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Sino-atrial node (SAN) automaticity is an essential mechanism of heart rate generation that is still not completely
understood. Recent studies highlighted the importance of intracellular Ca** ([Ca**7;) dynamics during SAN pacemaker
activity. Nevertheless, the functional role of voltage-dependent L-type Ca** channels in controlling SAN [Ca*];
release is largely unexplored. Since Ca,1.3 is the predominant L-type Ca>* channel isoform in SAN cells, we studied
[Ca®™]; dynamics in isolated cells and ex vivo SAN preparations explanted from wild-type (WT) and Ca,1.3 knockout

(KO) mice (Ca,1.377).

We found that Ca, 1.3 deficiency strongly impaired [Ca®*]; dynamics, reducing the frequency of local [Ca®>"]; release events
and preventing their synchronization. This impairment inhibited the generation of Ca** transients and delayed spontaneous
activity. We also used action potentials recorded in WT SAN cells as voltage-clamp commands for Ca,1.37"" cells.
Although these experiments showed abolished Ca>* entry through L-type Ca*" channels in the diastolic depolarization
range of KO SAN cells, their sarcoplasmic reticulum Ca>* load remained normal. B-Adrenergic stimulation enhanced
pacemaking of both genotypes, though, Ca,1.3™'~ SAN cells remained slower than WT. Conversely, we rescued pace-
maker activity in Ca,1.3~/~ SAN cells and intact tissues through caffeine-mediated stimulation of Ca**-induced Ca**
release.

Ca,1.3 channels play a critical role in the regulation of [Ca®*]; dynamics, providing an unanticipated mechanism for trig-
gering local [Ca**]; releases and thereby controlling pacemaker activity. Our study also provides an additional patho-
physiological mechanism for congenital SAN dysfunction and heart block linked to Ca,1.3 loss of function in humans.

Pacemaker activity  Sino-atrial node e Ca®* dynamics e Ca,1.3 e L-type Ca*>" channels

1. Introduction

Pacemaker activity of the Sino-atrial node (SAN) is a fundamental
physiological function in vertebrates which is still not completely
understood. Spontaneous activity is due to the diastolic depolarization
phase (DDP) of the SAN action potential (AP). This phase drives the

membrane voltage from the end of the repolarization to the threshold
of the following AP." Several ion channels participating in DDP have
been characterized, and their working mechanism is generally referred
to as the ‘membrane clock’. These include hyperpolarization-activated
‘funny’ (f) HCN channels, voltage-dependent T- and L-type Ca*" chan-
nels (VDCCs),>™* transient receptor potential (TRP) channels,>® and
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the sustained inward current (I).” Recent evidence also indicates that
the DDP is generated through a complex interplay between ‘mem-
brane clock™® and spontaneous cyclic release of Ca** stored in the
sarcoplasmic reticulum (SR).2 According to the latter mechanism,
so-called ‘Ca** clock’, the cyclical refilling of the SR generates spontan-
eous local Ca®" releases (LCRs), also called Ca** sparks or wavelets,
during the late DDP. Such release of Ca®" in turn activates the Na*t/
Ca®* exchanger (NCX), generating a current (Incx) that allows the
SAN cells to depolarize up to the threshold of the next AP2

Two distinct L-type Ca®" channels (LTCCs) are expressed in
the SAN: Ca,1.2 and Ca,1.3,% but the latter is the predominant isoform.
Previous works showed that Ca, 1.3 channels are activated at voltages
spanning the DDP range.? Indeed, genetic loss-of-function of Ca,1.3
channels induces SAN bradycardia in mice and humans®® through a
mechanism that still has not been investigated directly. In a previous study
in mouse SAN cells,’® we showed that contrary to Ca, 1.2, Ca,1.3 chan-
nels preferentially co-localize with the cardiac ryanodine receptor (RyR),
suggesting their spatial proximity. Also, we demonstrated that excessive
RyR-dependent Ca* release, not synchronized with the generation of
Ca”" transients, inactivates LTCCs in the SAN of a mouse model of hu-
man Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT),"’
leading to impaired SAN pacemaker activity.

Here we show that Ca,1.3 channels modulate SR Ca®* release in
SAN pacemaker cells, and that the impairment of such mechanism
contributes to the bradycardia observed after Ca,1.3 inactivation.
This new regulation of RyR-dependent Ca®* release underscores the
importance of Ca,1.3 channels for linking membrane depolarization
to [Ca*™]; dynamics during pacemaker activity. Also, it provides a po-
tential pathophysiological mechanism for the sinus diseases induced by
loss-of-function of this channel. Indeed, in the life-threatening auto-
immune congenital heart block (CHB), anti-Ro/La (positive 1gG) anti-
bodies produced by the mother, access the fetal circulation during
the gestation, causing functional inhibition of Ca,1.3 channels and
consequent sinus bradycardia.12 Congenital bradycardia caused by
non-functional Ca,1.3 channels have been demonstrated also in the
‘Sino-atrial Node Dysfunction and Deafness syndrome’ (SANDD)’
and in Ankyrin-B based SAN dysfunction."?

