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Excitation-Contraction Coupling

Heart failure in mice induces a dysfunction of the
sinus node associated with reduced CaMKIl signaling

Jian-Bin Xue'®, Almudena Val-Blasco!, Moran Davoodi?, Susana Gémez!, Yael Yaniv?@®, Jean-Pierre Benitah'@®, and Ana Maria Gomez'®

Dysfunction of the sinoatrial node (SAN), the natural heart pacemaker, is common in heart failure (HF) patients. SAN
spontaneous activity relies on various ion currents in the plasma membrane (voltage clock), but intracellular Ca?* ([Ca?*];) release
via ryanodine receptor 2 (RYR2; Ca?* clock) plays an important synergetic role. Whereas remodeling of voltage-clock
components has been revealed in HF, less is known about possible alterations to the Ca?* clock. Here, we analyzed [Ca?'];
handling in SAN from a mouse HF model after transverse aortic constriction (TAC) and compared it with sham-operated animals.
ECG data from awake animals showed slower heart rate in HF mice upon autonomic nervous system blockade, indicating
intrinsic sinus node dysfunction. Confocal microscopy analyses of SAN cells within whole tissue showed slower and less frequent
[Ca?*]; transients in HF. This correlated with fewer and smaller spontaneous Ca?* sparks in HF SAN cells, which associated with
lower RYR2 protein expression level and reduced phosphorylation at the CaMKIl site. Moreover, PLB phosphorylation at the
CaMKil site was also decreased in HF, which could lead to reduced sarco/endoplasmic reticulum Ca2*-ATPase (SERCA) function
and lower sarcoplasmic reticulum Ca?* content, further depressing the Ca?* clock. The inhibition of CaMKIl with KN93 slowed
[ca?*]; transient rate in both groups, but this effect was smaller in HF SAN, consistent with less CaMKIl activation. In conclusion,

our data uncover that the mechanism of intrinsic pacemaker dysfunction in HF involves reduced CaMKIl activation.

Introduction

Heart failure (HF), the condition where the heart cannot opti-
mally pump blood to fulfill body needs, first during exercise and
then at rest (Del Buono et al., 2019), is a serious disease with
death rates >50% at 5 yr after diagnosis (Kannel, 2000). Al-
though death among HF patients is mainly the consequence
of pump failure or ventricular arrhythmias, severe bradyar-
rhythmias also cause sudden cardiac death in HF patients (Luu
et al., 1989; Stevenson et al., 1993; Uretsky and Sheahan, 1997,
Faggiano et al., 2001), suggesting sinoatrial node (SAN) dys-
function in HF (Sanders et al., 2004). Indeed, in HF patients, as
well as in experimental animal models, a decrease in the in-
trinsic heart rate (HR) and SAN dysfunction is common (Jose
and Taylor, 1969; Jose and Collison, 1970; Vatner et al., 1974;
Opthof et al., 2000; Verkerk et al., 2003; Janse, 2004; Sanders
et al., 2004; Du et al., 2007). Improving SAN function could
potentially prevent the progression of HF (Alboni et al., 1997). In
addition, chronotropic incompetence, an abnormal HR response
to exercise that might reflect both an imbalance autonomic

nervous system (ANS) and sinus node dysfunction per se
(zZweerink et al., 2018), has been reported during the HF process
(Weber et al., 1982; Higginbotham et al., 1983; Brubaker et al.,
2006; Benes et al., 2013).

Although SAN dysfunction is a hallmark of HF, the mecha-
nisms underlying HR abnormalities in HF are incompletely
understood. The SAN function, the primary heart pacemaker, is
accomplished by the automatic generation of action potentials.
Multiple studies have shown that the spontaneous diastolic de-
polarization in SAN occurs because of a synergistic interaction
(“coupled clock”) between the voltage clock, mediated by
voltage-sensitive membrane ion currents (Maltsev et al., 2006;
Yaniv et al., 2015), and the Ca2* clock, mediated by rhythmic
spontaneous SR Ca®* release and Na*/Ca?* exchanger (NCX)
current activation (Lakatta and DiFrancesco, 2009). Most of the
studies about understanding the mechanisms of SAN dys-
function in HF have focused on the hyperpolarization-
activated, cyclic nucleotide-gated (HCN) channel subunits,

ISignaling and Cardiovascular Pathophysiology, UMR-S 1180, Université Paris-Saclay, INSERM, Chatenay-Malabry, France; 2Biomedical Engineering, Technion Institute,

Haifa, Israel.

Correspondence to Ana Maria Gomez: ana-maria.gomez@inserm.fr; Jean-Pierre Benitah: jean-pierre.benitah@inserm.fr

This work is part of a special issue on excitation-contraction coupling.

