLBI Exome Sequencing Project (6500 healthy indivi-
duals of both Europe and African American ancestries). Cascade
screening revealed the same DSP variant in the patient’s mother (clin-
ical evaluation pending, but no reported history or signs of cardiomy-
opathy are known for this individual).

3.4 Loss of DSP leads to loss of beat-to-beat
regulation in mice in vivo

Even in the absence of sinus pauses, we also observed a scatter of inter-
beat intervals (IBl) at periods of lower heart rates in DSP csKO mice
compared with controls (Figure 5A). To determine whether the ob-
served scatter was different between control and DSP csKO mice,
we statistically assessed IBI variability during a 20-min interval, using
SD of beat-to-beat intervals (SDNN) (Figure 5B), SD of the difference
between intervals (SD of delta NN) (Figure 5C), and root mean square
of the successive differences (RMSSD) (Figure 5D). All of these para-
meters were significantly increased in adult DSP csKO mice compared
with control groups (Figure 5B—D). No significant differences in mean
heart rates were observed between adult DSP ¢sKO and control mice
during this time frame (Figure 5E). Additionally, no significant
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Figure 3 DSP csKO pacemaker cells display loss of DSP protein and the absence of desmosomal structures. (A—F) IF staining of DSP in TomRed-
negative and TomRed-positive pacemaker cardiomyocytes isolated from the SAN of a tamoxifen-injected DSP csKO mouse (Dsp™*:Hcn4<ERT2(H)..
ROSAZéTDmRW). Cells were double labelled with antibodies against (C and D) DSP (green) and (E and F) desmin (blue) as well as fluorescently imaged for
(A and B) TomRed (red). Bars represent 20 pm. Cells were examined from five mouse hearts per genotype. (G) Representative epifluorescence image
highlighting TomRed-positive compact node tissue (green dashed outline) that is observed in control (Dsp™'":Hen4<ERT2(H).R0SA267°™Red+) and DSP
csKO (Dsp¥fox:(Hen4weERT2(H). ROSA26T°mRed+) mice and used for protein analysis. (H) Immunoblot analysis of desmosomal and fascia adherens junction
proteins as well as GAPDH (loading control) from compact nodal tissue (n = 3 mice per genotype). DSP, desmoplakin; DSC2, desmocollin-2; DSG2,
desmoglein-2; PKP2, plakophillin-2; PKG, plakoglobin; N-cad: N-cadherin. (I-N) Representative transmission electron micrographs from the pacemaker
complex of (I and J) littermate control and (K and L) DSP ¢sKO mice as well as (M and N) atrial muscle from the same tamoxifen-injected DSP csKO.
Sections were examined from four mouse hearts per genotype. White arrowheads denote desmosomes. Black arrows denote gap junctions. Bars for

[-N represent 500 nm.

differences in PR and QRS intervals could be observed in adult DSP
¢sKO vs. control mice (see Supplementary material online, Figures S5).

3.5 Loss of DSP triggers loss of beat-by-beat
regulation independent of autonomic
influence

To dissect the effect of DSP loss on PC function in a system independ-
ent of autonomic or atrial volume load influence, we used an ex vivo
SAN-right atrial preparation in which the tissue remains spontaneously
depolarizing as previously described.® Electrodes were placed on the
atrial tissue to assess IBl (Figure 6A). A representative graph of IBI
from control and DSP ¢sKO atria highlights the variability of consecu-
tive intervals when DSP is lost from the PC (Figure 6B). Similar to in vivo
findings, we show that mean IBI did not significantly differ between
adult DSP ¢sKO and control atria (Figure 6C); however, the coefficient
of variation of IBl was significantly increased in adult DSP ¢sKO vs. con-
trol atria (Figure 6D). These results show that beat-to-beat regulation is

lost in a system independent of autonomic regulation or a response to
stretch due to fluctuations in volume load.