2. Methods

Detailed methods can be found in the Supplementary material online. The
investigation conforms to the Guide for the Care and Use of Laboratory
Animals (eighth edition, 2011), published by the US National Institute of
Health and European directives (2010/63/EU) and was approved by the
French Ministry of Agriculture (N° D34-172-13). Briefly, WT (C57BL6/))
and Ca,1.37/~ (C57BL6/) background®) mice were euthanized by cervical
dislocation following deep anaesthesia, consisting of 0.01 mg/g of xylazine
(Rompun 2%, Bayer AG, Leverkusen Germany), 0.1 mg/g of ketamine (Im-
algene, Merial, Bourgelat France), and 0.2 mg/g of Na-pentobarbital (CEVA,
France). The heart was then removed and the intact SAN/atrial tissue was
dissected. The SAN tissue was further digested enzymatically in order to
isolate individual cells. These cells were analysed by Ca*" imaging, using la-
ser scanning confocal microscopy and Fura 2 fluorescence measurements,
or by the patch-clamp technique. In the ex vivo experiments, we pinned the
entire SAN/atrial tissue onto a Sylgard-coated glass bottom petri dish, and
we analysed it by Ca*" imaging. Both males and females aged 3—5 months
were used with an equivalent ratio, and we did not observe any gender-
specific differences. When testing statistical differences, results were con-
sidered significant with P < 0.05. We specify the statistical test used in each
experiment in the figure legend.

3. Results

3.1 Spontaneous APs of Ca,1.3”'~ SAN cells

We first studied pacemaker activity in WT and Ca, 1.3~/ ~ SAN cells un-
der control conditions (Tyrode’s solution) and upon (3-adrenergic
stimulation with isoproterenol (ISO, 10 nM; Figure 7). In comparison
to WT, Ca,1.37'~ SAN cells displayed slower spontaneous pacemaking
(Figure 1A and B) and lower depolarization rates in the linear and expo-
nential part of the DDP (Figure 1C and D). Ablation of Ca,1.3 channels
did not affect the AP threshold, amplitude, or upstroke velocity in SAN
cells, but significantly prolonged the AP duration (see Supplementary
material online, Table S1). Perfusion with ISO (10 nM) enhanced pace-
maker activity in WT and Ca,1.3~'~ SAN cells, without eliminating the
differences between their AP rates (Figure 1A and B). ISO (10 nM) in-
creased the slope of the linear DDP (SLDD) in both cell groups
(Figure 1C), but failed to increase the slope of the exponential DDP
(SEDD) in Ca,1.3™"~ cells (Figure 1C and D, and Supplementary mater-
ial online, Figure STA). Thus, B-adrenergic stimulation could not rescue
the effects of Ca,1.3 ablation (Figure 1D).

We also recorded sub-threshold depolarizations of the membrane
voltage that failed to trigger APs (arrow in Figure 1A). These events
were significantly more frequent in Ca,1.3~'~ than in WT SAN cells
(Figure 1E), and they were similar to the previously described Delayed
After Depolarizations (DADs). DADs are provoked by abnormal
[Ca®*]; handling.”*™ Thus, they could contribute to impair the automa-
ticity of Ca,1.37' cells. Under ISO (10 nM) DADs almost disappeared
in WT, but maintained their frequency in Ca,1.37'7 SAN cells
(Figure 1E).

The high incidence of DADs in Ca,1.3”'~ SAN cells, together with
the inefficacy of ISO (10 nM) to steepen the SEDD, were indicative of
diminished efficacy of [Ca®*]; handling in triggering AP in knockout
(KO) cells. We thus studied [Ca®"]; dynamics in WT and Ca, 1.3/~
SAN cells.

