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Abstract
Freshly isolated adult rabbit sinoatrial node cells (f-SANC) are an excellent model for studies of
autonomic signaling, but are not amenable to genetic manipulation. We have developed and
characterized a stable cultured rabbit SANC (c-SANC) model that is suitable for genetic
manipulation to probe mechanisms of spontaneous action potential (AP) firing.

After 48 hours in culture, c-SANC generate stable, rhythmic APs at 34±.5°C, at a rate that is 50%
less than f-SANC. In c- vs. f-SANC: AP duration is prolonged; phosphorylation of
phospholamban at Ser16 and type2 ryanodine receptor (RyR2) at Ser2809 are reduced; and the level
of type2 regulator of G-protein signaling (RGS2), that facilitates adenylyl cyclases/cAMP/protein
kinase A (PKA) via Gi inhibition, is substantially reduced. Consistent with the interpretation that
cAMP/PKA signaling becomes impaired in c-SANC, acute β-adrenergic receptor stimulation
increases phospholamban and RyR2 phosphorylation, enhances RGS2-labeling density, and
accelerates the AP firing rate to the similar maximum in c- and f-SANC. Specific PKA inhibition
completely inhibits all β-adrenergic receptor effects. Adv-RGS2 infection, or pertussis toxin
treatment to disable Gi-signaling, each partially rescues the c-SANC spontaneous AP firing rate.

Thus, a Gi-dependent reduction in PKA-dependent protein phosphorylation, including that of Ca2+

cycling proteins, reduces the spontaneous AP firing rate of c-SANC, and can be reversed by
genetic or pharmacologic manipulation of PKA signaling.
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1. Introduction
Genetic engineering of mice or gene manipulation via acute vector-directed gene transfer
system in cells, are important tools to study mechanisms involved in cardiac pacemaker
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function. Adult rabbit sinoatrial node cells (SANC) are an excellent model for the study of
pacemaker function [1–4], and may be superior to rodents (rats, mice…), because rabbit
pacemaker cells generate action potentials with human-like characteristics. Freshly isolated
adult rabbit SANC (f-SANC) usually maintain functional integrity up to 8 hours without
culture when stored at 4°C in cardioplegic high potassium zero sodium Kraft-Bruhe
solution, and are suitable for acute studies in electrophysiology, intracellular Ca2+ dynamics
and cell molecular studies [5–8]. Based on the studies in f-SANC, it has been proposed that
a coupled SYSTEM of intracellular Ca2+ clocks and surface membrane voltage clocks
controls the heart's pacemaker mechanism [9]. In particular, protein kinase A (PKA)-
dependent phosphorylation is a key regulator of the coupled clock system, and thus of
spontaneous AP firing rate, even in the absence of β-adrenergic receptor (β-AR) stimulation.

Vector-directed gene transfer and subsequent functional characterization require that adult
SANC be healthy and functional for at least 24 hours. A well-characterized model of
cultured, isolated rabbit SANC, therefore, is essential for genetic manipulation of these cells.
Although the technique for primary culture of ventricular, atrial and vascular smooth muscle
cells from rat, mouse or rabbit is well established and routinely implemented [10–12], little
information is currently available on cultured adult rabbit SANC [13,14]. Culturing adult
SANC is more challenging than that of other cardiac cell types [10], as roughly only 10–
15% of normally appearing f-SANC are capable of generating spontaneous and rhythmic
action potentials (APs) under physiological conditions.

In the present study, we have developed a practical and reliable method for short-term
culture (up to 8 days) of adult rabbit SANC (c-SANC) that retain their physiological
integrity, have characterized the properties of c-SANC by comparing these to f-SANC, and
have discovered mechanisms underlying differences in the spontaneous AP firing rate
between c- and f-SANC. Finally, we have also successfully overexpressed proteins in c-
SANC via an adenovirus directed acute gene transfer technique and demonstrated practical
rescue of functional defects that are conferred by culture in vitro.

