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ABSTRACT 
The sinoatrial node is the primary pacemaker that controls the heart rate under normal 
conditions. Although the heart rate was originally measured thousands of years ago, the 
mechanisms that control the spontaneous beating of the sinoatrial node (SAN) are still under 
debate. In the last century, SAN function was mostly investigated by electrophysiological tools. 
Therefore, not surprisingly, the major mechanisms that control SAN function were thought to be 
related only to membranal ionic modulations. Recent biophysical, biochemical and imaging 
techniques have shed new light on the role of intrinsic pacemaker mechanisms on SAN function. 
Specifically, the role of post-translational modification signaling on SAN function has been 
explored using numerical and experimental tools. We describe here the major breakthroughs 
related to these signaling mechanisms in SAN cells. We conclude that the recent findings are 
only the tip of the iceberg in the fascinating world of downstream post-translational modification 
signaling, and we point out future research directions that may increase our knowledge of 
pacemaker function.   
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Introduction 
During hibernation a bear’s heart rate can decrease to 10 beats/min [1] while 700 beats/min was 
recorded in short-tailed shrews [2]. The primary pacemaker in these mammals and others is the 
sinoatrial node (SAN). Although the heart pulse was originally measured more than thousands of 
years ago, the mechanisms that control the spontaneous beating of SAN cells are still under 
debate. The SAN consists of hundreds to thousands (depending on the mammal species) of 
pacemaker cells that can beat spontaneously even without any neural stimulation. Using recent 
biophysical, biochemical and imaging techniques, it has been revealed that pacemaker cell 
function is controlled by internal and membrane mechanisms. Moreover, the identity of the 
nodes that connect these mechanisms has been revealed. Here, we focus on the role of post-
translational modification signaling on SAN function, as discovered using both numerical and 
experimental approaches. We describe here the major breakthroughs related to these signaling 
mechanisms in SAN cells.  
 
A coupled-clock system controls pacemaker function 
Pacemaker function is orchestrated by two clocks (Fig. 1): the surface membrane clock (M 
clock), an ensemble of sarcolemmal electrogenic molecules, and the Ca2+ clock (the 
sarcoplasmic reticulum (SR)) (for a review see [3]). A numerical model (for a review see [4]) 
predicted that these clocks are coupled, as was confirmed by experimental measurements (for a 
review see [5]). The two clocks are coupled through Ca2+ signaling: local Ca2+ releases (LCRs) 
activate an inward Na+/Ca2+ exchange (NCX) current and other Ca2+ dependent mechanisms 
(e.g., Ca2+-activated potassium channels [3] and Ca2+-dependent inactivation of L-type Ca2+ 
channels) that prompt the M clock to generate an action potential (AP). By definition, the LCR 
signal is regulated by the SR Ca2+ content and thus by the Ca2+ clock. However, because the L-
type Ca2+ channels regulate cell Ca2+ available for SR pumping, the LCR signal is controlled by 
both clocks, and its magnitude indicates the degree of cross-talk between the clocks [6, 7]. Thus, 
the Ca2+ is a node that connects the two clocks, where an amplification of LCR signal leads to an 
increase in the spontaneous AP firing rate and vice versa. Ca2+ not only directly couples the 
clocks, but also does so indirectly through the phosphorylation cascade: Ca2+ activates 
calmodulin-adenylyl cyclase (AC)-dependent protein kinase A (PKA) and Ca2+/calmodulin-
dependent protein kinase II (CaMKII) [8, 9]. These phosphorylation signaling cascades act on 
the same Ca2+ (ryanodine receptors and phospholamban) and M-clock proteins (L type Ca2+ 
channels and K+ channels). The increase in phosphorylation activity leads to amplification of the 
LCR Ca2+ signal and therefore to an increase in the AP firing rate. Thus, both Ca2+ cycling and 
phosphorylation activity levels indicate the degree of clock coupling: when the signal is further 
amplified, so are the activity levels of the membrane and SR Ca2+ molecules, and thus the AP 
firing rate is higher as well 
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to the mammal each group worked with (mice vs. rabbits). Alternatively, it might be related to 
other non-specific gene changes in these mutant mice (e.g., L-type) that contribute to AP firing. 
 