3.2 Ca,1.3 channels stimulate local CaZ"
release during the diastolic phase of SAN
cells

To investigate whether ablation of Ca,1.3 channels altered [Ca
release during spontaneous activity, we studied isolated SAN cells
loaded with the Ca®" dye Fluo 4-AM (see Supplementary material
online, Figure S1B), and perfused with control solution at room tem-
perature. Under these conditions we obtained line-scan recordings
(xt mode) showing Ca>™ release in single SAN cells. By placing the line-
scan along the edge of the cells (see Supplementary material online,
Figure S1B) we were able to record spontaneous global Ca®* transients
and LCRs in SAN cells of both genotypes (Figure 2). In few experiments,
spontaneous contractions of the cells generated small invagination of
Ca®* signal that could be noticed on the edge of the Ca>* transient
in some line-scans of Figures 2 and 6 and Supplementary material online,
Figure S5. In WT cells we recorded LCRs similar to those previously
observed in SAN cells of different mammals.>">"¢ LCRs often occurred
during the late diastolic interval preceding the Ca®* transients (arrows,
inset of Figure 2A), leading to an increase in the average fluorescence
ratio (F/Fo) that we refer to as ‘ramp’ (Figure 2B and Insets).® Besides
the LCRs generating the ramp, we recorded random LCRs loosely dis-
tributed over the full duration of the diastolic phase and apparently un-
related to the cell automaticity in both genotypes (Figure 2A). Ablation
of Ca,1.3 channels had profound consequences on [Ca*™]; release.
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Figure | Spontaneous APs in single SAN cells. (A) APs recordings of WT and Ca, 1.3~/ before (Contr) and after isoproterenol (ISO 10 nM) perfu-
sion. (B) APs rates and Slopes of the Linear (C), or Exponential (D) parts of the DDP (SLDD and SEDD, respectively) in WT (n = 17 cells from N = 8
mice) and Ca,1.37~'~ (n = 22 cells from N = 7 mice). (E) Frequency of DADs [arrow in (A)] in WT (n = 26 cells from N = 15 mice) and Ca,1.3~'~
(n =29 cells from N = 8 mice). *P < 0.05, **P < 0.01, ***P < 0.001 by two-way ANOVA with Sidak post-test.

Under basal conditions, Ca, 1.3’ cells showed reduced frequency of
LCRs (ramp and loose) and spontaneous Ca*" transients (Figure 2A and
B). Consistent with reduced LCRs, the amplitude of the ramp in
Cav1.3_/_, which correlates to the amount of Ca’* released during
the late DDP, was lower than WT (Figure 2C). Ca, 1.3~ SAN cells
also showed higher amplitude (F/Fo) and faster slope (AF/s) of spontan-
eous Ca’" transients when compared with WT (Figure 2D and E, re-
spectively). In line with these results we also observed equal
amplitude and duration of LCRs in both genotypes (Figure 2F and G),
but smaller LCRs width in Ca,1.3”"~ SAN cells (Figure 2H).

3.3 Ca,1.37'~ SAN cells have normal SR
Ca’* load

The higher Ca®* transient amplitude recorded in Ca, 1.3’ cells could
be caused by their longer cycle length (CL), so that the SR Ca>*-AT-
Pase (SERCA) pump has more time to refill the stores. To investigate
SERCA activity, we estimated the SR Ca®" load by rapid caffeine (Caff)
application (10 mM). For this experiment, we preconditioned SAN
cells of both genotypes with ISO (2 nM), in order to stimulate SERCA
activity before the application of Caff (Figure 3A). Under these condi-
tions WT and Ca,1.37"~ cells had comparable amplitude (F/Fy) and de-
cay (Tau) of the Caff evoked Ca®>* transient, suggesting equivalent SR
Ca®* content (Figure 3B and C). To make sure that SAN cells from both
genotypes had equal possibilities to refill the SR, we performed similar
experiments under control condition and simultaneous electric-field
stimulation at a frequency slightly higher than the rate of spontaneous
Ca®* transients in WT (Figure 3D). In these experiments we used the
ratiometric dye Fura 2 to have a quantitative measurement of Ca’*.
When the basal fluorescence of the stimulated Ca®* transients stabi-
lized we rapidly added 10 mM Caff (Figure 3D). Under this condition
we recorded equivalent amplitude (F340/F380) and decay (Tau) of

the Caff-induced Ca®" transients in both genotypes (Figure 3E and F, re-
spectively). Furthermore, the fractional SR Ca** release'” was also
comparable between the two genotypes (Figure 3G), proving that
Ca,1.37'~ and WT SAN cells have equivalent SR [Ca®"] load, SERCA
activity and NCX-mediated Ca’t efflux. Therefore, we could not attri-
bute LCRs and ramp amplitude decrease to a reduction of SR Ca**
load in Ca,1.37" cells.