2. Materials and methods
2.1. Cell isolation, cell culture and adenoviral infection

Animals were treated in accordance with the NIH Guide for the Care and Use of Laboratory
Animals (animal protocol number: 034LCS2013). Single, spindle-shaped, spontaneously
beating SANC were isolated from the hearts of 2.8–3.1 kg New Zealand rabbits (Charles
River Laboratories, Wilmington, MA) as described previously [15,16]. Cells were kept in
Kraft-Bruhe solution at 4°C for up to 1 hour. Following centrifugation, freshly isolated
SANC were plated at a density of 0.5×104/cm2 on laminin pre-coated (10–20 μg/ml, Sigma)
glass-bottom dishes for culture. The serum-containing medium used in previous studies
[11,13,14] was modified to a 73% salt solution (containing (in mmol/L): NaCl 116, KCl 5.4,
MgCl2 0.8, NaH2PO4 0.9, D-Glucose 5.6, Hepes 20, CaCl2 1.8, NaHCO3 26), 20% M199
(Sigma, in the presence of (in mmol/L) creatine 5, L-carnitine 2, taurine 5, insulin-
transferrin-selenium-× 0.1%), 4% fetal bovine serum, 2% horse serum, and 1% penicillin
and streptomycin (pH=7.4 at 37°C). Cells were incubated in a serum-containing medium for
the first 24 hours, and then cultured in a serum-free medium.

For endogenous protein overexpression, cells were infected with adenoviral vectors at a
multiplicity of infection of 100 (or otherwise indicated) in a serum-free medium for at least
24 hours. The adenovirus of green fluorescent protein (GFP) was purchased from
VectorBiolabs, and the type2 regulator of G-protein signaling (RGS2)-adenovirus was a
kind gift from Dr. Ulrike Mende from the Cardiovascular Research Center, Rhode Island
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Hospital and Alpert Medical School of Brown University. All experiments were performed
with cells cultured for 48 or 72 hours (or otherwise indicated, up to 8 days).

2.2. Immunolabeling and other methods
An expanded Methods section detailing immunolabeling [11], spontaneous AP recording
[17], is available in the Online Data Supplement.

2.3. Statistics
Data were reported as mean ± SEM. A Student's t test, or, when appropriate, one-way
ANOVA, was applied to determine statistical significance of the differences. A p value <
0.05 was considered statistically significant.

3. Results
3.1. Basic characteristics of cultured SANC

During the first day in culture, most c-SANC lose the spindle-shape of f-SANC (Fig.1
A&B), while the shape of atrial cells, used as a reference in the same culture dish, remains
unchanged (suppl. Fig.S1A). After 2 days in culture, about 81% (a total of 261 cells from 25
rabbits) spread out with more than 3 projections, and this feature seems to result from loss of
the cell connections in vivo (as f-SANC also tend to develop projections if they are bathed
in normal perfusion solution for patch clamp recording more than 2 hours); about 11% cells
become spherical, and about 8% grow only 1 or 2 projections and retain a similar
appearance to f-SANC, i.e. spindle shape. These percentages remain constant for up to 8
days in culture. The average cell size of c- and f-SANC is similar measured by membrane
capacitance (Fig.1C, p=0.56), regardless of the shape change and projections developed in
culture. Of note, when c-SANC are plated at a density twice that used for our experiments,
they develop connections with each other, and beat synchronously (data not shown).

Regardless of their shape, however, single, non-confluent c-SANC at 34 ± 0.5°C retain the
ability to beat spontaneously and rhythmically. Approximately 60.7 ± 6.1% of c-SANC (a
total of 380 cells from 15 rabbits) are from the central region of the sinoatrial node, as
evidenced by the lack of immunolabeling of gap junction protein connexin 43 [18], which is
similar to the percentage of f-SANC (62.6 ± 4.6%, 427 cells from 13 rabbits in total,
p=0.78). Of note, there is also no significant difference in the spontaneous AP firing rate
between connexin 43-negative and connexin 43-positive c-SANC (p=0.46). There also are
no significant differences in terms of the spontaneous AP firing rate (suppl. Fig.S1B) or any
critical functional protein expression, e.g. type2 ryanodine receptor (RyR2, data not shown),
among the differently shaped c-SANC. Thus, the cultured cells of different shapes were
considered as a single group with respect to AP firing rate and protein expression.

Other cell types are also present in the culture system, including fibroblasts and
myofibroblasts, identified by the presence of specific molecular markers (suppl. Fig.S1
C&D). These cells never beat spontaneously under any experimental conditions applied in
this report.

