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Abstract
Recent perspectives on sinoatrial nodal cell (SANC)* function indicate that spontaneous
sarcoplasmic reticulum (SR) Ca2+ cycling, i.e. an intracellular “Ca2+ clock,” driven by cAMP-
mediated, PKA-dependent phosphorylation, interacts with an ensemble of surface membrane
electrogenic molecules (“surface membrane clock”) to drive SANC normal automaticity. The role
of AC-cAMP-PKA-Ca2+ signaling cascade in mouse, the species most often utilized for genetic
manipulations, however, has not been systematically tested. Here we show that Ca2+ cycling
proteins (e.g. RyR2, NCX1, and SERCA2) are abundantly expressed in mouse SAN and that
spontaneous, rhythmic SR generated Local Ca2+ Releases (LCRs) occur in skinned mouse SANC,
clamped at constant physiologic [Ca2+]. Mouse SANC also exhibits a high basal level of
phospholamban (PLB) phosphorylation at the PKA-dependent site, Serine16. Inhibition of
intrinsic PKA activity or inhibition of PDE in SANC, respectively: reduces or increases PLB
phosphorylation, and markedly prolongs or reduces the LCR period; and markedly reduces or
accelerates SAN spontaneous firing rate. Additionally, the increase in AP firing rate by PKA-
dependent phosphorylation by β-adrenergic receptor (β-AR) stimulation requires normal
intracellular Ca2+ cycling, because the β-AR chronotropic effect is markedly blunted when SR
Ca2+ cycling is disrupted. Thus, AC-cAMP-PKA-Ca2+ signaling cascade is a major mechanism of
normal automaticity in mouse SANC.
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INTRODUCTION
Recent evidence supports the hypothesis that spontaneous, rhythmic intracellular Ca2+

cycling acts as a partner with surface membrane ion channels to regulate automaticity of
SAN pacemaker cells (SANC). Local subsarcolemmal Ca2+ Releases (LCRs) generated by
sarcoplasmic reticulum (SR) ryanodine receptors (RyR) result in an increase in Na-Ca2+

exchanger current (NCX), which accelerates the diastolic depolarization. The timing of this
LCR prompt of NCX inward current is a determinant of the time at which the generation of
the next action potential (AP) will begin [1]. Basal SR Ca2+ cycling within SANC is driven
by a constitutively active adenylyl cyclase-cyclic AMP-protein kinase A-Ca2+ (AC-cAMP-
PKA-Ca2+) signaling cascade, kept in check by high constitutive phosphodiesterase (PDE)
activity [2, 3]. This cAMP-PKA-Ca signaling cascade targets both SR Ca2+ cycling
molecules and surface membrane electrogenic molecules (6), thus coupling the functions of
these molecules to form a robust coupled-clock system that controls normal cardiac
pacemaker function.

In mouse SANC, numerous studies have demonstrated the characteristics and functional role
of sarcolemmal ion channels, and have documented the effects of targeted gene modification
of ion channels on automaticity in mouse SAN [4, 5]. Steady levels of mRNA for Ca2+

cycling protein genes in mouse SAN have been reported [6], and reports of Ca2+ regulation
involving Ca2+/calmodulin-dependent protein kinase II signaling in mouse SAN/SANC
have recently appeared [7–9]. However, neither Ca2+ cycling protein levels, nor effects of
their post-translational modification, e.g. basal state phosphorylation, are known in mouse
SANC. Additionally, unlike rabbit or guinea pig SANC, in which there is strong evidence
for the crucial importance of AC-cAMP-PKA signaling axis in basal normal automaticity,
i.e. in the absence of autonomic receptor stimulation[10, 11], little is known about basal AC-
cAMP-PKA signaling in mouse SAN, its impact on Ca2+ cycling, or how this might relate to
normal automaticity in the mouse SAN, which exhibits a more rapid basal AP firing rate
than larger mammals.

The purpose of our study is to determine: 1) the presence and location of Ca2+ cycling
proteins in the mouse SAN tissue/cells and to quantify the levels of selected proteins, using
western blots; 2) the extent of basal PKA-dependent phosphorylation in individual SANC
isolated from SAN, using immuno-labeling techniques and phospholamban (PLB)
phosphorylation at Serine16 as an index of PKA-dependent phosphorylation; and 3) to
characterize PKA-dependent spontaneous LCRs and their dependence on PKA signaling in
permeabilized SANC in which membrane clock is disabled and uncoupled from the Ca2+

clock; 4) the impact of modulation of SR Ca2+ cycling by direct inhibition of SR Ca2+

pumping, by disabling RyR function, or by PKA or PDE inhibition, on basal mouse SAN
firing rate, or that in response to β-adrenergic receptor (β-AR) stimulation.