3.4 Ca,1.37'~ SAN cells have reduced Ca**
current in the diastolic depolarization range

To investigate whether the reduction in LCRs during the DDP of
Ca,1.37/7 SAN cells was caused by abolition of Ca®* entry via
Ca,1.3 channels, we performed patch-clamp whole-cell recordings of
Ca®" current (Ic,). For this measurement, we applied as the voltage
command a train of spontaneous APs previously recorded in WT cells
(Figure 4A). We adapted extracellular and intracellular solutions to en-
able isolation of I, in the absence of I and Inex.® Under these condi-
tions, both L- and T-type Ca>* currents (IcaL and Iz, T, respectively)
could concur to generate Ca** influx via I, Our recordings showed
Ica in WT SAN cells during the full range of voltages corresponding to
the DDP and AP upstroke (Figure 4B and D). I, density was instead sig-
nificantly reduced in Ca,1.3™'" cells during the same voltage ranges
(Figure 4C and D). In SAN cells of both genotypes, Ic, during DDP
was completely blocked by application of the LTCC inhibitor nifedipine
(Nife 3 wM; Figure 4B—D). This outcome indicated that I, rather than
lca 7 is the predominant source of Ca®" entry during this AP phase. In
WT cells, Ca>* entry during the DDP accounted for approximately
one-tenth of the total Ca** current during the full AP cycle
(Figure 4E and F). This current was significantly reduced in Ca,1.37/~
cells (Figure 4E), demonstrating that loss of Ca,1.3-mediated I, re-
duced Ca®" influx during the diastole of SAN cells. Although reduced,
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Figure 2 [Ca®"]; release in single SAN cells. (A) Line-scan of WT and Ca, 1.3™~ single SAN cells. Insets: 3D reconstruction of diastolic [Ca**]; release.
a.u. = arbitrary units. White arrows indicate late diastolic LCRs. (B) Time-course of Ca®* fluorescence recorded in (A). Insets: magnified Ca*" transient
of both genotypes. Note the ramp in WT (red line). (C) Amplitude of the ramp in WT (n = 10 cells from N = 7 mice) and Ca,1.3™'~ (n = 13 cells from
N = 9 mice). (D) Amplitude of the Ca>* transients in WT (n = 32 cells from N = 16 mice) and Ca,1.37'~ (n = 33 cells from N = 16 mice). (E) Slope of
Ca®" transient upstroke (AF/s) in WT (n = 11 cells from N = 6 mice) and Ca,1.37'~ (n = 18 cells from N = 6 mice). (F—H ) amplitude, full duration, and
full width at half maximum (F/Fo, FDHM and FWHM, respectively) of LCRs recorded in WT (n = 10 cells from N = 6 mice) and Ca,1.37'~ (n = 19 cells

from N = 6 mice). *P < 0.05 by unpaired t-test.

in Ca,1.37' cells the Ca®* influx during the upstroke was still main-
tained by Ca,1.2 allowing APs generation and SR refilling.

3.5 Ca,1.3 channels are required to
synchronize LCRs under [3-adrenergic
activation

We then studied how ablation of Ca,1.3 channels affected the
B-adrenergic regulation of [Ca*"]; release. In WT SAN cells, saturating
concentration of ISO (10 nM) increased the rate of spontaneous Ca>*
transients and the frequency of LCRs during the entire diastolic interval
(Figure 5A-D). Ca,1.37'~ SAN cells also responded to the
B-adrenergic stimulation, but without reaching the frequency of
LCRs and Ca”* transients recorded in WT (Figure 5A—D). To investi-
gate whether the (3-adrenergic pathway affected specifically the LCRs
occurring in the late diastolic phase, we analysed the ramp of spontan-
eous Ca*™ transients stimulated with ISO (10 nM). In WT, this treat-
ment appeared to organize the LCRs in a more compact ramp
(Figure 5A) that presumably stimulated the pacemaker depolarization.®
This effect was not observed in Ca,1.37'~ SAN cells, where we re-
corded increased number of LCRs under ISO (10 nM), but spread
along the entire diastolic interval (Figure 5B). To further investigate
this issue, we correlated the ramp length with its amplitude (F/Fp) be-
fore and after ISO (10 nM) stimulation (Figure 5E and F). We found a
significant increase in the slope of the linear regression only after ISO
(10 nM) stimulation in WT, but not in Ca,1.3”'~. Therefore, we

conclude that ablation of Ca, 1.3 channels prevented normal synchron-
ization of LCRs under B-adrenergic stimulation, delaying triggering of
spontaneous Ca”" transients.

3.6 Ca,1.3 ablation promotes irregular
spontaneous activity and formation of
[Ca®*]; waves in the intact SAN tissue

In Ca,7.37'~ SAN cells we observed several DADs-like events that
could not be suppressed by ISO (Figure 7). As shown in previous stud-
ies, [Ca®"]; waves and DADs impaired pacemaker activity, preventing
impulse formation in the intact SAN tissue, and inducing bradycar-
dia."*'® We thus hypothesized that the absence of Ca,1.3-mediated
Ca" influx prevents normal depolarization of SAN cells through
NCX, promoting formation of DADs and [Ca“]i waves, and contrib-
uting to bradycardia in Ca,1.3™’~ SAN tissue. To test this hypothesis,
we studied [Ca®"]; release in individual cells within the central pace-
maker region of the intact SAN tissue'" (Figure 6A and B; Supplemen-
tary material online, Figure S2A and B).