 
 
Figure 1. Schematic figure illustrating the cross-talk between M clock (membrane molecules) and the Ca2+ clock 
(sarcoplasmic reticulum (SR)). Two major nodes connect between the clocks:  Ca2+ and CaMKII-cAMP/PKA 
signaling. Local Ca2+ release through the ryanodine receptor (RyR) increases inward sodium-Ca2+ exchange current 
that ignites together with If the action potential. Increase in membrane potential lead to opening of L-type channels 
that reload the SR. Thus, both clocks components contribute to Ca2+ signaling. Ca2+ also works as indirect node: it 
activates calmodulin-adenylyl cyclase (AC)-dependent protein kinase A (PKA) and Ca2+/calmodulin-dependent 
protein kinase II (CaMKII). These phosphorylation signaling cascades act on the same Ca2+ (RyR and 
phospholamban (PLB)) and M-clock proteins (L type Ca2+ channels, K+ channels and NaK pump). Note that a 
different type of AC is activated by brain receptors. 
 
PKA and CaMKII are coupled 
As discussed above, PKA and CaMKII are linked upstream (through Ca2+-calmodulin 
activation). Because both PKA and CaMKII phosphorylate the same Ca2+ and M-clock proteins, 
and these protein activities affect the Ca2+ cycling, PKA and CaMKII are also linked 
downstream. Thus, theoretically, any change in either PKA or CaMKII activity should affect the 
other mechanism in steady state. Indeed, when a battery of drugs that disturb the M (If blocker) 
or Ca2+ clock (SERCA inhibitor or ryanodine blocker) activity is administered, the AP firing rate 
is reduced, as is the cAMP level in steady state; the same effect was obtained by administering 
drugs that disturb the interconnected signaling (PKA inhibitor and Ca2+ chelate) or the brain 
signaling (cholinergic receptor activator) [14] (Fig. 2A). Interestingly, application of CaMKII 
inhibitors (KN-93 or AIP) leads not only to a reduction in the AP firing rate but also to a 
reduction in cAMP level (Fig. 2B). Importantly, the relationship between spontaneous AP firing 
rate and cAMP level in response to the afferent battery of drugs is similar to the relationship 
between spontaneous AP firing rate and cAMP level in response to the CaMKII blocker [11] 
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(Fig. 2C). Thus, reduction in CaMKII signaling reduces the Ca2+ cycling, leading to a reduction 
in Ca2+-activated AC activity and thus cAMP-PKA signaling. Theoretically, the opposite cascade 
from reduction in PKA signaling to reduction in CaMKII activity should exist; however, no 
experimental tools exist today to prove or disprove this theory.    
 

 
Figure 2. The relationship between spontaneous action potential firing rate and steady state cAMP in response to 
(A) a battery of drugs:  blebbistatin (blocks spontaneous contractions, 10 µM), CsCl (If blocker, 2mM), 
cyclopiazonic acid (inhibiting the sarcoplasmic reticulum Ca2+ pump, 5 µM), carbachol (activating cholinergic 
receptors, 0.2µM), ryanodine (disabling ryanodine receptors, 30µM), PKI (PKA inhibitor, 25µM) and BABTA 
(buffering intracellular Ca2+, 25 µM);  (B) KN-92 (inactivated CaMKII inhibitor, 3 µM), AIP (inhibiting CaMKII, 2 
and 10µM), KN-93 (inhibiting CaMKII, 0.5 and 3 µM), and a combination of low AIP and low KN-93 (denoted in 
the figure as both). (C) Note the resemblance between the action potential beating interval in response to the battery 
of drugs in (A) (black line) and in response to CaMKII inhibition in (B) (red line). Data are from [11, 14]. 
 