MATERIALS AND METHODS
Isolation of the mouse SAN

All experiments are performed on 2–4 month old male C57BL/6J mice, and all animal
procedures are carried out under the guidance of the NIH animal care and animal study
ethics Committee approved protocol (#409 LCS2011). For detailed methods of isolation of
the mouse SAN, see online supplement.

Electrophysiological recording of SAN spontaneous pacemaking activity
The SAN preparation is fixed in a heated tissue bath and superfused with preheated Tyrode
solution with or without drugs at 36 ± 0.5 °C at a rate of ~4 ml/min. To record the
extracellular signals, an insulated/Teflon-coated platinum electrode with a tip of 0.25 mm

Liu et al. Page 2

J Mol Cell Cardiol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



diameter is placed in the center SAN region. Real-time extracellular potentials and the firing
rate of the SAN are recorded by a Neurolog system NL900D (Digitimer, Hertfordshire, UK)
and stored in a PC for offline analysis.

Western blotting
SAN strips are snap-frozen in liquid nitrogen, together with an equal amount of atrial and
ventricular tissue from the same heart. For western blotting experiments, SAN strips from 20
mice are pooled together for western blotting using protocol previously established [12]. In
order to compare relative protein expression levels in SAN, atrial and ventricular tissue,
samples of all three tissue types are included in each blot, and the same amount of total
protein is loaded in each lane.

Immunohistochemistry and confocal microscopy
8 μm thick tissue sections containing the SAN region are cut perpendicularly to Crista
Terminalis (CT) as described previously [13]. Tissue sections and isolated SANC are
processed for immuno-staining and confocal microscopy as previously described [13].
Antibodies used in this study are listed in online supplementary data. After
immunohistochemistry, cells or tissue sections are visualized with a Zeiss Laser Scanning
Microscope (LSM510). Average fluorescence intensity of each SANC (excluding nuclei) is
quantified and measured as an index of relative immuno-reactivity to specific antibody with
ImageJ software (http://rsb.info.nih.gov/ij/) as described previously [13]. Detailed methods
for immuno-labeling are provided in the online supplement.

Isolation of single SANC
Detailed methods for isolation of single SANC are provided in the online supplement. Intact
mouse SANC are plated on laminin-coated (20 μg/ml) in 35 mm #zero glass bottom petri
dishes (MatTek Cultureware) for 20 min to attach. After superfusion with normal Tyrode
solution (with 1.8 mM Ca2+), only spontaneously beating SANC are selected and then
permeabilized with saponin (0.01 % for 2 min) to record Spontaneous LCRs in the line scan
mode, with the scan line oriented along cell membrane as described previously[14]. See
online supplementary data for details of the characterization of LCRs.

Drugs
See online supplementary data for details about drugs used in this study.

Statistics
Data are presented as mean ± S.E.M. (n = number of preparations or cells). Where
applicable, a single factor ANOVA test is applied. P<0.05 is considered as statistically
significant.

RESULTS
Molecular phenotype of Ca2+ cycling proteins in mouse SAN/SANC

Immuno-labeling of thin SAN tissue sections containing the SAN region (defined as HCN4-
positive region [13] and neighboring atrial myocytes (at the CT) shows abundant expression
of RyR2, SERCA2 and NCX1 proteins (Fig. 1A). The immuno-labeling intensity of HCN4
is highest in the central SAN region, becomes less in the peripheral SAN region, and is
absent in the neighboring atrial myocardium at the CT (Fig. S2). RyR2, SERCA2 and NCX1
show similar immuno-labeling intensity in each of the three regions (Fig. S2). Figure 1B
shows western blots of mouse SAN, atrial and ventricular tissue for RyR2, NCX1 and
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SERCA2a. A microfilament protein, α-actinin, is used as loading control protein. Note that
NCX1, SERCA2a and RyR2 are as abundant in SAN as in ventricular or atrial tissue.

Isolated, spindle shaped SANC characterized by the absence of Connexin 43 (Cx 43)
immune-labeling (Fig. 2A) and exhibiting positive immuno-labeling of HCN4 (Fig. 2C) also
have abundant expression of SERCA2, NCX1, and RyR2 (Fig. 2A, B, C). NCX, HCN4,
RyR2 and SERCA2 immuolabeling is intense on or near the surface membrane. A similar
staining pattern is found in SANC labeled with Caveolin 3 (Fig. 2D), a major type of
caveolin implicated in β-AR signal transduction in rabbit SANC [15–17]. Within the sub-
sarcolemmal area intense RyR immuno-labeling overlaps with that of HCN4, as indicated by
yellow color in the merged image (Fig. 2C). SR calcium buffering and binding protein,
calsequestrin (CSQ) also exhibits a sub-sarcolemmal distribution pattern in SANC (Fig. S3).
In contrast to the sub-sarcolemmal pattern of CSQ in SANC, ventricular myocyte CSQ
immuno-labeling exhibits a uniformly striated pattern (presumably due to its distribution in
junctional SR) (Fig. S3). The immuno-labeling of SR proteins SERCA2 and RyR2 occurs
throughout SANC body (Fig. 2A, C). Thus, the densities of surface membrane proteins
(HCN4, NCX1 and Caveolin-3) and sub-sarcolemma SR calcium cycling proteins (RyR2,
SERCA2 and CSQ) are highest in the sub membrane area of mouse SANC, where most
calcium cycling events related to automaticity in other species occur [12, 16].