© 2022 Xue et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press

J. Gen. Physiol. 2022 Vol. 154 No. 9 €202112895

W) Check for updates

https://doi.org/10.1085/jgp.202112895

10f13


https://orcid.org/0000-0003-3742-3982
https://orcid.org/0000-0002-5183-6284
https://orcid.org/0000-0002-9866-9081
https://orcid.org/0000-0003-0009-2884
mailto:ana-maria.gomez@inserm.fr
mailto:jean-pierre.benitah@inserm.fr
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1085/jgp.202112895
http://crossmark.crossref.org/dialog/?doi=10.1085/jgp.202112895&domain=pdf

which carry the Ir current, as well as other ion channel alter-
ations (for review, see Dobrzynski et al., 2007). However, less is
known about the Ca?* handling alteration in diseased SAN. The
Ca?* clock is initiated by spontaneous Ca?* release from the SR
through the Ca?* release channel, the ryanodine receptor
(RYR2; Lakatta et al., 2010). This Ca®* is extruded by the NCX in
the outer membrane, generating an inward (depolarizing)
current, as it exchanges three Na* by each Ca?* (Bogdanov et al.,
2001). The propensity of RYR2 to release Ca* is modulated by
the amount of Ca2* stored in the SR, which also depends on
sarco/endoplasmic reticulum ATPase (SERCA) activity (Lipskaia
et al., 2010; Logantha et al., 2016). Moreover, spontaneous Ca>*
release activity also determines the degree of coupling of the
clock system (Yaniv et al., 2013).

The elements involved in the Ca2* clock (RYR2 and SERCA)
are also expressed in ventricular cardiomyocytes, where they
have a key role in excitation-contraction coupling, and they
have been shown to be altered in HF (Gomez et al., 1997; Lipskaia
et al., 2010). In fact, failing hearts show a decrease in SERCA
function that may be due to decrease in its expression, or in-
crease in phospholamban (PLB) expression (its natural inhibi-
tor), or decrease in PLB phosphorylation (Chen et al., 2004;
Prunier et al., 2005). This may reduce the amount of Ca®* stored
in the SR, which may contribute to a decrease in the amount of
Ca®* released to activate contraction (Eisner et al., 2017), al-
though less efficacious excitation-contraction coupling (Gomez
et al., 1997) due to transverse tubule remodeling also plays a role
(Guo et al., 2013). However, the function of these Ca®* handling
elements, and in finding whether the Ca?* clock may be involved
in SAN dysfunction during HF, is largely unknown but recog-
nized as pivotal (Dobrzynski et al., 2007).

Here, we used an experimental model of HF in the mouse by
transverse aortic constriction (TAC). By Holter telemetry, we
analyzed electrocardiogram (ECG) basally and after pharmaco-
logic challenge. The HF mice showed slower HR when the ANS
was blocked, and the dissected SAN showed slower spontaneous
[Ca**]; transients as well as less frequent and smaller Ca?*
sparks. This was correlated with less activation of calcium/
calmodulin-dependent protein kinase II (CaMKII) and less
phosphorylation of its targets, RYR2 and PLB. Thus, our results
show that in HF, Ca2*/CaMKII signaling is depressed in the SAN,
and this may contribute to impaired coupled clock function.

Materials and methods

HF model

Animal study was approved by the French Ministry (Ministere
de I'Education Nationale, de 'Enseignement superieur et de la
Recherche no. B9201901). Congestive HF was induced by TAC
under anesthesia (i.p. injection of 90 mg/kg ketamine and
8 mg/kg xylazine) in C57BL/6] male mice (8 wk of age). After
thoracotomy, the aortic arch was constricted between the bra-
chiocephalic and the left carotid arteries with a thread (4.0
Prolene suture) around a blunt needle (@ 0.385 mm; Furihata
et al,, 2016). The knots were tied against the needle before re-
moving it, leaving a region of stenosis that reduced the vascular
diameter. Sham-operated mice underwent the same procedure
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Table 1. Macroscopic parameters of mice

Parameter Sham HF

(n = 12) (n = 12)
Body parameters
Lung weight/tibia length 9.52 + 0.87 15.41 + 5.262
Heart weight/tibia length 9.80 + 0.66 16.78 + 3.642
Echocardiographic data
FS (%) 27.62 +3.46 13.62 + 3.15°
EF (%) 60.38 + 5.61 33.94 +7.03°
IVSd (mm) 0.64 + 0.10 0.65 + 0.10
IVSs (mm) 0.92 + 0.10 0.81+ 0.14°
LVIDd (mm) 3.76 £ 0.38 4.44 + 0.52°
LVIDs (mm) 273035 3.83 + 0.48°
LVPWd (mm) 0.68 + 0.14 0.78 + 0.28
LVPWs (mm) 0.84 + 0.10 0.86 + 0.28
LV mass (mg) 81.60 + 20.68 124.95 + 65.782
HR (beats/min) 470 + 34.64 486 + 38.10

FS, fractionnal shortening; EF, ejection fraction; IVSd, interventricular septal
thickness at end-diastole; IVSs, interventricular septal thickness at end-
systole; LVIDd, left ventricular internal dimension at end-diastole; LVIDs,
left ventricular internal dimension at end-systole; LVPWd, left ventricular
posterior wall thickness at end-diastole; LVPWs, left ventricular posterior
wall thickness at end-systole. One-way ANOVA followed by Bonferroni test
were used. All the values are mean + SD.

2P < 0.05 versus sham group.

without aortic ligation and served as controls. Cardiac contrac-
tile function was assessed 8 wk after the surgery by transtho-
racic echocardiography, performed in a blinded fashion using an
echocardiograph (Vivid 9; GE Healthcare) equipped with a 15-
MHz linear transducer, under 2% isoflurane gas anesthesia in
0.8 liter/min 100% O,. The thickness of the left ventricular (LV)
anterior and posterior walls was measured in short and long axis
at papillary muscle level using 2-D guided M-mode echocardi-
ography. Measurements during systole and diastole were used to
calculate parameters such as fractional shortening (FS %), ejec-
tion fraction (EF %), or LV mass, calculated using the Penn
formula for rodents: LV mass (Penn) = 1.04 ([LVIDd + LVPWd +
IVSd]® - [LVIDd]3), where LVIDd is LV internal diameter end
diastole; LVPWd is LV posterior wall dimensions; and IVSd is
interventricular septal end diastole. After euthanasia under so-
dium pentobarbital (100 mg/kg, i.p.) anesthesia, body, heart,
and lung weights were measured, as well as tibia length. Only
mice with a lung weight/tibia length greater than that of sham +
2 SD were enrolled in the HF group (Vinet et al., 2008).