3.6 Loss of DSP triggers defects in site of
dominant mouse pacemaker localization,
which is associated with loss of connexin
45 protein expression

To understand the mechanisms underlying the loss of rhythmicity asso-
ciated with DSP loss, we evaluated P—P intervals and wave morphology
as well as the earliest point (lead site) of SAN activation in the mouse
atria. Representative tracings from controls revealed uniform depolar-
izations of the same morphology throughout successive beats, whereas
DSP ¢sKO atria revealed depolarizations of varying morphology
throughout successive beats (Figure 7A and B). Optical maps of action
potential propagation within mouse atria revealed that the earliest site
of activation (dominant pacemaker) for controls was located at a single
site in the PC (Figure 7A), while the lead pacemaker site was exclusively
observed in DSP ¢sKO atria to dynamically shift to a second site
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Figure 4 Dysregulation of DSP (loss or mutation) leads to increased sinus pauses in mice and man in vivo. (A) Upper panel: Representative ECG tel-
emetry trace from a DSP ¢sKO mouse. Lower panel: Expanded view of sinus pause in hatched box. (B) Quantification of sinus pauses in a period of 4 h
from DSP ¢sKO and littermate control mice. Number of pauses observed from each individual mouse is graphed in circles. Open circles and open bar:
Control mice; Closed circles and black bar: DSP ¢sKO mice (n = 5 for control, n = 6 for DSP csKO). *P < 0.05. (C) Lead |-l ECG showing sinus brady-
cardia (38 bpm) in the 19-year-old patient carrier of the DSP mutation c273 4+ 5 G > A. Scale bar: 1 s. (D) Ventricular rate histogram from 32 days loop
recorder monitoring showing sinus bradycardia with heart rate values <60 bpm for 70% of time. (E) ECG strip recorded by the implantable loop re-

corder (Medtronic Ling) showing a diurnal sinus pause of 3 s. Scale bar: 1 s.

between successive beats, coincident with altered P wave morphology
(Figure 7B), highlighting a potential alteration in electrical communica-
tion across the PC. These data recapitulate independent in vivo obser-
vations of varying P wave morphology in telemetry ECG recordings
from adult DSP ¢sKO mice (Figure 7C).

To understand the mechanisms underlying the altered electrical
communication within the PC in DSP ¢sKO atria, we examined protein
expression of connexin 45, a major molecular regulator of electrical
coupling in the PC.*”?? Previous studies have reported that desmo-
somal integrity is necessary to maintain gap junction expression and
function in the working ventricular myocardium;m’23 however, this
connection has not been explored in cardiomyocytes of the PC. Pro-
tein blot analysis revealed that connexin 45 protein expression and lo-
calization is dramatically down-regulated in compact SAN and SAN

cells from adult DSP csKO mice, compared with controls (Figure 7D;
see Supplementary material online, Figure $6). No significant differences
in connexin 45 transcript levels could be detected in compact SAN of
adult DSP ¢sKO vs. controls (see Supplementary material online, Figure
$6), suggesting that the down-regulation of connexin 45 is at the post-
transcriptional level. The loss of connexin45 protein expression in DSP
csKO mice was also observed in the absence of changes in the expres-
sion of Hcn4 protein levels (Figure 7D), demonstrating that loss of DSP
mechanistically impacts gap junction channel expression and function in
the PC. These results further suggest that similar to other genetic mod-

els 2425

post-transcriptional compensatory mechanisms may play a ma-
jor role in maintaining Hcn4 protein levels in the SAN of the
haploinsufficient Hcn4-Cre mouse model. Interestingly, protein levels

of connexin 43 and connexin 30.2, which are connexin isoforms also
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Figure 5 DSP loss from the mouse PC leads to increased beat-by-beat regulation with no change in heart rate. (A) Representative ECG telemetry
(upper trace) and R—R interval analysis (lower trace) obtained from control and DSP c¢sKO mice. (B—E) Analysis of beat-to-beat variability in a 20 min
period of ECG telemetry (n = 9 mice per genotype). (B) SD of RR intervals (SDNN), (C) SD of the difference between intervals (SD of delta NN),
(D) root mean square of the successive differences (RMSSD), and (E) heart rates (bpm) from the period analysed. *P < 0.05; ns, not significant.

N,2¢2” were not significantly different in

expressed in the compact SA
the compact SAN of adult DSP ¢sKO mice vs. controls (Figure 7D).
These results further demonstrate the specificity for connexin 45
protein loss in DSP-deficient SAN as well as show that compensatory
mechanisms related to other connexin isoforms do not likely contrib-

ute to the SAN phenotype in DSP ¢sKO mice.