As shown in Fig.1D, the spontaneous AP firing rate of c-SANC decreases sharply during the
first day in culture, and remains steady from days 2 thorough 8. The spontaneous AP firing
rate is measured by a line-scan transmission image of cell contractions (suppl. Fig.S2) in
dye-free cells, or by AP cycle length during patch clamp AP recordings. Unless otherwise
indicated, the data for c-SANC were obtained from cells cultured for 2 or 3 days. The
average spontaneous AP firing rate of c-SANC (1.35 ± 0.02Hz, n=804 over 2 to 8 days in
culture) is roughly 50% of that of f-SANC (2.79 ± 0.04Hz, n=203, p<0.001). Although c-
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SANC beat at a lower frequency, this is not attributable to a reduction of some essential
structure or function proteins, as c-SANC retained the density of essential proteins detected
by immunolabeling, such as RyR2 (immuno-density data not shown, p=0.41),
phospholamban (PLB, immuno-density data not shown, p=0.48), and caveolin and connexin
43 (suppl. Fig.S1 E&F). c-SANC retain a similar response to ryanodine application as f-
SANC [19]: a 15 min superfusion of 3 μmol/L ryanodine decreased the AP firing rate by
~52% as predicted, similar to the average effect in f-SANC in prior studies [8]; a 2 min
superfusion of 10 μmol/L ryanodine resulted in cessation of spontaneous AP firing of 26 out
of 35 c-SANC, and the remainder beat irregularly.

3.2. Characteristics of AP in c-SANC
Fig.2A illustrates representative AP recordings in a subset of c- and f-SANC. Power
Spectral Analysis indicated that the average primary rhythmic period was 2.04 0.07Hz
(n=36) and 3.17 0.06Hz (n=79, p<0.001, Fig.2B) in c-SANC and f-SANC, respectively.
While spontaneous, rhythmic APs generated by c-SANC have an AP overshoot similar to
that of f-SANC, APs of c-SANC have less negative maximum diastolic potential and
reduced amplitude compared to f-SANC (p<0.01, Fig.2 C&D). In addition, the maximum
upstroke velocity is slower and the AP duration at 90% repolarization of c-SANC is
prolonged compared to f-SANC (p<0.01, Fig.2 E&F).

3.3. cAMP/PKA signaling pathway is down-regulated in c-SANC and is acutely rescued by
β-AR stimulation

It has been well documented that the levels of cAMP in f-SANC are higher than in
ventricular myocytes, in part, due to constitutive Ca2+ activation of adenylyl (A) cyclases in
the former, but not in the latter [20,21]. Previous studies in f-SANC indicate that the β-AR
stimulation-induced increase in the AP firing rate is accompanied by an increase of PLB
phosphorylation [22]. On the other hand, the spontaneous AP firing rate of f-SANC
decreases by 60% in the presence of a specific peptide inhibitor of PKA (PKI, 5 μmol/L)
[22], i.e., to a level even lower than the basal AP firing rate of c-SANC. Thus, as indicated
by prior studies [21], the status of PLB phosphorylation, which modulates the SR Ca2+

pumping rate, is a key determinant of the AP cycle length. We hypothesized that the low AP
firing rate of c-SANC might possibly be due to a down-regulation of basal cAMP/PKA
signaling in culture, and that this could be reversed by maneuvers that rescue cAMP/PKA
signaling. As the first test of our hypothesis, we stimulated β-AR with 1 μmol/L
isoproterenol (ISO, 10 min) and measured AP firing rate. As shown in the representative
examples in Fig.3A and suppl. Fig.S3, and average data in Fig.3 B&C, acute application (10
min) of ISO accelerates the spontaneous AP firing rate to the similar maximum level in c-
and f-SANC. The average AP parameters of f-SANC and c-SANC after acute ISO
application are shown in suppl. Fig.S4.

We next evaluated PLB phosphorylation states in single SANC. Although the total PLB
expression level of c-SANC is similar to f-SANC, the basal phosphorylation level of PLB at
PKA-specific site Ser16, indexed by the average fluorescence density of phosphorylated
PLB at Ser16 normalized to total PLB fluorescence density of a given cell, is reduced by
67% in c-SANC (Fig.4A). Moreover, acute β-AR stimulation by ISO (1 μmol/L, 10 min),
increases PLB phosphorylation at Ser16 to the same maximum in c- and f-SANC. Pre-
treatment of SANC with PKI (10 μmol/L, 10 min), inhibits the β-AR stimulation effect and
preserves the reduced basal level of PLB phosphorylation at Ser16 in c- and f-SANC (Fig.
4A), e.g., PKI reduces PLB phosphorylation of both c-SANC and f-SANC, but to a greater
extent in f-SANC.