ECG recording

To monitor ECGs in awake, free-moving mice, sterilized DSI
transmitters (7 ETA-F10) were subcutaneously implanted ac-
cording to the manufacturer’s recommendation (Cesarovic et al.,
2011) after isoflurane (2.5%) inhalation anesthesia using a
MINERVE workstation (0901128). The mice were placed on a
warm pad (37°C), continuously receiving 1.5% isoflurane
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Figure 1. The intrinsic HR and the SAN cells firing rate are lower in HF mice. (a) Representative examples of telemetric ECG traces (daytime) under basal
conditions and after atropine and propranolol injection (2 mg/kg, respectively, i.p.) from sham-operated and TAC-induced HF mice. (b) Quantification of HR
under basal condition and upon ANS inhibition in the same mice (sham n = 7; HF n = 5). (c and d) Representative Western blot and quantification of HCN4
protein expression levels (sham n = 4; HF n = 5). (e) Examples of linescan images (0.25 ms per line) and corresponding fluorescence traces of Fluo-4 AM-loaded
SAN intact tissues. (f) Quantification of spontaneous SAN [Ca2*]; transients rate from sham and HF mice (sham, n cells = 34/N mice = 9; HF, n = 40/N = 11).
Two-way repeated ANOVA followed by Bonferroni test was used in b. The P for interaction was <0.05. Nonparametric Mann-Whitney U test was used in d; inf,
the data were submitted to an aligned rank transform procedure in ARTool R package, which allowed a nonparametric factorial ANOVA to be performed, taking

into account the multiple observations per animal.

inhalation. After a >7-d recovery period, ECGs were recorded
for 24 h. For sympathetic and autonomic challenges, ECGs were
recorded at baseline during 20 min and at maximum effect
starting from 5 min after propranolol plus atropine mixed so-
lution (2 mg/kg each) i.p. injection. Data were collected with
ECG AUTO software (EMKA Technologies). HR variability was
analyzed using PhysioZoo platform (Behar et al., 2018).

In vitro intact SAN cell recording

Mice were anesthetized by sodium pentobarbital (100 mg/kg,
i.p.) 8 wk after surgery. The hearts were quickly removed from
the animal and placed in Tyrode solution (140 mM NaCl, 5.4 mM
KCl, 1.8 mM CaCly, 1 mM MgCl,, 5 mM HEPES, and 5.5 mM
glucose, pH 7.4, titrated with NaOH), oxygenated to saturation,
and maintained at 37°C. SAN and some surrounding atrial tissue
were dissected and pinned down with the endocardial side up in
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homemade optical chambers bathed with Tyrode solution as
previously described (Wang et al., 2017). The tissue was loaded
with 30 pM fluo-4 AM (Invitrogen) during 60 min at 37°C.
Images were recorded at 37°C with a resonant scanning confocal
microscope, Leica SP5, equipped with a white laser fitted to 500
nm. Excitation was collected at >510 nm. The bathing solution
was the same Tyrode solution supplemented with 2 pm bleb-
bistatin to avoid movement artifacts in a temperature-controlled
chamber maintained at ~36°C. The CaMKII inhibitor, KN-93 (3
uM), or its inactive analogue, KN-92 (3 uM) was added in some
experiments. 2-D and X-Time images were recorded from the
primary pacemaker region, which is located in between the
superior and inferior vena cava and bounded by the crista ter-
minalis. [Ca?*]; transients were recorded at spontaneous sinus
rhythm and at a constant electrically imposed rhythm of 3 and
4 Hz with platinum electrodes. Ca* sparks were analyzed in the
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Table 2. Baseline ECG parameters in conscious mice Table 3. Heart-rate variability parameters in conscious sham and TAC
mice during the daytime
Parameter  Sham (n =7) HF (n = 5)
Day Night Day Night Parameter Sham (n = 7) HF (n = 5)
RR (ms) 120+ 1058 108 +10.58° 123 +1118 106 + 6.71° Basal  ANS Basal ANS
inhibition inhibition
PR (ms) 38 £132 36 + 1.06 41 + 358> 37 + 3.58 - -
Time domain parameters
RS 8.6 + 0.45 8.7 +£0.32 9.0 + 0.67 9.0 £ 0.71
QRS (ms) * * * * SDNN (ms) 88+ 2:066° 68+ 39255
QT (ms) 42 +132 41+132 51+ 7.15b 47 + 6.26 2.51 2.64
RMSSD (ms) 503 ¢ 24+089% 338+ 395+ 297
Two-way repeated ANOVA followed by Bonferroni test was used. All the 1.69 221
values are mean + SD. NNS (9 > 0 047 5 P
3P < 0.05 versus the same group in the day period. PNNS (%) o 35204735 : GTEL
bP < 0.05 versus sham in the same period. 13.76 2.68
Frequency parameters
b
diastolic period between consecutive [Ca?]; transients. The VLFred/ total (nu) 3862 t  482:1613 2422 t 379£536
cytosolic Ca2?* variation was analyzed by dividing the peak g - - -
fluorescence intensity (F) by the average resting fluorescence (LFr;Eq normalization ;6'32; 27.4 £13.76 ;65; t 534£2504%°
intensity (Fo). The time constant of decay (ms) was calculated - - :
by fitting the decay portion of the fluorescence trace to a  HFreq it 33-38 £ 726+1376° 23; £ 4662504
monoexponential function. Analysis was made in IDL software 22 ization (nu) _11.37 >
(Exelis Visual) by homemade routines. LFreq/HFreq (nu) 279+ 043 +029° 361+ 0.82+047
113 118