3.7 Neonatal mouse ventricular
cardiomyocytes harbouring DSP loss
phenocopy the loss of beat-to-beat
regulation in adult DSP csKO mice and atria

To determine whether the primary defects in beat-to-beat regulation
due to DSP loss occur (i) independent of autonomic influence and (ii)
prior to any consequences on loss of structural integrity of the cells
that occurs with long-term ablation of DSP, we exploited DSP floxed
neonatal ventricular cardiomyocytes (NMVC).'® NMVC is a distinct
cardiac cellular model system that also undergoes beat-to-beat
regulation and displays spontaneous depolarization activity similar
to pacemaker cells.’® The DSP floxed NMVC model was also

advantageous as it provides an independent system of isolating the
effect of DSP deficiency on beat-to-beat variability in a network of
spontaneously beating cells without the influence of extrinsic factors
that might modify their pacemaking behaviour. We show that mean
cycle lengths do not significantly differ between control vs.
DSP-deficient NMVC (Figure 8B). However, |BIl coefficient of variation
is significantly increased in DSP-deficient NMVC compared with con-
trols (Figure 8C). These effects occur prior to any structural loss in
continuity within the cardiomyocyte monolayers, as evidenced by
the retained localization and expression of the cell junction protein,
plakoglobin (see Supplementary material online, Figure S7). However,
our studies do not rule out the possibility that there could be other
structural defects that are not apparent at the resolution of plakoglo-
bin distribution (namely LM) that were not assessed in the NMVC
model. Representative IBIl analysis (Figure 8A) and optical maps of
action potential propagation (see Supplementary material online,
Figure S8) between DSP-deficient and control NMVC highlight the
dispersion in beat-to-beat intervals in DSP-deficient cardiomyocytes,
which phenocopy observations in DSP ¢sKO mice and DSP ¢sKO
atria.
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Figure 6 DSP loss in mouse PC leads to loss of beat-by-beat regulation in mouse atria. (A) Representative image of an ex vivo atrial preparation used to
evaluate interbeat interval (IBl) variability through high resolution optical mapping. Recording electrodes were placed in the regions indicated by arrows.
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4. Discussion

Current understanding of SAN function has focused on the electro-
physiological and single-cell properties of pacemaker cells that give
rise to an action potential. Research has primarily aimed at understand-
ing rhythmic diastolic depolarizations that result from mutual entrain-
ment of two cycling systems: funny current-driven membrane or
voltage clock (M clock) and a calcium clock.?’ Structures responsible
for coupling include well-established membrane ion channels, ion
transporters, and calcium handling proteins.>*’ However, more re-
cently, it has been increasingly clear that despite the rudimentary con-
tractile apparatus of the SAN, critical to the SAN cell—cell interface are
intrinsic structural (anchoring) connections which include desmo-
somes,” whose role in the pacemaker remains unexplored.
Dysregulation of desmosomes (via mutations or loss-of-function
studies) has been primarily associated with arrhythmogenic right ven-
tricular cardiomyopathy (ARVC), thus establishing a dominant role for
desmosomes, and, the central desmosomal component, desmoplakin
in maintaining mechanical integrity of ventricular cardiomyocytes.®
However, recent implications have suggested the potential importance
for desmosomal proteins/structures in cells of the cardiac conduction

28,29

system and sinus node; yet their role has not been evaluated as a

disease pathway for sinus node dysfunction. The severe cardiac pheno-
type in previous cardiomyocyte-specific DSP-deficient models'®3°
using cardiomyocyte Cre drivers that can also target cardiac conduc-
tion cells®™>? has precluded the ability to study pacemaker-specific de-

fects in these models, independent of secondary influences from

working (ventricular) cardiomyocytes. By exploiting an inducible
Hcn4-Cre-ER™ mouse line, we reveal an essential and specific role for
desmoplakin and desmosomal junctions in adult SAN function and
lead pacemaker cells, which showed the most vulnerability to loss of
desmoplakin and disruption of desmosomes. Thus, these studies fur-
ther validate the potential utility of Hcn4-Cre-ER™ mouse line as a valu-
able model system for cardiac conduction (pacemaker) restricted gene
targeting.