SAN pacemaking function depends on Ca2+ and intact SR function
The requirement for extracellular Ca2+ and SR Ca2+ cycling protein function in SAN
automaticity is demonstrated in Figure 3. When the extracellular perfusion Tyrode solution
(1.8 mM Ca2+) is replaced by a Ca2+-free solution containing the Ca2+ chelator, EGTA, the
SAN spontaneous beating rate is dramatically reduced to a few random beats (~10 bpm) in
15–20 min (n=3) (Fig. 3A). The mouse SAN’s response to caffeine, which activates RYRs
and ultimately depletes SR Ca2+ content, is an initial increase in the average beating rate
followed by a marked reduction (Fig. 3B). On average, when SR calcium content is lowered
by 20 mM caffeine, the average spontaneous beating of SAN decreases by ~73%, from
404.19 ± 24.65 bpm at basal level to 108.93 ± 11.37 bpm (n=6); and in one out of seven
preparations, spontaneous beating stops within 10 min (Fig. 3B). The caffeine effect is
reversible when caffeine is washed (not shown).

Ryanodine, which keeps RyRs in an open state, has similar effects to those of caffeine on
the spontaneous SAN beating rate (Fig. 3C). Note the instability of the beating rate early
after ryanodine application. The average concentration-response of beating rate to
continuous perfusion with varying ryanodine concentrations is illustrated in online
supplement Figure S4A. In response to 10 μM ryanodine mouse SAN beating rate becomes
reduced, from 333 ± 16 bpm to 143 ± 14 bpm (n=6, P < 0.05), i.e., 57 ± 4 % reduction
(Figure 3C).

Specific inhibition of Ca2+ pumping into SR by 5 μM CPA also results in substantial
decrease in the beating rate (Fig. 3D). On average, the extent of the reduction is 54.36 ±
6.54% (from 393.93 ± 15.61 bpm to 180.34 ± 15.51 bpm, n=6, P < 0.05; Fig. 8D). Results in
Figure 3A and B indicate crucial roles of both extracellular Ca2+, which is required for
normal L-type Ca2+ channel function, and maintenance of the SR Ca2+content in SAN
pacemaking function. The results in Figure 3C and D indicate a crucial dependence of
normal basal mouse SAN pacemaker function on normal SR Ca2+ cycling, including Ca2+

pumping into SR via SERCA and Ca2+ release from SR via RyRs.
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Sustained basal activation of PKA-dependent signaling is linked to spontaneous basal SR
Ca2+ cycling and to the basal SAN firing rate

To index PKA-dependent phosphorylation, we immuno-labeled isolated, single mouse
SANC with antibodies against total PLB (red) and P-PLB at Ser16 site (PLB-PS16, green).
Figure 4 shows examples of mouse SANC labeled with PLB antibodies in the basal state
(panel A), prior to and following PKA inhibition (with either a specific PKA inhibitor
peptide, PKI, or H89, panels B and C) following AC or PDE inhibition (panels D and E) and
in response to β-AR stimulation by isoproterenol (panel F). Note that SANC (Fig. 4A)
exhibit substantial basal PLB-P16 phosphorylation at PKA-dependent Ser16 site as
indicated by strong PLB-PS16 immuno-reactivity (green). At higher magnification (Fig. S5),
immunolabeling of PLB-PS16 appears highly punctuated, and differs from the (less-
interrupted pattern of) immunolabeling of total PLB. Inhibition of PKA signaling by PKI or
H89 suppresses basal PLB phosphorylation (Figs. 4B, C) and on average the magnitude of
the reduction was about 60% (Fig. 5A). The high basal level of PLB phosphorylation in
SANC (Fig. 4A) is not present in ventricular myocytes (Fig. S6). Furthermore, perturbations
that have marked effects on basal PLB phosphorylation in SANC have little or no effect in
ventricular myocytes (Fig. S6).

The functional importance of basal PKA-dependent phosphorylation is demonstrated by the
effect of its inhibition on SAN spontaneous beating rate. When applied to freshly isolated
beating SAN preparation, the PKA inhibitor H89 markedly decreases spontaneous beating
rate in a concentration-dependent manner (Figs. S4A, S4B). The average reduction in
beating rate was 59.18 ± 8.33% after 10 μM H89 (n=5, P < 0.05) (Fig. 5B). This response to
H89 was not significantly changed when possible actions of acetylcholine or noradrenaline
release from autonomic nerve terminals were suppressed by 10 μM atropine and 2 μM
propranolol respectively. (n = 3, data not shown).