The rate of spontaneous Ca®* transients in WT tissues was compar-
able with our previous studies."" Instead, pacemaker activity of
Ca,1.37'~ SAN tissue was significantly slower (Figure 6C). Individual
cells within the central region of Ca,7.3~/~ SANs were also character-
ized by higher incidence of [Ca®*] waves (Figure 6B and D). This abnor-
mal [Ca>*]; release translated into slow and irregular spontaneous
pacing in Ca,1.37'~ SAN tissues, as shown by the higher coefficient
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Figure 3 SR Ca*" load in single SAN cells. (A) Time-courses of Ca>* fluorescence generated by Fluo 4 in WT and Ca, .37~ single SAN cells exposed
t0 ISO (2 nM) and then to saturating concentration of caffeine (Caff, 10 mM). (B and C) amplitudes and recovery time of the Caff-induced Ca*" transient
inWT (n = 17 cells from N = 8 mice) and Ca,1.3~'~ (n = 17 cells from N = 7 mice). (D) Time-courses of Ca>* fluorescence quantified by Fura 2in WT
and Ca,1.37'~ single SAN cells, before and after exposure to high concentration of Caff (10 mM). Black ticks indicate electric-field stimulation at 1.5 Hz.
(E—G) Amplitudes, recovery time, and fractional SR Ca®" release of the Caff-induced Ca®" transient in WT (n = 11 cells from N = 3 mice) and

Ca,1.37'~ (n =15 cells from N = 3 mice).

of variation (CF) of the Ca>* transients CL (Figure 6F). Perfusion with
ISO (20 nM) increased the frequency of spontaneous Ca*" transients
in both genotypes (Figure 6C). However, it did not eliminate the differ-
ence between Ca,7.3~'~ and WT, nor it regularised spontaneous pa-
cing in KO tissues (Figure 6B and F). Possibly as a consequence of the
faster and more organized activity, in the SAN cells analysed within
the SAN tissue of both genotypes, we recorded ~10 times less
LCRs than in isolated SAN cells. In this experiment, we neither ob-
served significant increase of LCRs after ISO stimulation, as previously
reported'" (Figure 6E).

3.7 Direct conditioning of RyR-dependent
[Ca®"]; release restored pacemaker activity
of Ca,1.37'~

We observed a clear decrease of LCRs frequency in Ca,1.3”'~ SAN cells
(Figures 2 and 5). Therefore, we hypothesized that in WT SAN cells,
Ca,1.3 channels stimulate RyRs through a mechanism of Ca**-induced
Ca®" release (CICR) during the late DDP. This is a likely mechanism,
possibly allowed by the physical proximity between Ca,1.3 channels
and RyRs."® A similar mechanism, but regulated by Ca,1.2 channels,
has also been demonstrated in contractile myocytes.'*® Furthermore,
using a protocol of ramp depolarization to mimic DDP of single SAN
cells, it has been demonstrated generation and synchronization of
LCRs in whole Ca** transients at voltages consistent with Ca, 1.3 activa-
tion."® We thus tested our hypothesis by inducing CICR via direct con-
ditioning of RyRs in the absence of Ca,1.3.2" For this purpose, we

facilitated RyR opening in single SAN cells by non-saturating [Caff]
(200 M) application (Figure 7). SAN cells were first exposed to saturat-
ing [ISO] (10 nM), to maximally activate the cAMP- and PKA-dependent
stimulation of [Ca®*]; release and Ca®" reuptake in the SR> As indi-
cated above, this treatment did not rescue the impaired pacemaker ac-
tivity of Ca,1.37'~ SAN cells (Figure 5). We then perfused low [Caff]
(200 wM) that did not elicit SR Ca** depletion in WT SAN cells. This
RyRs conditioning did not change the rate of spontaneous Ca>" transi-
ents in WT (Figure 7A and B), and caused only a fast alteration of their
diastolic [Ca®*; ([Ca* pistol) that quickly recovered to control levels
(dashed line in Figure 7A and C), similarly to what has been shown in ven-
tricular myocytes.® In contrast, Ca,1.3™'~ SAN cells robustly responded
to Caff (200 wM) by raising their [Ca* Jpiastol and increasing the spon-
taneous Ca”" transient frequency to levels similar to WT (Figure 7A—
C). The Caff-mediated recovery in single Ca, 1.3/~ SAN cells was main-
tained as long as the [Ca“]Dimol remained elevated.