We provide functional relevance to studies that show the presence

of desmosomes in the SAN 17

(Figure 1), as well as provide important
contextual insights into the hierarchy of proteins that are functionally
relevant to SAN junctions. We highlight the specificity of the junctional
defects resulting from DSP loss in the SAN, which exclusively targets
desmosomal but not the fascia adherens proteins. The compartmenta-
lized nature of desmosomal protein loss in DSP-deficient SAN suggests
a model of compartmentalized vs. mixed (desmosomal vs. fascia adhe-
rens) anchoring junctions in the SAN as no compensation from fascia
adherens junction proteins was observed. Thus, lack of a major role for
desmosomes in other cardiac conduction structures (AV node and
His-Purkinje) may be partly due to the distinct cellular architecture
and protein hierarchy that make up the anchoring junctions in different
conduction system structures. In ventricular conduction structures
(Purkinje fibres),'® it has been established that mixed hybrid adherens
junctions (combination of desmosome and fascia adherens junction)
prevail, which further reinforce the prominent sarcomeric and cyto-
skeletal architecture of the ventricular muscle. These mixed junctions
have not been reported in SAN cardiomyocytes, which is indirectly
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Figure 7 DSP loss in mouse PC leads to beat-by-beat shifts in lead pacemaker site, which is associated with connexin 45 protein loss. (A—B) Repre-
sentative electrograms and action potential propagation maps from a control (A) and a DSP csKO (B) mouse. A propagation maps were evaluated from
five mice per genotype. A representative map shows the site of initial depolarization (white circle) for the corresponding electrogram action potentials,
which are depicted as encircled numbers: 1, 2, and 3. White bar = 1 mm. (C) Representative ECG trace obtained from a DSP csKO mouse showing the
changes in P wave morphology that occurs in vivo. This phenomenon was observed in all DSP ¢sKO mice examined in this study (n = 8). (D) Protein blot
analysis of connexin 45, connexin 30.2, connexin 43, and HCN4 expression in compact node tissue lysates from adult DSP csKO and littermate control
mice. GAPDH was used as a loading control. The blots were evaluated from three mice per genotype.

supported by our above findings. Thus, fascia adherens junction pro-
teins may compensate for the loss of desmosomal proteins in these
mixed junctions found between Purkinje fibres but not in the SAN.
Current mouse models have attributed the direct loss of ion chan-
nels and ion channel regulators as key factors in the development of
pacemaker dysfunction, some of which alter heart rate.>*~3¢ How-
ever, we shed new light on pacemaker biology to reveal the importance
of desmosomal junctions between pacemaker cells in the baseline regu-
lation of mouse SAN function in the adult heart. In the absence of auto-
nomic stimuli (ex vivo atrial preparations), the loss of desmosomal
integrity leads to a loss of communication between different pacemaker
foci resulting in beat-to-beat migration of the lead pacemaker that may
underlie the IBI variability observed in DSP c¢sKO mice in vivo. These
studies suggest that mutual entrainment of pacemaker cells requires
desmosomes, and that loss of anchorage between these cells may be
a contributing factor to sinus node disease by precluding electrical
communication between SAN cells. Importantly, we suggest a mechan-
ism for sinus pauses not due to atrial block (no evidence of Mobitz Il or
Wenckebach conduction) or sinus arrest (mean heart rates and cycle

lengths of isolated atria are not significantly different from control
mice) but due to loss of desmosomal junctions between pacemaker
cells. We also suggest that desmosomes are integral for electrical co-
ordination between pacemaker cells, which may be an underlying
mechanism for the sinus pauses in vivo. Interestingly, our studies may
add a new level of complexity to interpretations related to heart rate
variability in vivo, which we show can be independent of vagal tone
(autonomic stimulation), as shown in studies done in DSP ¢sKO atria
ex vivo and DSP-deficient cardiomyocytes in vitro.

In contrast to the working myocardium, coupling in the mouse PC
mainly occurs through low conductance gap junctions formed by con-
nexin 45, 30.2, and 30.47:2237 Computer simulations and ex vivo studies
were the first to provide evidence to the notion that loss of gap junc-
tion communication may result in loss of mutual entrainment;("38 how-
ever, little is known about the relevance of pacemaker entrainment and
their underlying mechanisms in vivo. Our studies show that loss of DSP
leads to a concurrent specific loss of connexin 45 protein levels and lo-
calization in the SAN, which was associated with a physiological disrup-
tion in lead pacemaker communication. The down-regulation of
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Figure 8 DSP loss in neonatal mouse ventricular cardiomyocytes elicits loss of beat-by-beat regulation in vitro. (A) Representative analysis of intervals
between consecutive depolarizations in DSP-deficient (AdCre) and control (AdLacZ) nenonatal mouse ventricular cardiomyocyte cultures, with each
data point represented on the graph. Quantification of (B) mean cycle length and (C) IBI coefficient of variation in AdLacZ (control) and AdCre (DSP
deficient) cardiomyocytes. n = 3 represents three independent experiments, where each experiment represents cardiomyocytes isolated froma pool of
8—10 neonatal DSP floxed mice (one litter) and plated in triplicate for each condition. *P < 0.05; ns, not significant.