Constitutive adenylyl cyclase activity drives basal PKA-dependent phosphorylation and
spontaneous beating

Following treatment of a single isolated mouse SANC with 100 μM MDL-12330 A (MDL),
an AC inhibitor that reduces cAMP production [3] and cAMP-mediated PKA-dependent
PLB phosphorylation at Ser16 site, the immuno-labeling of PLB PS-16 is reduced, as shown
by decreased green fluorescent intensity (Fig. 4D). On average, while the total PLB,
indicated by the red fluorescent signal, is unchanged, the ratio of PLB-PS16/PLB-total in
SANC decreased by 38.51 ± 3.2 % from its basal level (Fig. 5A). The effect of MDL to
decrease PLB PS16 phosphorylation in SANC is comparable to the inhibitory effect of PKI
and H89 (Fig. 5A). This strong inhibitory effect of MDL on basal cAMP-mediated PKA-
dependent phosphorylation demonstrates a critical role of basal AC activity on PKA-
dependent phosphorylation. Moreover, the spontaneous beating of SAN preparation ceases
(beating rate = 0 bpm) when the same amount of MDL is applied in the superfusion solution
(n=3, Fig. S4B). That both MDL and PKI reduce both basal cAMP-mediated PKA-
dependent phosphorylation and spontaneous beating indicates that both basal AC and PKA
activity are linked to normal SAN spontaneous basal beating.

Basal PKA-dependent phosphorylation and beating rate are controlled by basal
phosphodiesterase activity

A high level of PDE activity is one control mechanism of the basal AC-cAMP-PKA-Ca2+

signaling and beating rate of rabbit SANC [3]. A similar picture emerges in mouse SAN.
Figure 4E illustrates a SANC in which PDE was inhibited by 100 μM IBMX, probed with
anti-PS16 PLB antibody and PLB total antibody. On average, the broad spectrum cyclic
nucleotide PDE inhibition, IBMX, increases the ratio of PS-16 PLB to total PLB by 51.23 ±
8.87 % comparing to its basal level (n=10 cells, P < 0.05, Fig. 5A). IBMX (example in Fig.
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8A) induced a prompt and significant increase in the SAN beating rate. The average increase
in the spontaneous beating rate was from 375 ± 18 bpm to 623 ± 7 bpm, (n=6, P < 0.05, Fig.
8D). The chronotropic effects of IBMX indicate that an increase in intracellular cAMP level
activates PKA and accelerates SAN automaticity, independent of external receptor
stimulation. Stated in other terms, these data indicate constitutively activate PDE activity,
which degrades cAMP, leads to suppression of downstream cAMP-mediated PKA-
dependent signaling. When PDE activity is blunted, PKA dependent signaling and the
spontaneous beating rate are markedly enhanced in mouse SAN.

Basal cAMP-PKA signaling drives spontaneous basal SR Ca2+ releases in permeabilized
(“skinned”) mouse SANC

To demonstrate that mouse SANC generate rhythmic spontaneous local Ca2+ releases
(LCRs) locally, without a change in the membrane potential, we permeabilized intact SANC
with 0.01% saponin. Figure 6 demonstrates the presence of spontaneous LCRs on the
confocal line scan image in a representative ‘skinned’ mouse SANC bathed at 100 nM free
[Ca2+]. Note, that in control conditions (Figure 6A, top image), spontaneous LCRs are
roughly periodic (Figure 6B,) with an average frequency 4.79±1.0 Hz (n=16, not shown).
Inhibition of PKA signaling by 15 μM PKI, which decreases PLB phosphorylation,
markedly suppresses LCRs (Figure 6A bottom image) and abolishes LCR periodicity
(Figure 6B) or rhythmicity, assessed by autocorrelation function (Figure 6C, right top
panel). Within 2 minutes, PKI significantly decreases the average LCR number (LCR
occurrence within the 100 μm of scan line per 1 second of time), amplitude and size, and the
average total Ca2+ release of the ensemble of LCRs (LCR signal mass) and rhythmicity
index ( Figure 6C). When cAMP (1 μM) is added in the continued presence of PKI there is a
partial recovery of LCR characteristics including rhythmicity, toward the pre-PKI addition
basal level (data not shown).

PDE inhibition by IBMX (5 μM) which leads to an increased PLB phosphorylation (as
shown in Figure 4E), increases LCR occurrence (Figure 7A, lower image), and shifts the
power spectra (Fig. 7B), and autocorrelation function (Fig. 7C, right top panel) to a higher
frequency (Figure 7B). The average effects of PDE on LCR characteristics are shown in Fig.
7C, left panels.