We then investigated whether conditioning of RyRs could rescue the
generation of spontaneous Ca®* transients also in the intact Ca,1.37/~
SAN tissues. We thus stimulated both genotypes with ISO (20 nM).
Then, similarly to our approach in isolated cells, we conditioned the
SAN tissues with a low dose of Caff that did not completely deplete
the SR in WT (Figure 7D). Possibly because of the complex structural or-
ganization of the intact SAN, we found that the [Caff] needed in tissue
(1 mM) was higher than that employed in isolated cells (200 wM). Simi-
larly to what observed in isolated Ca,1.3™'~ SAN cells, individual cells
inside the intact KO SAN tissue displayed strong responsiveness to
Caff (1 mM), reaching the same frequency of spontaneous Ca**
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(n = 8 cells from N = 2 mice). (F) Diastolic Ca®" influx via Ic, recorded as in (E). *P < 0.05, ***P < 0.001 by two-way ANOVA with Sidak post-test.

transients recorded in WT (Figure 7D and E). Also in these experiments,
Ca,1.37'~ SAN tissues generally showed rise of the [Ca”]Dimol and re-
duction of the systolic peak under Caff (1 mM) comparable with single
Ca,1.37'~ SAN cells (see Supplementary material online, Figure $3). Des-
pite the strong increase of LCRs frequency, Caff-treated WT cells within
the intact SAN tissue did not augment, the frequency of spontaneous
Ca** transients (Figure 7D and E). Instead, Caff-treated Ca,1.37/~
SANSs generated copious [Ca>*]; waves (Figure 7D and Supplementary
material online, Figure $3). In these tissues, comparing 5 and 25 s after
Caff (1 mM) exposure (see Supplementary material online, Figure S3),
we found ~25% increase of [Ca*"]; waves frequency (n =5 mice;
*P < 0.01 by paired t-test). These waves tended also to decrease their
amplitude and to come close or merge with the Ca®* transients. Indeed,
we found ~70% reduction in the time-lapse between [Ca**]; waves and
the following Ca** transient after Caff (1 mM) perfusion (see Supple-
mentary material online, Figures $3 and S4). This observation suggested
that conditioning of RyR-dependent Ca®t release by Caff was

synchronizing [Ca®*]; waves with Ca®* transients to restore the fre-

quency of spontaneous automaticity with a dynamic similar to that ob-
served in isolated SAN cells.

3.8 Phosphodiesterase inhibition did not
recover Ca,1.3~'~ SAN cells pacemaker
activity

Since Caff is a methylxanthine, besides conditioning the RyR-
dependent [Ca®*]; release, it could directly inhibit phosphodiesterase
(PDE) activity, determining an increase of the intracellular [cAMP] high-
er than after ISO (10 nM) perfusion. IBMX is a potent inhibitor of all
PDE isoforms, reported to enhance the automaticity of SAN cells.***
Therefore, we used this drug to test whether rescuing of the Ca®* tran-
sient frequency in Ca,1.37'~ cells was caused by inhibition of PDEs ac-
tivity. In spite of IBMX (100 wM) addition, ISO-treated cells isolated
from either WT or Ca,1.37’'~ SAN did not further change the
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coefficients of the linear regressions.

frequency of spontaneous Ca>* transients (see Supplementary mater-
ial online, Figure S5). Instead, only Ca,1.3~'~ SAN cells showed a signifi-
cant increment in the frequency of Ca** transients under concomitant
perfusion of IBMX (100 wM) and Caff (200 wM; Supplementary mater-
ial online, Figure S5).

4. Discussion

We have previously shown that Ca,1.3-mediated I, is activated at
voltages spanning the DDP of SAN cells and play a key role during their
spontaneous depolarization.® In line with these earlier observations,
here we found that Ca,1.3 channels generate most of the Ic, -
mediated inward current during the DDP (Figure 4). Furthermore, we
reported that ablation of Ca, 1.3 channels reduces the DDP slope, both
in the linear and in the exponential segment.

In this study, we highlighted a new and unexpected role for Ca, 1.3
channel in pacemaker activity. Indeed, our results suggest that the lo-
cal increase of [Ca®™]; generated by Ca,1.3 Ca®* current induces
RyR opening, thereby favouring the coupling between membrane
depolarization and SR Ca®* release. Thus, Ca,1.3 channels appear
to be the main trigger of LCRs generation in the late DDP. Through

this mechanism, Ca, 1.3 could stimulate the NCX-mediated depolar-
izing current, helping to reach the voltage threshold necessary to
trigger an AP. In this respect, we showed that Ca,1.3 ablation re-
duces LCRs occurrence, particularly at the end of the DDP, reducing
the amplitude of the [Ca**]; ramp and impairing the generation of
Ca®™ transients. This impairment could determine the generation
of the DADs reported in this manuscript, and in a mouse model of
Ankyrin-B deficiency showing disrupted Ca,1.3 trafficking to the
membrane.">2