Isolation of SAN myocytes
For cell isolation, SAN tissue strips were transferred into a low-
Ca?*, low-Mg?* solution containing (in mM) 140 NaCl, 5.4 KC],
0.5 MgCl,, 0.2 CaCl,, 1.2 KH,PO,, 50 taurine, 5.5 D-glucose,
1 mg/ml BSA, and 5 HEPES-NaOH, adjusted to pH 6.9 with
NaOH. Tissue was digested by Liberase TH (229 U/ml; Roche
Diagnostics) and elastase (1.9 U/ml; Boehringer Mannheim)
during 15-20 min at 37°C, under manual mechanical agitation.
Tissue strips were then washed and transferred into a modified
Kraftbruhe medium containing (in mM) 70 L-glutamic acid, 20
KCl, 80 KOH, 10 (+) D-B-OH-butyric acid, 10 KH,PO,, 10 taurine,
1 mg/ml BSA, and 10 HEPES-KOH, adjusted to pH 7.4 with KOH.
Single SAN myocytes were then isolated by agitation in
Kraftbruhe solution at 37°C. Cellular automaticity was restored
by readapting the cells to a physiological extracellular Ca?*
concentration by addition of 10 mM NaCl and 1.8 mM CaCl, to
Tyrode’s solution. The final cell storage solution contained (in
mM) 100 NaCl, 35 KCl, 1.3 CaCl,, 0.7 MgCl,, 14 L-glutamic acid,
2 (+) D-B-OH-butyric acid, 2 KH,PO,, 2 taurine, and 1 mg/ml
BSA, pH 7.4.

To image Ca%* on isolated SAN cells, they were loaded with
7 pM Fluo-4 AM for 30 min at room temperature and viewed
with confocal microscopy (see above). The amplitude of the
10 mM caffeine-evoked [Ca®*]; transients was used as an index
of the SR Ca?* load.

Western blot

SAN dissected from sham and TAC mice were lysed by Bertin
homogenizer with radioimmunoprecipitation assay lysis buffer,
run on 4-20% or 3-8% discontinuous gradient polyacrylamide
gels depending on the molecular weight of the proteins, and
transferred to nitrocellulose membranes. Nitrocellulose mem-
branes were incubated with blocking buffer of TBS with Tween-
20 (TBST; 1%) and BSA (3%). Membranes were then incubated
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SDNN, standard deviation of the number of pairs of successive NN (Normal
to Normal RR intervals); RMSSD, root mean square of the successive
differences; PNN5, the proportion of the number of pairs of successive NN
(R-R) intervals that differ by >5 ms divided by the total number of NN (R-R)
intervals. In frequency parameters, the measures shown are the normalized
power (NORM) for each band (very low frequency, VLFreg; low frequency,
LFreq; and high frequency, HFreq) and the ratio of LFreq to Hfreq. Two-way
repeated ANOVA followed by Bonferroni test were used. All values are
mean # SD.

3P < 0.05 versus sham group.

bP < 0.05 versus the same group under basal conditions.

with primary antibodies (listed in Table S1) diluted in 3% BSA
TBST overnight at 4°C, followed by the secondary antibodies.
Antigen complexes were visualized with iBright FL1000 (In-
vitrogen by Thermo Fisher Scientific) and quantified with
ImageJ (National Institutes of Health).

Statistical analysis

Analyses were conducted on n cells from N mice (specified in
each figure or table), as previously described (Yin et al., 2021).
When conditions of parametric tests were met, statistical com-
parisons were performed using one- or two-way ANOVA for
multiple comparisons, when appropriate. For Western blot,
nonparametric Mann-Whitney U test was used. To take into
account the multiple observations per animal and cells, analyses
were performed with either conditional hierarchical linear
mixed-effect model (Ime4 R package) or with ARTool R package,
for parametric and nonparametric comparisons, respectively,
where the group sham or HF was the fixed effect, and animals/
cells were a random effect nested in the group. Individual data
points are shown, accompanied by a box (25-75% range, with
median as a line, mean as a dot, and whisker SD). A value of
P < 0.05 was considered significant.
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Figure 2. The [Ca?*]; transient characteristics are altered in HF SAN cells. (a-c) Top: Representative examples of linescan images (0.25 ms per line) and
corresponding fluorescence traces of Fluo-4 AM-loaded single cells from intact sham and HF SAN tissues beating spontaneously in a or electrically stimulated
at 3 and 4 Hz in b and , respectively, through a Pt electrode. Bottom: Averaged amplitude of the [Ca?*]; transient measured as peak F/F,, where F is the
maximum fluorescence and Fy is the fluorescence during diastolic periods in sinus rhythm (sham, n = 34/N = 9; HF, n = 40/N = 11), 3 Hz (Sham, n = 14/N = 3; HF,

n =17/N = 5), and 4 Hz (sham, n = 12/N = 3; HF, n = 16/N = 5). ANOVA of aligned rank transformed data was used.