β-AR stimulation of cAMP-PKA signaling increases beating rate and PKA-dependent
phosphorylation

As expected, in response to β-AR stimulation (ISO, 1 μM), PLB-PS16 immuno-reactivity
increases and the ratio of PLB-PS16 to total PLB increases in mouse SANC (Fig. 4F).
Representative example of the ISO effect to increase spontaneous SAN beating rate is
shown in Figure S7A. On average, ISO increased the PS16/total PLB immuno-labeling by
68.86 ± 4.54 % from its untreated controls (Fig. 5A, n=14, p < 0.01). ISO increased beating
rate of SAN by 48.07 ± 3.60 % (Fig. 8D) from 402.72 ± 22.21 bpm to 594.78 ± 28.59 bpm
(n = 6, p<0.01). Also note in Figure 5B, that the relationship of changes in beating rate that
accompanies PLB16 phosphorylation in response to β-AR stimulation, PDE inhibition or
AC or PKA inhibition forms a linear continuum (R2 = 0.85).

Augmentation of beating rate in response to an increase in cAMP/PKA activation requires
intact SR function

Increases in mouse SAN spontaneous beating rate in response to β-AR stimulation or basal
PDE inhibition are both linked to an increase in cAMP-mediated PKA-dependent PLB
phosphorylation (Figs. 4E,F). The normal increase in beating rate by ISO cannot be
maintained at the same level in the presence of impaired SR Ca2+ cycling as when SR
calcium cycling is intact (Figs. 8D, S7). When intracellular Ca2+ cycling is intact, IBMX
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(100 μM; Fig. 8A) similar to ISO increases the basal beating rate on average by 63.25 ±
6.62% (n=6, P < 0.05, Fig. 8D). When CPA is added in the presence of IBMX the beating
rate decreases (representative example in Fig. 8B) on average, from 585 to 396.23 ± 17.08
bpm (i.e. 8.5% decrease comparing to basal level) (n=3, P < 0.05, Fig. 8D). Similarly,
IBMX added in the presence of CPA fails to have a marked chronotropic effect (Fig. 8C).
Thus, the robust acceleration of beating rate in response to β-AR stimulation or PDE
inhibition is impaired when SR Ca2+ cycling mechanisms are disabled.

DISCUSSION
This is the first study in mouse to comprehensively document: (1) the expression of Ca2+

cycling proteins in intact mouse SAN and SANC; (2) a high basal level of PKA-dependent
phosphorylation of PLB in mouse SANC; (3) that interfering with or stimulating intrinsic
AC-cAMP-PKA-Ca2+-signaling cascade, even in the absence of β-AR mediated stimulation,
can, respectively, significantly inhibit or stimulate pacemaking function, indicating a major
constitutive role of this signaling cascade in normal automaticity of mouse SAN.

During mouse cardiac cell development, the RyR Ca2+ release modulates the spontaneous
beating rate of stem cell-derived cardiac myocytes [18]. A previous study of RyR mRNA
suggests that relative RyR expression is comparable in mouse SAN and ventricular cells [6].
The present study demonstrates abundant expression of Ca2+ cycling proteins in adult mouse
SAN that is equivalent to those of contracting myocardium (e.g. atrium and ventricle), and
validates functional importance of Ca2+ cycling in SAN for basal spontaneous beating.

The present study also demonstrates that SR of mouse SANC with free [Ca2+] clamped in
the physiologic range generates spontaneous, rhythmic LCRs via RyRs (Figs. 6, 7) in the
absence of surface membrane function. This extends recent observations [19] that describe
local diastolic Ca2+ releases in mouse SANC, but attribute such release to Ca2+-induced
Ca2+ release linked to surface membrane potential. Of note, in the later study, no data on the
rhythmicity of the observed diastolic Ca2+ release are provided. Numerous studies have
demonstrated that disabling RyR with ryanodine interferes with normal spontaneous
automaticity in SAN or SANC of rabbit [20, 21], dog [22], guinea-pig [23], rat[24], mouse
[7, 9, 24] and toad [25]. An inhibitory effect of ryanodine has also been observed in the
atrioventricular node (the secondary pacemaker of heart) of mouse [9] and rabbit [26].
Furthermore, normal automaticity of other types of cardiac pacemaker cells, e.g. cat atrial
latent pacemaker cells [27], the spontaneous beating rate of stem cell derived cardiac
myocytes [18] is also decreased by ryanodine. The negative chronotropic effect of ryanodine
is concentration-dependent and time-dependent, and occurs in the presence of intact ICaL or
If [20, 21]. Thus, Ca2+ release via RyRs broadly contributes to pacemaker function of a
variety of cells within the heart [28]. An incomplete blockade of pacemaker function by
ryanodine or by any other SR Ca2+ cycling inhibitor, in the present study and in prior studies
[7, 9], can be explained by the robustness of the coupled system of SR Ca2+ cycling and
surface membrane molecules: when the function of the Ca2+ clock is diminished, the
Membrane Clock function becomes enhanced (possibly because at long cycle lengths If
current has more time to activate) [29].