Ca,1.3 channels co-localize with RyRs,'® and together with NCX they
have been located in the caveolae, where they are probably anchored by
Ankyrin-B proteins.***’ Therefore, these channels could induce the in-
crease in [Ca“]Diastol necessary to stimulate CICR and the consequent
activation of NCX. Consistent with this mechanism we were able to
recover Ca,1.37'~ automaticity only by direct stimulation of RyR-
dependent [Ca2+]i release. We also found that maximal 3-adrenergic ac-
tivation and PDEs inhibition could not rescue the spontaneous pace-
maker activity of Ca,1.37'~ SAN. This observation indicates that
stimulation of other mechanisms involved in pacemaker activity such
as It or the crosstalk between spontaneous diastolic LCRs and Iycx 16
cannot compensate for the absence of Ca,1.3 channels.
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4.1 Ca,1.3 channels are important inducers
of diastolic LCRs

In primary SAN pacemaker cells diastolic LCRs have been predomin-
antly attributed to spontaneous, cyclical, and voltage-independent SR
Ca’" release by RyRs.2 However, two studies in SAN cells reported
a dependency of LCRs on membrane potential, at voltages as negative
as —50 mV.>"® This voltage is compatible with activation of both
Ca,3.1-mediated I, 1 and Ca,1.3-mediated I, in SAN cells. Consist-
ently with the hypothesis that Ca,1.3 induces LCRs generation, in
Ca,1.37'~ SAN cells LCRs frequency was reduced. This reduction
was particularly evident during the late DDP, as indicated by the lower
[Ca®"]; ramp amplitude.

lcaT density is not affected by Ca, 1.3 inactivation.’ Therefore, we do
not exclude the presence of Ca,3.1-,> spontaneous,® or Ca, 1.2-induced
LCRs in SAN cells of both genotypes. These mechanisms could ac-
count for the residual LCRs observed in Ca, 1.3/~ SAN cells, especial-
ly under ISO perfusion. Indeed, under 3-adrenergic stimulation the
RyRs are more sensitive to Ca>*?® and the activation threshold of
Ca,1.2 channels is shifted negatively by 5 mV.> Nevertheless, the in-
volvement of Ca,3.1 channels in LCRs induction has been challenged
in rabbit SAN cells, in which exposure to 50 wM Ni** did not affect
the number of LCRs.*? In both genotypes, we possibly recorded spon-
taneous LCRs, during the time-lapse preceding the ramp. These spon-
taneous LCRs could be generated by a stochastic opening of RyRs and
did not show obvious relationship with the phase of pacemaker activity.

Instead, the comparison between the [Ca**]; ramp amplitude in WT
and Ca,1.37/~ SAN cells clearly indicated that the LCRs generation
during the late DDP were specifically reduced by the ablation of
Ca,1.3 channels. The smaller LCR’s width recorded in KO SAN cells
could be also explained by requirement of Ca,1.3 in the excitation of
larger RyR clusters during CICR. It is unlikely that loss of LCRs in
Ca,1.37'7 SAN cells was due to a general remodelling of the Ca** re-
lease machinery. Indeed, KO SAN cells presented normal SR Ca>* con-
tent and reuptake, indicating a direct link between absence of Ca,1.3
and the reduction of LCRs.

4.2 (B-Adrenergic stimulation synchronizes
LCRs during the late DDP

Previous reports on contractile cardiomyocytes showed that the
B-adrenergic stimulation increases the synchronization of LCRs in re-
sponse to LTCCs opening.®* 32 In mouse SAN cells, it has also been
shown that a voltage protocol eliciting maximal LTCCs activation, syn-
chronizes most LCRs into a cell-wide Ca”" transient.”® Since
B-adrenergic stimulation shifts the threshold of LTCCs opening by
—5 mV, determining an earlier Ic, activation,’ we can expect that per-
fusion with ISO enhances synchronization of LCRs in WT. We ob-
served an increase in LCRs frequency and spontaneous Ca**
transients in both WT and KO SAN cells under ISO (10 nM) stimula-
tion. Nevertheless, the rate of spontaneous Ca’" transients in
Ca,1.37'~ SAN cells never reached the level of WT. Indeed, ablation
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of Ca,1.3 channels impaired the synchronization of LCRs under ISO
(10 nM) stimulation (Figure 5F). Thus, this treatment increased the total
number of LCRs recorded in Ca,1.3~'~ SAN cells, but failed to syn-
chronize the LCRs constituting the ramp. These findings indicate that
the ISO-mediated synchronization of LCRs strongly increased the like-
lihood of triggering a whole-cell Ca>* transient in SAN cells, and high-
light the requirement of Ca,1.3 channels for such synchronization.
Consistent with these findings, ISO did not increase the slope of the
exponential DDP in Ca,1.37'~ SAN cells.