AC-cAMP-PKA signaling regulates SANC automaticity in all physiological ranges 
Although the role of PKA as a key nodal signaling pathway that interacts with both M and Ca2+ 
clock functions has been known for more than 10 years [15], its magnitude, dynamics and 
spatiotemporal regulation have only recently been described in heart pacemaker cells [16]. In 
cultured adult rabbit pacemaker cells infected with an adenovirus expressing the FRET sensor 
AKAR3, the magnitude and time response of PKA activity and the spontaneous AP firing rate 
were similar in response to graded increases in the intensity of β-adrenergic receptor (β-AR) 
stimulation (by isoproterenol) or in response to phosphodiesterase (PDE) inhibition. Thus, the 
kinetics and stoichiometry of increases in PKA activity in response to a physiological (β-AR 
stimulation) or pharmacological (PDE inhibitor) stimuli match those of changes in the AP firing 
rate. Recent work has also shown that the kinetics and stoichiometry of decreases in PKA 
activity in response to a physiological stimulus (cholinergic receptor stimulation) match those of 
changes in the AP firing rate [17]. Therefore, AC-cAMP-PKA signaling
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can play a similar role to that of PKA in pacemaker function. Future experiments on CaMKII 
activity, using approaches similar to those described here for measuring PKA signaling are 
needed. 
 
PLB phosphorylation is an important mediator of changes in the spontaneous AP firing 
rate 
Although the experimental results described in the previous section revealed for the first time 
PKA kinetics and its importance to pacemaker function, the main molecular targets that mediate 
between PKA signaling and pacemaker function are not known. To identify these targets, a novel 
mechanistic model was developed [16, 17]. In addition to a description of membrane molecules 
and internal pacemaker mechanisms, the model includes a description of autonomic-nervous 
receptors and post-translation signaling cascades. The model reproduces the experiments 
described in section 4 and yields two important predictions: [1] AC-cAMP-PKA signaling is the 
core cascade between autonomic receptor stimulation and pacemaker function and [2] directly 
activating internal clock mechanisms can mimic the effect of autonomic receptor stimulation. 
However, an even more important prediction was that phospholamban is an important PKA 
target in allowing the fight-or-flight response, and an important component in maintaining the 
changes in AP firing rate in response to cholinergic stimulation. A similar conclusion on the 
important role of phospholamban in mediating the PKA effect on pacemaker function was 
reached before [18]. However, the model in [18] includes a phenomenological description of 
AC-cAMP-PKA signaling. Others also attempted to find the main molecular targets that mediate 
between PKA signaling and pacemaker function [19]. Although the Noma group [19] included in 
their model a description of cAMP/PKA signaling, they did not include the connection between 
Ca2+ and AC, a description of cholinergic receptor stimulation, and correct Ca2+ cycling 
dynamics.  
The authors of [20] numerically modeled the effect of CaMKII level on pacemaker function. The 
model predicts how SANC death and fibrosis are expressed in myocardial infraction by 
oxidizing CaMKII affect pacemaker function. However, lack of experimental results on CaMKII 
dynamics prevents the development of a numerical mechanistic model similar to that described 
above (reviewed in [21]. 
 
Mutations in the coupled clock pacemaker system involve changes in CaMKII-cAMP/PKA 
signaling 
As described above, alteration in CaMKII and/or cAMP/PKA signaling can lead to disturbances 
in clock function. However, any alteration in one clock mechanism will be transmitted to the 
other clock mechanism via changes in CaMKII and cAMP/PKA signaling, and all of these 
together will affect pacemaker function [22]. For example, ivabradine, a specific If blocker, can 
indirectly alter the release of LCR, a coupled-clock function parameter. The numerical model 
predicts that the ivabradine effect on coupled-clock system function is through the effect on Ca2+ 
cycling and Ca2+ activated AC-cAMP/PKA signaling [7]. Similarly, a mutation that increases the 
funny channel's sensitivity to cAMP (R524Q) leads to a shorter AP firing rate than that of wild-
type cells, and this gain in pacemaker function is the net effect of the R514Q mutation on the 
functioning of the coupled-clock system through  Ca2+ cycling and Ca2+-activated AC-
cAMP/PKA signaling (23). On the other hand, a mutation that induces decrease in If  function 
(mutant S672R channels respond normally to cAMP but they are activated at more negative 
voltages) leads to a longer AP firing rate than that of wild-type cells, and this loss in pacemaker 
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function is the net effect of the mutation on the functioning of the coupled-clock system through  
Ca2+ cycling and Ca2+ activated AC-cAMP/PKA signaling [23]. Thus, AC-cAMP-PKA signaling 
is involved in both gain and loss of pacemaker cell function. 
 