The present study also demonstrates for the first time that (i) the level of PLB
phosphorylation is constitutively elevated in mouse SAN cells, as in rabbit or guinea pig
SANC [2, 30] and (ii) that this phosphorylation status is modulated by AC-cAMP-PKA
signaling [30, 31]. Furthermore, we demonstrate the Ca2+ clock operation in skinned mouse
cells, as in rabbit SANC, requires PKA-dependent phosphorylation, as the specific PKA
inhibitor protein, PKI, markedly suppresses SR-generated LCR’s, and this effect is reversed
by application of cAMP in the continued presence of PKI (Fig. 6). Our study also
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demonstrates that although ventricular myocytes have approximately the same density of
NCX, SERCA2 and RyRs as do SANC (Fig. 1B), basal spontaneous Ca2+ cycling via these
molecules is not driven by a high basal cAMP/PKA signaling (Fig. S6). Our results also
demonstrate that constitutively elevated AC-PKA signaling is constrained by constitutively
high level of PDE activity, as PDE inhibition increases PKA-dependent phosphorylation of
PLB and increases the beating rate. Furthermore, this PKA-dependent response affected by
PDE inhibition is suppressed when Ca2+ pumping or RyR function, as in other species [3], is
disabled. As demonstrated by other studies, most components of the PKA pathway are
localized to the narrow region between the sarcolemma and the sub-sarcolemmal regions
within the cell. Subcellular targeting of PKA through association with AKAPs facilitates
PKA-mediated signaling. This AKAP-directed compartmentalization has been demonstrated
in cardiac myocytes [32]. Additionally, the disruption of AKAP-mediated PKA anchoring
alters the βAR–stimulated contractile response in cardiac myocytes [33].

The fight-or-flight survival mechanism is affected via the release of the neurotransmitter
norepinephrine resulting from cardiac sympathetic nerve signaling. β-AR stimulation of
pacemaker cells results in an increase in the spontaneous AP firing rate. Early studies by
DiFrancesco et al. had been interpreted to indicate that activation of If current by elevated
intracellular cAMP is the key event linking β-AR stimulation to an increased beating rate
[34, 35]. However, the adult HCN4 knockout mice show no impairment in heart rate
acceleration during sympathetic stimulation [36, 37]. Most recently a conditional cardiac
specific HCN4 knockout in mouse heart caused a marked resting bradycardia. But in
response to ISO, or during exercise, although the absolute heart rate or AP firing rate was
less in the knockout than in wild type (WT), the absolute change in HR was similar in both
KO and WT [38]. The diminished contribution of If to AP firing rate regulation in response
to sympathetic stimulation could possibly relate to a reduction in channel activation time
during short diastolic intervals that accompany an increased beating frequency [29, 39].

More recent studies have embraced the idea that mechanisms other than If mediate the
chronotropic response to β-AR stimulation [1, 28]. Recent studies demonstrate that other
mechanisms may also be involved in β-AR linked acceleration in SANC firing [8, 40]. Wu
et al., show that CaMKII inhibition selectively reduces the positive chronotropic response in
SANC during β-AR stimulation and propose that this signaling cascade is required for fight-
or-flight response [8]. Similar to our findings, CaMKII signaling involvement in the increase
of the AP firing rate requires intact SR Ca2+ cycling. However, unlike the PKA signaling
pathway, CaMKII activation was not essential for maintaining basal SAN pacemaker
function, as the CaMKII disabled mouse show no change in basal heart rate or SAN beating
rate. A most recent study has confirmed the finding that CaMKII also plays a key role for
catecholamine-independent increase of the mouse SA node beating rate, but is not required
for basal AP firng [40]. SA node cells and entire hearts isolated from transgenic mice with
CaMKII inhibited (produced by expression of an inhibitory peptide (AC3-I)) were resistant
to BayK, an L-type Ca2+ channel agonist, produced acceleration of spontaneous AP firing.
Furthermore, Wu et al., also show that ~50% of β-AR stimulation induced increase in HR is
CaMKII independent. These studies [8, 40], together with our data, show a multi-pathway
regulation of SANC by β-AR stimulation during the fight-or-flight response of mouse
pacemaker cells.