Yang et al. Page 4

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We also measured the phosphorylation level of RyR2 at Ser2809, which is not specific to
PKA signaling, indexed by the fluorescence density of phosphorylated RyR2 at Ser2809

normalized to total RyR2 fluorescence density (Fig.4B). Although the total RyR2 immuno-
fluorescence density is similar in c- and f-SANC, the RyR2 phosphorylation under basal
condition is reduced in c- vs. f-SANC, i.e., similar to PLB phosphorylation. In response to
β-AR stimulation, as in the case of PLB phosphorylation, RyR2 phosphorylation levels in c-
and f-SANC converge to the same maximum. When β-AR-induced PKA phosphorylation is
inhibited by PKI during β-AR stimulation, RyR2 phosphorylation levels in c- and f-SANC,
again mimic their basal levels, being reduced in the former vs. the latter (Fig.4B). The
phospho-immunolabeling results in Fig.4, together with the functional data in Fig.3, support
the idea that cAMP/PKA signaling is down-regulated in c-SANC vs. f-SANC, and that this
reduction of PKA-dependent phosphorylation of key SR Ca2+ cycling proteins in c-SANC,
and the reduced spontaneous AP firing rate can be acutely rescued by β-AR stimulation.

3.4. Rescue of c-SANC AP firing rate by RGS2 over-expression or disabling Gi signaling
Potential mechanisms that may underlie the down-regulation of PKA-dependent
phosphorylation in cultured pacemaker cells were explored next. We had previously
demonstrated that basal Gi signaling in f-SANC is inactive [23], because pertussis toxin
(PTX) is without effect on the basal spontaneous AP firing rate. But activation of Gi
signaling in f-SANC by cholinergic receptor stimulation leads to a reduction in cAMP-
mediated, PKA-dependent phosphorylation of PLB and of the AP firing rate, and both
effects are blocked by PTX [23]. Since RGS2 has been implicated in suppression of Gi
signaling [24], and activation of Gi signaling suppresses cAMP-mediated, PKA-dependent
AP firing, we hypothesized that RGS2 might become reduced in cultured SANC. Indeed, the
average density of RGS2 protein immunolabeling within 0.5 μm of the cell surface, the
predominant location of RGS2 (Fig.5 A&B), is lower in c-SANC than in f-SANC (Fig.5C).
Interestingly, two hours of incubation with 1 μmol/L ISO enhances the immunolabeling of
RGS2 in both c- and f-SANC, and this effect is completely inhibited by PKI pre-treatment
(10 μmol/L, 10 min, Fig.5).

We attempted to increase the RGS2 protein level in c-SANC via genetic manipulation by
employing an adenovirus-directed acute gene-transfer technique (Ad-RGS2). Typical
images and the average immunolabeling density are shown in Fig.6 A&B, and indicate that
it, too, is enriched near the cell membrane, like native RGS2 (Fig.5 A&B). RGS2 over-
expression increases the spontaneous AP firing rate of cultured SANC by 40% (Fig.6C,
suppl. Fig.S3 & S4). Note that the expression of a negative control of GFP via Adv-GFP
(suppl. Fig.S6 & Fig.S7A), does not affect the AP firing rate, and that there is no correlation
between AP firing rate and GFP expression level (suppl. Fig.S7B).

RGS2 overexpression dramatically increases the phosphorylation level of PLB at Ser16 (the
ratio of phosphorylated PLB at Ser16 to total PLB) in c-SANC (p<0.01, Fig. 7A), which is
similar to c-SANC with ISO application (3.91 ± 0.71 (n=17, Adv-RGS2) vs. 3.60
0.32(n=85, c-SANC+ISO), p=0.69). The density of phosphorylated PLB at Ser16 is
positively correlated with the RGS2 expression level in the Adv-RGS2 infected c-SANC
group. Surprisingly, RGS2 overexpression does not change the phosphorylation level of
RyR2 at Ser2809 in c-SANC (p=0.75, Fig. 7B), and accordingly, there is no correlation
between the density of phosphorylated RyR2 at Ser2809 and RGS2 expression level in Adv-
RGS2 infected c-SANC group.