Summary  
PKA and CaMKII signaling are dancing the tango. By means of this dance, they control coupled-
clock system function, either by directly changing their dynamics or by transmitting changes 
from one coupled clock mechanism to the others. Future works will reveal more about the spatial 
dynamics of PKA and CaMKII signaling in healthy pacemaker cells, in deteriorated pacemaker 
cells associated with different cardiac diseases and aging [24].  
 

 

References  
 
[1] Evans, A.L., N.J. Singh, A. Friebe, J.M. Arnemo, T.G. Laske, O. Fröbert, J.E. 

Swenson, and S. Blanc. Drivers of hibernation in the brown bear. Front. Zool. 2016. 13: 
7.  

[2] Pfeiffer, C.J., and J.C. Keith. Cardiac ultrastructure and electrocardiogram of the short-
tailed shrew, Blarina brevicauda. J. Submicrosc. Cytol. Pathol. 1993. 25: 571–81. 

[3] Weisbrod, D., S.H. Khun, H. Bueno, A. Peretz, and B. Attali. Mechanisms underlying 
the cardiac pacemaker: the role of SK4 calcium-activated potassium channels. Acta 
Pharmacol. Sin. 2016. 37: 82–97. 

[4] Maltsev, V.A., Y. Yaniv, A. V Maltsev, M.D. Stern, and E.G. Lakatta. Modern 
perspectives on numerical modeling of cardiac pacemaker cell. J Pharmacol Sci. 2014. 
125: 6–38. 

[5] Yaniv, Y., E.G. Lakatta, and V.A. Maltsev. From two competing oscillators to one 
coupled-clock pacemaker cell system. Front Physiol. 2015. 6: 28. 

[6] Yaniv, Y., A.E. Lyashkov, S. Sirenko, Y. Okamoto, T.R. Guiriba, B.D. Ziman, C.H. 
Morrell, and E.G. Lakatta. Stochasticity intrinsic to coupled-clock mechanisms 
underlies beat-to-beat variability of spontaneous action potential firing in sinoatrial node 
pacemaker cells. J Mol Cell Cardiol. 2014. 77: 1–10. 

[7] Yaniv, Y., S. Sirenko, B.D. Ziman, H.A. Spurgeon, V.A. Maltsev, and E.G. Lakatta. 
New evidence for coupled clock regulation of the normal automaticity of sinoatrial nodal 
pacemaker cells: bradycardic effects of ivabradine are linked to suppression of 
intracellular Ca(2)(+) cycling. J Mol Cell Cardiol. 2013. 62: 80–89. 

[8] Mattick, P., J. Parrington, E. Odia, A. Simpson, T. Collins, and D. Terrar. Ca2+-
stimulated adenylyl cyclase isoform AC1 is preferentially expressed in guinea-pig sino-
atrial node cells and modulates the I(f) pacemaker current. J Physiol. 2007. 582: 1195–
1203. 

[9] Younes, A., A.E. Lyashkov, D. Graham, A. Sheydina, M. V Volkova, M. Mitsak, 
T.M. Vinogradova, Y.O. Lukyanenko, Y. Li, A.M. Ruknudin et al. Ca(2+) -
stimulated basal adenylyl cyclase activity localization in membrane lipid microdomains 
of cardiac sinoatrial nodal pacemaker cells. J Biol Chem. 2008. 283: 14461–14468. 

[10] Sirenko, S., D. Yang, Y. Li, A.E. Lyashkov, Y.O. Lukyanenko, E.G. Lakatta, and 



Physiological Mini Reviews, Vol.9 Nº8, 2016 
 
 

64 
 

T.M. Vinogradova. Ca2+-dependent phosphorylation of Ca2+ cycling proteins generates 
robust rhythmic local Ca2+ releases in cardiac pacemaker cells. Sci Signal. 2013. 6: ra6. 