Apparent differences between mouse and rabbit SANC in the requirement of basal CaMKII
activation for basal AP firing [3, 8, 40] could be based on differences between sets of ionic
currents present in these species. In contrast to higher mammals, mice have a high density of
Na+ channels in the sinoatrial node, and suppression of sodium current by TTX produces
marked bradycardia in the isolated mouse heart [41]. Heterozygous Scn5a+/- mice showed
depressed heart rates and sinoatrial block [5], implicating an important role of Nav1.5
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cardiac Na+ channel in mouse sinoatrial node pacemaking, suggesting a necessity of Nav1.5
to maintain the extremely high heart rate and fast conduction in the mouse heart. In contrast,
in rabbit or canine hearts, Na+ currents do not contribute to normal automaticity of adult
isolated SA node cells [42, 43]. Thus, SANC of larger animals, like rabbit, are more
dependent on L-type Ca current (ICa,L) to generate an AP upstroke of primary pacemaker
cell, and require an amplified ICa,L to support cardiac pacemaker function, achieved, in part,
by basal CAMKII-dependent phosphorylation of L-type Ca channels [41].

It is important to note that, in addition to modulating SR Ca2+ cycling, cAMP- and PKA-
dependent phosphorylation and Ca2+ itself, also regulate the function of surface membrane
components, e.g. Ca2+ and PKA modulate L-type Ca2+ channel and cAMP binds to HCN
channels [44]. Thus, the Ca2+-cAMP-PKA signaling in pacemaker cells regulates the
function of both membrane and Ca2+ clocks. These results in mouse are consistent with
other studies in rabbit, dog and frog, supporting an active AC-cAMP-PKA signaling in
mouse basal SAN function [1, 28] L-type Ca2+ channels, which carry the inward current
during SAN action potential, are another downstream target of β-AR stimulation and PKA
signaling [45].

Our study, like prior studies in other species [12, 23], shows that inhibition of Ca2+ cycling
in SAN markedly reduce the basal spontaneous SAN firing rate, and that Ca2+ cycling
inhibition hampers SAN AP rate acceleration in response to β-AR stimulation, confirming
prior studies [7–9]. In other words, β-AR activation of AC-cAMP-PKA-Ca2+ utilizes the
same signaling mechanisms that execute basal SAN beating via Ca2+. This later result
indicates that the β-AR stimulation induced increase in beating rate (fight-or-flight response)
requires modulation of intracellular Ca2+ cycling [46]. It has been shown that the periodicity
of the coupled membrane-Ca2+ clock system in rabbit SANC is regulated by the amount of
Ca2+ available for SR Ca2+ pumping (regulated in large part by surface membrane proteins),
SERCA function, Ca2+ release channel characteristics, and the SR Ca2+ content. The cell
Ca2+ content and thus Ca2+ available for SR Ca2+ cycling is determined by the surface
membrane clock components and by the characteristics of the AP generated by these
molecules. Thus, a variety of perturbations of the coupled clock system, either inhibition of
SR Ca2+ cycling, PKA inhibition, PDE inhibition or β-AR stimulation, evoke changes in the
LCR period that predict the spontaneous concomitant AP cycle length [1]. The contribution
of PKA-dependent modulation of surface membrane molecules during the β-AR-induced
chronotropic response cannot be directly measured during spontaneous SAN or SANC
beating. Nevertheless, our data show that in the presence of ryanodine or CPA, β-AR
stimulation restores the AP firing rate to its level prior to exposure to these drugs that impair
intracellular Ca2+ cycling. This clearly indicates that function of a coupled system of Ca2+

cycling and surface membrane electrogenic molecules is involved in the β-AR chronotropic
response in mouse SAN. The role of the surface membrane ion channels within the system
may be actually enhanced at low rates (e.g. in the presence of partial inhibition of Ca2+

cycling), in part, because If current has more time to activate during longer DD.

Our results show that IBMX, a broad-spectrum PDE inhibitor, significantly increases the
SAN beating rate by 63%. The positive chronotropic effect of IBMX was related to cAMP
accumulation, due to inhibition of its degradation by PDE. Other studies suggest that PDE
subtypes, characterized by differential cAMP affinities and efficacies, may have species-
dependent and beta-adrenergic regulation- related roles in pacemaking [3]. Studies on rabbit
single SANC show that PDE3, but not PDE4, is constitutively active in the basal state.
However, PDE4 becomes activated during cAMP accumulation (e.g. during concomittant
PDE3 inhibition [47]). While PDE4 is a dominant PDE subtype in mouse heart [48], the
PDE3 inhibitor (0.3 μmol/L cilostomide) increased spontaneous AP firing of the mouse right
atrium by 19%, while a PDE4 inhibitor (1 μmol/L rolipram) produced only modest 9%
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acceleration of the right atrial AP firing rate [49]. Thus, it is possible, that, similar to the
rabbit heart [3], the PDE3 subtype is involved in regulation of the mouse SA node
spontaneous AP firing. Given that PDEs play an important role in inhibiting the breakdown
of cAMP and in facilitating subsequent phosphorylation of Ca2+ cycling regulatory proteins
in myocyte, further studies are needed to clarify PDE subtype identities and their functional
roles in the chronotropic regulation of pacemaking in mouse SAN.