The results in Fig.6 suggest that, unlike in f-SANC, Gi signaling might be activated in c-
SANC because of the reduced RGS2 expression, even in the absence of cholinergic receptor
stimulation. Indeed, exposure of c-SANC to 0.4 μg/ml PTX (overnight at 37°C) to
functionally disable Gi signaling increases the spontaneous AP firing rate of c-SANC and to
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~85% of that of f-SANC (Fig.6C, suppl. Fig. S3 & S4). The partial rescue of c-SANC AP
firing rate by RGS2 overexpression or PTX treatment suggests that the activation of Gi
signaling in c-SANC is due, in part at least, to down-regulation of RGS2, and that this is a
mechanism that underlies the reduced AP firing rate of c-SANC.

4. Discussion
We modified the previously published methods [11,13,14] to culture rabbit adult SANC.
Similar to f-SANC, c-SANC generate spontaneous APs, and beat spontaneously and
rhythmically at a physiological temperature, but at a lower frequency (Fig.1 &2). The
reduction of AP firing rate (prolongation of cycle length) in c- vs. f-SANC is consistent with
a partial uncoupling in culture of the coupled clock system [9] that drives normal
automaticity of SANC. This uncoupling relates, in part at least, to the changes in Ca2+

cycling in culture, similar to its partial uncoupling in stem cell-derived cardiac cells [25].
This uncoupling may be attributable to the observed reduction in PKA-dependent
phosphorylation of PLB and RyR2. Indeed, β-AR stimulation with ISO, which augments
cAMP and cAMP-mediated PKA-dependent PLB and RyR2 phosphorylation, rescues the
reduction in PLB and RyR2 phosphorylation of c-SANC (Fig.4), and rescues the prolonged
AP cycle length (Fig.3). c-SANC may also have reductions in phosphorylation of other
proteins not measured in the present study, e.g. the surface membrane L-type Ca2+ ion
channels or phospholemman, which modulates the Na/K-ATPase [26,27]. The prolongation
of AP repolarization time in c-SANC vs. f-SANC, might also reflect a reduction of PKA-
dependent regulation of IK in c-SANC [28]. Of note, the shift in AP repolarization time
affects the kinetics of net Ca2+ flux via sodium-calcium exchanger, due to its voltage
dependence.

Prior studies indicate that basal Gi signaling is suppressed in f-SANC [23]. Its activation in
response to low-dose cholinergic receptor stimulation inhibits A cyclase and PKA-
dependent PLB phosphorylation, effects closely linked to a concurrent reduction in AP
firing rate [23]. The results of the present study suggest that basal Gi signaling becomes
active in culture, because even in the absence of cholinergic receptor stimulation,
inactivation of Gi signaling by PTX, which has no effect in f-SANC [23], markedly
increases the reduced AP firing rate phenotype of c-SANC.

Our study also provides evidence for a mechanism whereby Gi activation becomes increased
in c-SANC. RGS are GTPase-activating proteins that reconstitute the G protein complex and
terminate G protein signaling [29–31]. Prior studies have established the important role of
RGS4 in regulating sinus rhythm by inhibiting G protein-coupled inward rectifying
potassium channel and acetylcholine-sensitive potassium current activity [30,31]. It has also
recently been demonstrated that RGS2 is a physiologic inhibitor of Gi signaling [24]. Our
study shows that RGS2 protein levels are reduced in c-SANC, and this reduction is a
possible mechanism for elevated basal Gi signaling that results in PTX sensitivity of the AP
firing rate in c-SANC. We employed two strategies to override this apparent reduction in
RGS2 signaling. Firstly, we exposed c-SANC to prolonged exposure (2 hours) to β-AR
stimulation, shown previously to an increase in RGS2 protein expression [24]. Prolonged
ISO rescued the reduction of GRS2 protein in c-SANC, elevating it to the level of f-SANC
(Fig.5). Of note, sustained β1-AR stimulation (24 hours) may shift PKA signaling to
calmodulin/Ca2+-dependent kinase II (CAMKII) signaling, as previously demonstrated in
cultured rat ventricular myocytes [32], thereby implicating a potential role of CAMKII in an
ISO-induced RGS2 rescue. A second strategy that we employed was to genetically
manipulate the level of RGS2 in c-SANC. Infection of c-SANC with adv-RGS2 for 24 hours
in culture increased RGS2 protein expression, and this was associated with a partial rescue
of the reduced AP firing rate of c-SANC.
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It is intriguing to note that prolonged culture leads to a down-regulation of RGS2 in adult
rabbit c-SANC (Fig. 5 A&B), but leads to an up-regulation of RGS2 in rat ventricular
myocytes [24]. The difference mainly results from cell type-specific regulation of RGS2 in
cell culture systems, and not from different species, as culture also leads to an up-regulation
in rabbit ventricular myocytes (unpublished data). However, the underlying mechanism
remains unclear at this moment. Since PKA-related phosphorylation in f-SANC is higher
than in fresh ventricular myocytes [20,21], the lack of sympathetic stimulation in culture
probably plays an important role in contributing to the difference.