Online supplemental material
Table S1 lists primary antibodies used for Western blot.

Results

TAC-induced congestive HF showed signs of SAN dysfunction
Since HF is frequently associated with abnormalities in the
pacemaker system, we first analyzed ECGs in the pressure
overload-induced mouse model. 8 wk after TAC, mice showed
signs of congestive HF (HF group), characterized by increased
heart weight/tibia length, lung weight/tibia length, and LV mass
and reduced EF and FS compared with sham animals (Table 1).
Holter telemetric ECG recorded during 24 h in freely moving
mice, as exemplified in Fig. 1 a (upper panels), showed at
baseline longer QT and PR intervals but normal RR intervals in
the HF group (Table 2). However, the intrinsic HR, or the HR
free of ANS influences, appeared altered (Fig. 1 a, bottom). After
ANS inhibition with atropine and propanolol, the HR slowed in
both animal groups, but the effect was more marked in the HF
group compared with the sham group (Fig. 1 b).

To investigate the SAN and ANS contributions, we conducted
analysis of the HR variability, in the time- and frequency-
domain, before and after propranolol and atropine injection
(Table 3). At baseline, we observed a reduction of pNNS5, re-
flecting reduced parasympathetic activity in the HF group,
whereas the total autonomic variability (SD of NN intervals
[SDNN]) and vagally mediated short-term heart rate variability
(HRV; RMSS) were not modified compared with the sham
group. The decrease in the time-domain HRV indices following
ANS blockade in the sham group was prevented in the HF group
except for SDNN, implying reduced ANS function. In addition, at
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baseline, the HRV related to baroreceptor activity and the res-
piratory cycle, as gauged by low frequency (LFreq) and high
frequency (HFreq), respectively, showed no change in the HF
group. However, we observed an increased very low frequency
(VLFreq), which denotes an enhanced SAN spectral contribution
to HRV, in the HF group (Rosenberg et al., 2020). After ANS
blockade, the LFreq reduction and HFreq increase observed in
the HF group was less than those observed in the sham group,
whereas VLFreq reduction was greater, implying reduced
pacemaker function. Taken together, these results indicate that
our TAC-induced congestive HF mouse model showed SAN
dysfunction.

Ca?* handling is depressed in SAN preparations from HF mice
SAN automaticity is dependent on synergetic interplay of volt-
age- and calcium-dependent mechanisms. Even if we observed a
downregulation of protein expression level of HCN4 (Fig. 1, c
and d) in the HF group, as consistently observed (Dobrzynski
etal., 2007), little is known about rhythmic spontaneous SR Ca?*
release in HF SAN dysfunction. We thus recorded ex vivo the
spontaneous [Ca®']; transients of Fluo 4AM-loaded SAN cells
within the intact tissue (from 9 sham and 11 HF mice) by confocal
microscopy (Wang et al., 2017). Fig. 1 e shows representative
linescan confocal images and corresponding fluorescent traces
of SAN cells from a sham and an HF mouse. The spontaneous
[CaZ"]i transient rate, measured between consecutive spontane-
ous [Ca?*]; transients at their maximal upstroke, was lower in HF
than in sham cells (Fig. 1 f), consistent with the decrease in in-
trinsic HR after ANS blockade in vivo (Fig. 1, a and b).

The Ca?* handling dynamics were also altered in the HF
group, as shown in Fig. 2. In HF SAN cells, the [Ca®*]; transient
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Figure 3. NCX protein expression level decreased while total and phosphorylated PLB increased. (a-c) Representative Western blots and quantification
of protein expression levels of NCX (a), SERCA (b), and PLB (c) in SAN tissues from sham and HF mice. (d) Calculated PLB over SERCA ratio for each studied
sample. (e and f) Representative Western blots and quantification of phosphorylated PLB-S16 (e) and PLB-T17 (f) normalized by PLB-total. Nonparametric

Mann-Whitney U test was used.

peak (F/F,) was lower (Fig. 2 a), and the decay time was longer,
in HF than in sham cells (decay time constant, obtained by fit-
ting the descending portion of the fluorescence trace to a single
exponential: 58.8 + 2.9 ms in 34 cells from 9 sham mice; 83.3 +
4.6 ms in 40 cells from 11 HF mice; P = 5.4 x E-%). This reduction
of [Ca2*]; transient amplitude was also observed when we im-
posed the same rate to both groups by electrically stimulating
through a Pt electrode. Fig. 2 b shows examples of Sham and HF
SAN cells stimulated at 3 Hz (representative examples in top and
all data in bottom) and 4 Hz (Fig. 2 c). As at sinus rhythm, [Ca2*];
transients evoked at 3 and 4 Hz were also weaker in SAN cells
from HF than from sham mice.