SUMMARY
Ca2+-AC-PKA signaling directed at both SR Ca2+ cycling proteins and surface membrane
ion channel proteins (Fig. S1) is crucial both for normal basal spontaneous AP firing in
mouse SAN and the chronotropic response to β-AR stimulation.

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

• PKA signaling drives basal pacemaker function in mouse sinoatrial node

• PKA-dependent rhythmic spontaneous Ca2+ cycling drives mouse heart
pacemakers

• Ca2+ oscillations generate normal automaticity in mouse sinoatrial node cells
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Figure 1.
Molecular phenotype of Ca2+ cycling proteins in mouse SAN/SANC. A. Abundant
expressions of RyR2, SERCA2 and NCX1 protein are found in both SAN region and
neighboring atrium (scale=50 μm); B. Western blots of SAN, atrial and ventricular tissue for
RyR2, SERCA2a and NCX1 confirm abundant quantities are expressed in SAN compared to
contracting myocardium. Note that SAN strips pooled from mice are required for western
blots.
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Figure 2.
Isolated mouse SANC with positive immuno-labeling of SERCA2 (A), NCX1 (B), RyR2
and HCN4 (C), Cav-3 (D) with their specific patterns. Note SANC are negative for Cx43
(A) and HCN4 (green) and RyR2 (red) co-localize in SANC (C) sub-sarcolemmal area
(scale=20 μm).
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Figure 3.
SAN pacemaking function depends on intact SR Ca2+ function. Change of spontaneous
beating SAN rate under: removal of calcium by Ca2+-free Tyrode solution (A); depleting SR
Ca2+ content by 20 mM caffeine (B); inhibition of Ca2+ releasing from SR by ryanodine
(C); inhibition of Ca2+ pumping into SR by CPA (D).
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Figure 4.
AC-cAMP-PKA dependent PLB phosphorylation in mouse SANC. A: Immuno-reactivity
change of PLB-PS16 (green) and PLN total (red) in untreated SANC (basal, A), PKA
inhibition (PKI, B and H89, C), AC inhibition (MDL, D), PDE inhibition (IBMX, E) and β-
AR stimulation (ISO, F), scale = 20 μm.
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Figure 5.
A. The average change in PS-16/total PLB ratio is shown in the bar graph. B. The
relationship of changes in beating rate to changes in PLB16 phosphorylation in response to
β-AR stimulation, PDE inhibition or PKA inhibition comparing to the basal level.

Liu et al. Page 19

J Mol Cell Cardiol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Basal cAMP-PKA signaling drives rhythmic spontaneous basal local SR Ca2+ releases in
permeabilized mouse SANC. A. Confocal linescan images of a representative skinned
mouse SANC bathed in 100 nM free Ca2+ before (top) and during superfusion with 15 μM
PKI (bottom). B. Power spectrum of a continuous 4 second recording of LCRs (the average
signal in A between two arrows) in panel A. C. Autocorrelation function (right panels) and
comparison of average LCR characteristics in control conditions and during application of
15 μM PKI and 1 μM of cAMP in the presence of 15 μM PKI: number (normalized per 1
second and 100 μm); amplitude (F/F0); size (FWHM), measured as full width at half
maximum amplitude; total integrated LCR signal mass (product of the LCR size, amplitude,
duration, (see online supplement for details), rhythmicity index (RI) (estimated from the
amplitude of the third peak of the autocorrelation function). Bars are mean±SEM, *P<0.05
PKI vs. control.

Liu et al. Page 20

J Mol Cell Cardiol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
PDE inhibition accelerates rhythmic spontaneous basal local SR Ca2+ releases in
permeabilized mouse SANC. A, Confocal linescan images of a representative skinned
mouse SANC bathed in 100 nM free Ca2+ before (top) and during exposure to 5 μM IBMX
(bottom). B, Power spectrum of a continuous 4-s-long recording of LCRs (for the average
signal between two arrows in panel A. C, Autocorrelation function and comparison of
average LCR characteristics in control conditions and after 5 μM IBMX: A crude index to
estimate normalized number of activated RyR within an LCR (see the supplementary
method); size (FWHM), measured as full width at half maximum amplitude; duration
(FDHM) measured as the full duration at half-maximum amplitude; total integrated LCR
signal mass (normalized sum of size, amplitude, duration, see the method part), rhythmicity
index (RI) (estimated from the amplitude of the third peak of the autocorrelation function).
Bars are mean±SEM, *P<0.05.
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Figure 8.
Augmentation of beating rate in response to an increase in cAMP/PKA activation requires
intact SR function. Beating rate increase in response to IBMX (A) and is significantly
blunted in the presence of inhibition of SR Ca2+ pumping by CPA (B and C). The average
responses in beating rate to IBMX or ISO in the presence or absence of CPA or ryanodine
(D).
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