In summary, we have defined important characteristics of a cultured rabbit SANC model, in
which altered cAMP/PKA modulation that develops in culture reduces the AP firing rate.
Specifically, a Gi-dependent, PTX-sensitive reduction in PKA-dependent Ca2+-cycling
protein phosphorylation, likely due, in part at least, to a reduced RGS2 signaling, effects a
reduction of the spontaneous AP firing rate. Differences between c- and f-SANC
spontaneous firing rates can be rescued by β-AR stimulation in culture. The altered
phenotypes of c-SANC, and their rescue by the maneuvers employed provide additional
support for the coupled-clock hypothesis of pacemaker cells. We have also demonstrated
that genetic manipulation, via an adenovirus-directed acute gene transfer technique can lead
to successful overexpression of proteins in adult c-SANC. Specifically, we have shown that
Ad-GRS2, which inhibits Gi signaling, partially rescues the functional deficits in c-SANC.
These novel findings are intimately linked to pacemaker function and support the novel
concept that robust pacemaker function occurs in the context of a complex system that is
driven by constitutive Ca2+ --A Cyclase, PKA signaling. This signaling becomes damped in
culture because Gi activation occurs and this reduces A Cyclase activation, leading to a
reduction in PKA dependent phosphorylation of coupled-pacemaker clock proteins and Ca2+

cycling, which causes the AP firing rate to become reduced. Thus, cultured SANC appear as
if their post cholinergic receptor signaling is being activated [23]. This culture model will
enable future studies in which genetic manipulation of adult pacemaker cells can be
employed to glean novel mechanistic insights into adult pacemaker cell function.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Glossary

A cyclase Adenylyl cyclase

AP action potential

β-AR β-adrenergic receptor

CAMKII calmodulin/Ca2+-dependent kinase II
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c-SANC cultured rabbit sinoatrial node cells

f-SANC freshly isolated rabbit sinoatrial node cells

GFP green fluorescent protein

ISO isoproterenol

PKA protein kinase A

PKI peptide inhibitor of PKA

PLB phospholamban

PTX pertussis toxin

RGS2 type2 regulator of G-protein signaling

RyR2 type2 ryanodine receptor

SANC sinoatrial node cells

SR sarcoplasmic reticulum
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Highlights

• Deficient PKA signaling induces the reduction in AP firing rate of SANC in
culture