Because the [Ca?*]; transient amplitude is decreased and its
decay time prolonged in HF, which depends on Ca?* repumping
to the SR by SERCA, controlled by PLB, and extrusion by NCX,
we compared their protein expression levels by Western blot. In
dissected SAN tissues from sham and HF mice, the protein ex-
pression level of NCX was decreased in the HF group (Fig. 3 a).
Whereas SERCA expression level was maintained (Fig. 3 b), the
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total PLB level was higher in the HF group than in the sham
group (Fig. 3 c), leading to an increase in the ratio of PLB over
SERCA (Fig. 3 d). In addition, the phosphorylation status of PLB,
which relieves its inhibitory effect on SERCA, is altered.
Whereas the levels of S16 PKA-dependent phosphorylation were
not significantly modified (Fig. 3 e), the PLB phosphorylation
levels at the T17 CaMKII site were decreased in the HF group
(Fig. 3 f). Those changes on PLB might reduce SERCA function
and contribute to the prolonged decay of the spontaneous SAN
[Ca®*]; transients in the HF group. Indeed, estimation of SR Ca2*
content by rapid caffeine application on isolated SAN cells
showed smaller amplitude of the caffeine-evoked [Ca?*]; tran-
sient in HF than in sham SAN cells (Fig. 4), indicating reduced SR
Ca?* load related to reduced SERCA function. As one might notice
in displayed examples in Fig. 4 a, isolated SAN cells from the HF
group show lower frequency, lower amplitude, and longer du-
ration of spontaneous [Ca2*]; transients as in intact SAN tissues.

To further analyze SAN Ca** dynamics, and the degree of
Ca?* clock coupling, we analyzed diastolic Ca®* release events
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Figure 4. SR Ca?* load decreased in isolated cells of HF SAN. (a) Linescan images (0.25 ms per line) of isolated SAN cardiomyocytes from sham and HF mice
before and during caffeine perfusion; arrows indicate when caffeine was applied. (b) Quantification of caffeine-induced F/Fy as an index of the SR Ca2* load of
SAN isolated cells of two sham (n = 7) and two HF (n = 6) mice. ANOVA of aligned rank transformed data was used.

during the diastolic phase that were observed as Ca?* sparks
(Fig. 5 a). We observed a lower Ca* spark frequency in the HF
group (Fig. 5 b). This decrease in Ca?* spark frequency was
maintained when imposing a constant rate by electrically
stimulating the SAN at 3 Hz (n Ca?* sparks/s/100 pm: 2.00 *
0.87 in 11 cells from 3 sham-operated mice; 0.14 + 0.07 in 15 cells
from 4 HF mice; P = 0.0174). Moreover, the Ca®* spark amplitude
was weaker in the HF group (Fig. 5 c), and the duration was
shorter (Fig. 5 d), while the width was maintained (Fig. 5 e).
Meanwhile, the time to peak of the sparks was also shorter in the
HF group (Fig. 5 f), which may refer to a shorter opening time of
the RYR2 channels. Moreover, the mass of the Ca?* sparks,
calculated as the amplitude x width x duration, was smaller in
the HF cells, indicating that less Ca2* is released from each Ca2?*
spark in the HF group (Fig. 5 g).

Because the Ca?* clock is referred to the late Ca?* release,
corresponding to the ramp of the voltage, we analyzed the am-
plitude of the fluorescence ramp. Fig. 5 h shows examples of the
portion of [Ca®]; transient, with late local Ca?* releases that is
analyzed as previously at the whole [Ca®]; transient. On the
bottom, the summary of the fluorescence shows the slow in-
crease in [Ca?']; before the [Ca2*]; transient upstroke. Data
presented in Fig. 5 i show that the amplitude of this Ca?* release
was smaller in the HF group. The blowing up of the beginning of
the [Ca?*]; transient shows spatial heterogeneity. To better
evaluate this, we calculated the fluorescence values of 5-um
subregions of the linescan images. Fig. 5 j shows linescan
confocal images of single cells recorded in SAN tissues from a
sham-operated mouse (top) and one HF (bottom) with the
corresponding traces taken at the subregions noted on the left
of each image by a short black line. It appears that the HF cell
shows more heterogeneity or less synchrony. Fig. 5 k shows
that on average, the variance of the time to peak of the [Ca?*];
transients in the same cell at different regions is higher in HF
than in the sham group.
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Data presented in Fig. 5 might indicate an alteration in the
RYR2. We thus evaluated RYR2 protein expression level as well
as its phosphorylation status by Western blot in intact SAN
tissues. We found that the total RYR2 expression was lower in
SAN from HF mice compared with sham mice (Fig. 6 a). Al-
though the RYR2 phosphorylation level at S2808, a supposed
PKA site, was similar in both groups (Fig. 6 b), the phospho-
rylation level at 52814, a CaMKII site, was unequivocally de-
creased in the HF group (Fig. 6 c).

CaMKIl signaling is decreased in the HF group
We were surprised to find that reduction of RYR2-52814 CaMKII
phosphorylation in SAN from HF mice, since it is classically
found to be augmented in HF ventricles (Curran et al., 2010;
Anderson et al., 2011; Swaminathan et al., 2012). Indeed, in the
hearts of the same mice, we observed an increase of the
phosphorylation level at the S2814 CaMKII site in the HF ven-
tricles compared with sham ventricles (Fig. 6 d), indicating a
different regulation during HF of CaMKII in the SAN with re-
spect to the ventricles. We next analyzed whether this lower
phosphorylation level might be related to higher phosphatase
expression or less CaMKII expression and/or activity in SAN
intact HF tissue. We found that the total expression level of
phosphatases (Fig. 6 e) and CaMKII (Fig. 6 f) were not different
between sham and HF SANs. However, the CaMKII phosphor-
ylation level, an indicator of its activity, is reduced in the SAN
from HF mice compared with sham mice (Fig. 6 f), opposite of
what we observed in ventricles (Fig. 6 g), suggesting that the
CaMKII signaling is differently modulated in HF SAN and
ventricles.