connexin 45 was found to occur at the post-transcriptional level.
Although the mechanisms underlying this dysregulation remain to be
understood, recent evidence highlights the cardiac cell—cell junction
as an active site of protein degradation,*® suggesting a potential mech-
anism whereby dysregulation of desmosomal junctions could potential-
ly trigger dysregulation of protein degradation mechanisms at this site,
which could then impact connexin protein levels. Functionally, the
decrease in connexin 45 protein levels could also physiologically
explain multiple lead pacemakers losing entrainment and depolarizing
at different beating rates. We believe the mechanism of increased vari-
ability found in SAN also extend to working (ventricular) cardiomyo-
cytes, as we showed loss of beat-to-beat regulation in DSP-deficient
ventricular cardiomyocytes. This is in a system and time point where
we previously observed early loss of connexin 43, the connexin 45
counterpart in working (ventricular) cardiomyocytes. These studies
are in contrast to mouse models where ablation of the anchoring
junction protein coxsackie adenovirus receptor in cardiomyocytes
resulted in AV block and selective loss of connexin 45 within the atrio-
ventricular node,>"* further highlighting that there may be a distinct
hierarchy of cell—cell junction proteins in SAN vs. other conduction
structures. Although desmosomal proteins are thought to be import-

1213 it remains to

ant for ion channel stability or biophysical properties,
be determined in the future whether specific ion channels, particularly
those that form part of the membrane clock, are in close proximity to
desmosomes in the SAN and whether their disruption could affect
channel biology.

Pathophysiological stresses such as hypertension, heart failure, and
oxidative stress are all thought to contribute to sinus node dysfunction
and disease.*' ~** Recent studies highlight that secondary effects asso-
ciated with sinus node dysfunction and disease may account for sudden
death in a large portion of patients hospitalized with heart failure**=*
and may also be a better predictor of mortality in heart failure patients,
when compared with ventricular arrhythmias.*’” Our studies provide
new insights into mechanisms underlying SAN dysfunction, by demon-
strating that dysregulation of desmosomal junctions in the SAN have a
primary effect on adult SAN function. This is relevant in this context, as
remodelling of desmosomal junctions has been observed in an animal

model of mechanical pressure overload,* further highlighting a link for

desmosomes in mechanotransduction pathways. These findings may
also have direct importance to humans as we provide to our knowledge
the first report of a patient harbouring a deleterious DSP variant that
associates primarily with a phenotype of sinus bradycardia and pauses
in the absence of signs of cardiomyopathy. Although it could be argued
that the overt cardiomyopathy phenotype could progressively develop
in the future as this variant has been reported in paediatric cases of
ARVC,*2% the first clinical manifestation leading to the diagnosis in
our patient was purely related to sinus node dysfunction. This case
adds to growing case reports that demonstrate pacemaker dysfunction
and in some cases, specifically sinus pauses, in ARVC patients.** =52
These studies altogether highlight an essential role for desmosomal
integrity in human PC function and may point in some cases to signs
of early disease manifestation in the concealed phase of ARVC.
Although further work is needed in this area, these data suggest
that strategies focused on reinforcing desmosomes in the SAN may
provide an approach to circumventing SAN dysfunction in these
patients.

Studies have also attributed fibrosis as a major factor contributing
to pacemaker dysfunction.*®** The SAN is thought to undergo
age-related changes both in structure and in function (degree of elec-
trical coupling is thought to decrease with age).”* Some studies have
implicated that fibrosis contributes to this age-related remodelling;
however, these assumptions remain controversial.> In light of our find-
ings, studies directed at determining whether desmosomal alterations
contribute to age-related SAN remodelling and/or exacerbate the
arrhythmia landscape in the ageing heart are important and warranted
for the future.

Our studies provide evidence of a novel mechanism that can further
our understanding of SAN physiology and function as an emergent
property of a network of pacemaker cells that require desmosomal
junctions for synchronous function. This has broad implications in un-
derstanding mechanisms underlying beat-to-beat regulation as well as
underlying sinus node disease and dysfunction. We believe these stud-
ies also provide a novel basis to move the field beyond the ionic prop-
erties of isolated SAN cells towards a better understanding of a
co-ordinated network that is capable of integrating complex structural
information at the tissue level.
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