• Reduction of cAMP/PKA signaling in c-SANC is Gi-dependent

• Reduced AP firing rate is rescued by pertussis toxin treatment

• Cultured SANC is an excellent model for genetic manipulation

• Reduced AP firing rate of cultured SANC is alleviated by RGS2 overexpression
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Fig. 1.
Morphology and AP firing rate of cultured SANC. A. Typical examples of f-SANC. B.
Several transmission images of spontaneously beating c-SANC. The cells are grouped into 3
types according to their shape: Spherical (~8%), Spread (~81%) and Spindle shaped (~11%).
One-way ANOVA of AP firing rate distributions at 34 ± 0.5°C showed no significant
difference among the 3 c-SANC types (suppl. Fig.1B). C. Bar graph of cell capacitance for
f-SANC (n=68) and c-SANC (n=36). D. Average spontaneous AP firing rate versus culture
time (n=49−265 SANC from 3 to 18 rabbits for each data point) at 34 ± 0.5°C. `0 day'
corresponds to f-SANC (***, p<0.001, *, p<0.05, compared to any other data points via
one-way ANOVA).
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Fig. 2.
Action potentials' rate and parameters. A. Representative recordings of spontaneous APs of
c-SANC and f-SANC measured via perforated patch-clamp. B. Two representative Power
Spectrum for c-SANC (red and orange) or f-SANC (black and gray), respectively, with the
insert showing the averaged AP firing rate obtained by Power Spectrum analysis in c-SANC
(n=36) vs. f-SANC (n=79), respectively (***, p<0.001). C–F. Bar graphs of maximum
depolarization potentials (MDP), amplitude, maximum speed of upstroke and duration of AP
recordings in c-SANC vs. f-SANC, respectively (p<0.01).
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Fig. 3.
Acute β-AR stimulation by ISO accelerates the AP firing rate to a similar maximum in c-
SANC and f-SANC. A. Representative recordings of spontaneous APs from a c-SANC
before (black line) and 10 min after 1 μmol/mL ISO superperfusion (pink line). B. Acute
ISO stimulation shifts the histogram distribution of AP firing rate rightward from control
(Gaussian-fitted curves) for both c-SANC and f-SANC. C. Bar graphs of AP firing rate
under control and ISO stimulation in c-SANC and f-SANC, respectively (n=126−804 for
each data point. **, p<0.01 or ***, p<0.001 comparing c- vs. f-SANC within treatment; &,
p<0.001, the treatment effect within cell type).
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Fig. 4.
Basal state phosphorylation of PLB and RyR2 are reduced in c-SANC and the deficit is
abolished by ISO. A. Phosphorylation of PLB at Ser16, the PKA-specific site, under
different experimental conditions (n=48 to 88 SANC for each data point. **, p<0.01, ***,
p<0.001 c- vs. f-SANC within treatment; #, p<0.05, $, p<0.01, or &, p<0.001, treatment
versus control within cell type. The phosphorylation level was indexed by the average
fluorescence density of phosphorylated PLB at Ser16 normalized by the total PLB
fluorescence density of a given cell; One set of confocal images is shown for the
immunolabeling of total PLB and phosphorylated PLB at Ser16 in one c-SANC. Only the
2nd antibody was applied to the negative control. See suppl. Fig.S5 for the comparison of
negative controls, among the negative control for which the primary antibody is omitted, and
the negative controls where the primary antibody incorporated with epitope peptides. B.
Phosphorylation level of RyR2 at Ser2809, in f- and c-SANC (n=23 to 93 for each data point.
***, p<0.001 comparing c- and f-SANC by treatment; #, p<0.05 or &, p<0.001, the
treatment effect within c- or f-SANC).
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Fig. 5.
RGS2 expression in f- and c-SANC. A & B. Immunolabeling of RGS2 and transmission
images in f-SANC and c-SANC under different treatment, respectively. Note: Some images
were obtained with reduced laser power (50% or 30%), as indicated, if the signal was
saturated when sampled using the same condition as c-SANC control under 100% laser
power. C. Average data of the RGS2 density near the cell membrane of panels A and B
(n=28 to 99 SANC for each group, ***, p<0.001 vs. other control or PKI+ISO within cell
type). See suppl. Fig.S8 for the adjustment of the RGS2 density between different laser
powers.
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Fig. 6.
Partial rescue of c-SANC AP firing rate by RGS2 over-expression or PTX treatment. A.
Immunolabeling of RGS2 and transmission images in c-SANC, f-SANC and RGS2
overexpression. Note: Some images were obtained with reduced laser power (50% or 30%),
as indicated, if the signal was saturated when sampled using the same condition as negative
control and c-SANC control groups under 100% laser power. B. Average data of the RGS2
density near the cell membrane of panel A (n=28 to 99 SANC for each group, ***, p<0.001
vs. any other group). See suppl. Fig.S8 for the adjustment of the RGS2 density between
different laser powers. C. Partial rescue of c-SANC AP firing rate by Adv-RGS2 or PTX
treatment (n=45 to 201 SANC for each group, ***, p<0.001 vs. any other group via one-way
ANOVA).
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Fig. 7.
RGS2 overexpression in c-SANC increases PLB phosphorylation at Ser16 but not RyR2
phosphorylation at Ser2809. A. The phosphorylation of PLB at Ser16, normalized by the total
PLB fluorescence density of a given cell, is significant higher in RGS2 overexpression than
c-SANC control (n=5 to 17 for each data point. **, p<0.01). Left panel shows the
correlation between PLB phosphorylation at Ser16 and RGS2 overexpression. B.
Phosphorylation level of RyR2 at Ser2809, (n=9 to 25 for each data point, p=0.75 between c-
SANC control and RGS2 overexpression). Left panel shows no correlation between RyR2
phosphorylation at Ser2809 and RGS2 over-expression.
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