To test whether these differences at the protein level have
a functional effect, we next analyzed the selective effect on
spontaneous SAN [Ca®']; transients of the CaMKII inhibitor,
KN93, in SAN from both groups (Fig. 7 a). The reduction of
spontaneous [Ca>*]; transient rate by KN93 was smaller in HF
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Figure 5. HF SAN presents less frequent and smaller Ca?* sparks and increased [Ca?*]; transient heterogeneity. (a) Representative linescan images
(0.25 ms per line) of spontaneous beating cells from intact SAN; arrows indicate Ca2* sparks. (b) Quantification of Ca2* spark frequency (number of sparks/s/
100 um) in sham (n = 33/N = 9) and HF (n = 27/N = 9) SAN. (c-g) Analysis of Ca2* spark characteristics (width in c, amplitude in d, half-duration time in e, time
to peak in f, and mass in g) in sham (n = 992/N = 10) and HF (n = 131/N = 10) SAN. For each Ca?* spark, the mass was calculated as amplitude x width x duration.
(h) Examples of the beginning of a [Ca2*]; transient in cells from a sham-operated animal (top) and an HF mouse (bottom). Below, the fluorescence traces from
the region in the red box for the sham (black line) and HF (red line) images. (i) Quantification of the fluorescence of the fluorescence ramp (pretransient Ca?*)
was measured in SAN from sham (n = 32/N = 2) and HF (n = 19/N = 4) mice. (j) Linescan images of a [Ca?*]; transient in SAN tissues from a sham (top) and HF
(bottom) mouse with the corresponding traces taken at the sites noted on the right of each image. (k) Ca* release heterogeneity was quantified by the time to
peak of the [Ca2*]; transients and the SD of the time to peak for sham (n = 19/N = 3) and HF (n = 12/N = 3) mice. ANOVA of aligned rank transformed data

was used.

SAN cells (Fig. 7b), whereas its inactive derivative, KN92, failed
to affect the [Ca?*]; transient rate in either group (Fig. 7 ).

Discussion

Sinus node dysfunction has been observed in patients with
HF (Sanders et al., 2004) as well as in different animal
models. However, the underlying mechanism is still not
clear. In addition to impairment of the voltage clock due to
HCN4 downregulation, our study uncovers the alteration of
the SAN Ca?* clock under HF conditions. We observe an
overall functional decrease of SAN Ca?* homeostasis in HF
mice, with altered [Ca®*]; transient dynamics and decreased
Ca2* spark frequency and mass. We found that SERCA, RYR2,
and NCX were downregulated, whereas PLB was upregu-
lated, in association with a decrease of CaMKII activity. This
result was the opposite in the ventricle, where CaMKII ac-
tivity was increased.

Xue et al.
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Only a few and somewhat controversial studies have evalu-
ated SAN Ca?* clock function in HF. In intact dog SAN tissues
after 2 wk of rapid pacing-induced HF, reduced SR Ca?* release
has been suggested (Shinohara et al., 2010), consistent with our
results. In contrast, isolated SAN cardiomyocytes from a vol-
ume- and pressure-overload HF rabbit model showed preserved
[Ca2+]; transient characteristics and SR Ca2* content (Verkerk
et al., 2015). However, the latter study reported slower [Ca?*];
transient decay due to reduced SERCA activity, as we observed
in our model. Differences might be related to the HF model used
and/or preparation. Nevertheless, both studies showed, at
baseline or during B-adrenergic stimulation, reduced late dia-
stolic [Ca2*]; elevation in HF SAN, consistent with the decrease
in Ca?* spark occurrence and mass reported herein. In the SAN,
Ca?* sparks are considered the initiating event of the Ca?* clock
(Yaniv et al., 2015). Our kinetic studies on SAN Ca®* sparks
showed that both the peak and duration of Ca?* sparks decreased
in the HF group. This resulted in smaller Ca®* sparks and
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Figure 6. RYR2 expression level and phosphorylation level decreased while CaMKII activation level decreased in HF SAN. (a-c) Representative
Western blots and quantification of RYR2-Total (a); RYR2-S2808 (b); and RYR2-52814 (c) normalized to RYR2-total in SAN tissues from sham and HF mice.
(d) Same as ¢, but in LVs from the same mice. (e) Representative Western blots and quantification of PP1C in SAN. (f and g) Representative Western blots and
quantification of total and phosphorylated CaMKII (normalized by CaMKil-total) in SAN tissues (f) and ventricles (g) from sham and HF mice. The immunoblots
in a, ¢, and f are the same as those of Fig. 3, a-c, respectively, exposed to different antibodies after stripping. Nonparametric Mann-Whitney U test was used.

decreased Ca?* released by Ca2?* spark during the diastolic
phase. Together with the decrease in Ca%* spark frequency, it
might explain the HF-induced Ca** clock malfunction. In ad-
dition, the reduction of NCX channel expression level could
affect membrane depolarization and slow down the Ca?* clock.
Thus, our results show an impairment in the Ca2* clock, which
may amplify the deleterious effect of the decrease in membrane
clock (Zicha et al., 2005). Together, the coupled-clock function
is reduced and results in decreasing of the intrinsic sinus node
automaticity, which may be compensated for on HR by the
increased sympathetic activation in HF.