4.3 Caffeine-mediated increase of
[Ca2+]Diast0| rescued the effects of Ca,1.3
ablation on [Ca?*]; release

Our results indicating Ca, 1.3 channels as the inducer of LCRs during the
DDP, are consistent with the normal activation range of Ca,1.3. Also
they agree with the rescuing of pacemaker activity obtained during direct
stimulation of CICR in Ca,1.37/~ SAN cells. Further studies will be

necessary to investigate the exact mechanism by which CICR rescued
pacemaker activity of Ca,1.37'~ SAN cells. However, we hypothesize
that the Caff-induced opening of RyRs promotes increase of [Ca* Ipiastol
(Figure 7A and E), mimicking the normal Ca,1.3-mediated induction of
RyR Ca’* release. This [Ca”]Diastol increase may activate INCX, as
shown in ventricular myocytes.23 Also, it might stimulate the Ca** acti-
vated Adenylate Cyclase 1 and 8,3 increasing the phosphorylation state
of Ca,1.3™'~ SAN cells. These modulations could promote SAN cell dia-
stolic depolarization, helping to quickly reach the AP threshold, and ac-
celerating SAN automaticity. In this respect, it has been recently
reported that L-type agonist BayK8644 increases Incx in mouse SAN
cells, indicating a direct link between LTCCs opening and NCX activa-
tion.>* Also, increase in the global [Ca“]Diastol and consequent enhance-
ment of pacemaker activity has been reported in cardiomyocytes derived
from human induced pluripotent stem cells perfused with low dose of
Caff, comparable with ours.>® NCX-mediated Ca** extrusion during
continuous Caff (200 M) exposure could cause partial SR depletion®®
and consequent decrease of the systolic Ca** transients amplitude



(Figure 7A and Supplementary material online, Figure $3). However,
[Ca”]DiaSml could be maintained high by the increased frequency of
Ca*" transients (Figure 7A and E) and the simultaneous SR Ca* refill ac-
tivity SERCA-mediated.

Our Caff-mediated rescue of pacemaking in Ca, 7.3~ SAN cells de-
monstrated that RyRs are functional in KO SAN cells. Nevertheless, the
absence of Ca, 1.3 channels reduces RyRs open probability, slowing and
disorganizing SAN automaticity in KO cells. As shown above, this im-
pairment could not be restored by -adrenergic stimulation nor
PDEs inhibition. Interestingly, the onset of Caff effect was immediate
and faster than that of ISO, supporting direct activation of RyRs. Sur-
prisingly, the increase of LCRs recorded in individual cells of intact
WT SAN tissue did not affect the frequency of spontaneous Ca** tran-
sients. This result may appear paradoxical according to the ‘Ca®* clock’
models of pacemaking, but it could be determined by saturation of
NCX activity under maximal 3-adrenergic activation.

5. Conclusions

Our study shows, for the first time, a critical role for Ca,1.3-mediated
lcay in regulating [Ca®*];
strated that Ca, 1.3 channels stimulate and synchronize RyR-dependent
[Ca®*7; release during normal SAN pacemaker activity. Given the dual

release of SAN pacemaker cells. We demon-

role of Ca,1.3-mediated I, in driving inward current in the DDP and
stimulate RyR-dependent [Ca“]i release, it is tempting to speculate
that these channels constitute an unexplored functional bridge be-
tween ‘Ca®" clock’ and ‘Membrane clock’.

Our work also brings new insights into the mechanisms of congenital
SAN dysfunction. Indeed, lack of functional Ca, 1.3 channels have been
implicated in the sinus bradycardia observed in the life-threatening
autoimmune CHB, in the ‘Sino-atrial Node Dysfunction and Deafness
syndrome’ (SANDD),’ and in Ankyrin-B based SAN dysfunction.'®

6. Limitations

The regulation of the AP waveform of mouse SAN cells requires the
contribution of I, and the fast Na™ current (I,)." Although this could
be a limitation, we did not measure I, in Cav1.3_/_ SAN cells, because
KO cells displayed AP upstrokes similar to those of WT. More gener-
ally, it is possible that compensatory mechanisms secondary to Ca,1.3
inactivation are involved in the pacemaker activity of Ca, 1.3~/ mice. In
addition, we cannot exclude that the slight increase in AP duration re-
corded in Ca,1.37'~ SAN cells might affect the following DDP phase.
To avoid artefacts in [Ca®*]; measurement caused by the small invagin-
ation of Ca*" signal visible on the edge of some Ca”" transient, we gen-
erated Ca>* fluorescence time-course traces by selecting the entire
line-scan except the small portion interested by these small invagina-
tions. To evaluate the Ca®" stored in the SR, we chose to directly
record the peak Fura 2 florescence of the caffeine-induced Ca** tran-
sient, rather than measuring Iycx in voltage clamped SAN cells.
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