There are two possible reasons for the decrease in Ca2* sparks.
First, the decreased SR Ca?* load in HF SAN, which could be re-
lated to depressed SERCA function. We found that while the
SERCA protein expression level was similar in HF and sham SAN,
there was an up-regulation and decreased phosphorylation level
at PLB-T17 site of PLB. This may inhibit the Ca?* SERCA reuptake,
consistent with prolongation in the [Ca?*]; transients decay time.
Second, the decreased RYR2 channel expression and phosphor-
ylation level at RYR-52814 might further alter the regulation of
the Ca?* clock. Of note, both effects on PLB and RYR2 with similar
protein expression of CaMKII and SERCA have been reported in
SANSs from rabbits with HF (Chang et al., 2017).

Our results point out an alteration of CaMKII signaling as a
contributing mechanism in SAN dysfunction in HF. It has been
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well documented that CaMKII-dependent phosphorylation of
RYR2 and PLB affect the SAN Ca?* clock (Vinogradova et al.,
2000; Luo and Anderson, 2013; Wu and Anderson, 2014; Li
et al., 2016). Based on measurement of CaMKII autophosphor-
ylation and phosphorylation of the CaMKII targets (RYR2-S2814
and PLB-T17), our results suggest that reduced CaMKII activa-
tion might participate in HF SAN dysfunction. Although PKA
might also mediate phosphorylation of the Thrl7 CaMKII site on
PLB (Said et al., 2002) or phosphorylation of the Ser2814 CaMKII
site on RYR2 (Ferrero et al., 2007), we did not observe a sig-
nificant increase of phosphorylation of these targets at the S16
PLB or the 52808 RYR2, suggesting CaMKII specificity. Indeed,
this serine/threonine kinase is initially activated by the Ca2*/
calmodulin complex; thus, reduction of autonomous activity of
CaMKII was consistent with reduced Ca®* handling. Lower
CaMKII contribution to SAN activity in HF was further em-
phasized using CaMKII inhibitor KN93, which showed lesser
effects in HF cells. Although the CaMKII role to maintain basal
SAN activity is controversial in mice (Zhang et al., 2005; Wu
et al., 2009), our results were consistent with a CaMKII critical
role during physiopathological stress and with a basal level of
activity which maintains HR. In fact, after CaMKII blockade, the
HF SAN beats faster than sham SAN, indicating that in normal
mouse SAN, the CaMKII basal activation is important to main-
tain the HR. Moreover, CaMKII dysfunction might also
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Figure 7. CaMKII inhibition by KN93 showed
less effect in HF SAN tissue. (a) Superimposed
linescan images (0.25 ms per line) and corre-
sponding fluorescence traces, before and after
3-pM KN93 perfusion in the SAN preparation.
(b) Calculated spontaneous [Ca2*]; transient rate
before and after KN93 perfusion in cells from
SAN tissue of three sham (n = 11) and four HF
(n = 9) mice. (c) Normalized effect of KN92, the
inactive analogue of KN93, on the [Ca?*]; tran-
sient rate in cells from SAN tissue of sham (n = 5)
and HF (n = 7) mice. Each point represents the
HR in the presence of KN92 normalized by the
HR in the same SAN before KN92 application.
The generalized linear mixed model fit by max-
imum likelihood (Laplace approximation) was
used in b.
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participate in voltage-clock perturbation in HF. The tran- (HDACs) is a common end point for cardiac hypertrophic sig-
scription factor myocyte enhancer factor 2 (MEF2) activation naling pathways (Backs and Olson, 2006). Now, it is known
through CaMKII phosphorylation of histone deacetylases that the HCN4 expression is in part controlled through the
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Figure 8. Summarized schema. In HF, SAN cells present reduced activity of CaMKII (1), leading to diminished phosphorylation in RYR2-52814 and PLB-T17
(2), causing reduced activity of SERCA (3). In this way, the SR Ca?* load is reduced and the [Ca2*]; transient amplitudes are lower, also due to reduced ex-
pression of RYR2, leading to a reduction in the Ca?* clock (4). Moreover, the reduction in the cytosolic [Ca?*]; limits activation of the CaMKII, creating a vicious
cycle by modulating the voltage clock (5), through alteration of HCN4 expression.
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HDAC MEF2 system (Vedantham et al., 2013). Likewise, RYR2
promoter contains a consensus MEF2 site (Nishida et al., 1996).
Altogether, this suggested a vicious circle, in which Ca?* clock
malfunction begets CaMKII dysfunction that in turn worsens
voltage and Ca?* clocks, as the mechanism responsive for SAN
dysfunction in HF. This hypothesis is presented in Fig. 8. The
order of the elements may vary, as the lower CaMKII activation
can be the consequence of slower firing rate induced by the
reduced HCN4 expression.

Further, we denoted that CaMKII was affected in opposite
ways in SAN and ventricles. Likewise, HF differentially modu-
lated HCN4 (Kuwabara et al., 2013), as well as microRNA (Yanni
et al., 2020), in SAN and ventricles. This HF-related difference
was also observed between SAN and ectopic pacemaker car-
diomyocytes of pulmonary veins (Chan et al., 2019). The
challenge is now to understand the molecular basis of these
differences.

These alterations in the SAN intrinsic activity are compen-
sated for in vivo at this stage by ANS. In fact, our analysis of HR
variability presented in Table 3 shows a reduction of pNNS5,
reflecting reduced parasympathetic activity in the HF group.

In summary, our study, for the first time, comprehensively
reveals a defect in SAN Ca?* handling in TAC-induced HF mouse
model, which contributes to the intrinsic pacemaker dysfunc-
tion in HF by the mechanism that includes depression in the
CaMKII signaling pathway.
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