[11] Yaniv, Y., H.A. Spurgeon, B.D. Ziman, and E.G. Lakatta. Ca(2)+/calmodulin-
dependent protein kinase II (CaMKII) activity and sinoatrial nodal pacemaker cell 
energetics. PLoS One. 2013. 8: e57079. 

[12] Wu, Y., H.H. Valdivia, X.H.T. Wehrens, and M.E. Anderson. A Single Protein 
Kinase A or Calmodulin Kinase II Site Does Not Control the Cardiac Pacemaker Ca2+ 
Clock. Circ. Arrhythm. Electrophysiol. 2016. 9: e003180. 

[13] Wu, Y., Z. Gao, B. Chen, O.M. Koval, M. V Singh, X. Guan, T.J. Hund, W. 
Kutschke, S. Sarma, I.M. Grumbach et al. Calmodulin kinase II is required for fight or 
flight sinoatrial node physiology. Proc Natl Acad Sci U S A. 2009. 106: 5972–5977. 

[14] Yaniv, Y., M. Juhaszova, A.E. Lyashkov, H. Spurgeon, S.J. Sollott, and E.G. 
Lakatta. Ca2+-regulated-cAMP/PKA signaling in cardiac pacemaker cells links ATP 
supply to demand. J Mol Cell Cardiol. 2011. 51: 740–748. 

[15] Vinogradova, T.M., A.E. Lyashkov, W. Zhu, A.M. Ruknudin, S. Sirenko, D. Yang, 
S. Deo, M. Barlow, S. Johnson, J.L. Caffrey et al. High basal protein kinase A-
dependent phosphorylation drives rhythmic internal Ca2+ store oscillations and 
spontaneous beating of cardiac pacemaker cells. Circ Res. 2006. 98: 505–514. 

[16] Yaniv, Y., A. Ganesan, D. Yang, B.D. Ziman, A.E. Lyashkov, A. Levchenko, J. 
Zhang, and E.G. Lakatta. Real-time relationship between PKA biochemical signal 
network dynamics and increased action potential firing rate in heart pacemaker cells: 
Kinetics of PKA activation in heart pacemaker cells. J Mol Cell Cardiol. 2015. 86: 168–
178. 

[17] Behar, J., A. Ganesan, J. Zhang, and Y. Yaniv. The Autonomic Nervous System 
Regulates the Heart Rate through cAMP-PKA Dependent and Independent Coupled-
Clock Pacemaker Cell Mechanisms. Front. Physiol. 2016. 7: 419. 

[18] Maltsev, V.A., and E.G. Lakatta. A novel quantitative explanation for the autonomic 
modulation of cardiac pacemaker cell automaticity via a dynamic system of sarcolemmal 
and intracellular proteins. Am J Physiol Hear. Circ Physiol. 2010. 298: H2010-23. 

[19] Himeno, Y., N. Sarai, S. Matsuoka, and A. Noma. Ionic mechanisms underlying the 
positive chronotropy induced by beta1-adrenergic stimulation in guinea pig sinoatrial 
node cells: a simulation study. J Physiol Sci. 2008. 58: 53–65. 

[20] Luo, M., X. Guan, E.D. Luczak, D. Lang, W. Kutschke, Z. Gao, J. Yang, P. Glynn, 
S. Sossalla, P.D. Swaminathan et al. Diabetes increases mortality after myocardial 
infarction by oxidizing CaMKII. J Clin Invest. 2013. 123: 1262–1274. 

[21] Yaniv, Y., and V.A. Maltsev. Numerical Modeling Calcium and CaMKII Effects in the 
SA Node. Front Pharmacol. 2014. 5: 58. 

[22] Yaniv, Y., and E.G. Lakatta. Pacemaker gene mutations, bradycardia, arrhythmias and 
the coupled clock theory. J Cardiovasc Electrophysiol. 2013. 24: E28-9. 

[23] Behar, J., and Y. Yaniv. Dynamics of PKA phosphorylation and gain of function in 
cardiac pacemaker cells: a computational model analysis. Am J Physiol Hear. Circ 
Physiol. 2016. 310: H1259-66. 

[24] Tsutsui, K., O.J. Monfredi, and E.G. Lakatta. A general theory to explain heart rate 
and cardiac contractility changes with advancing age. Phy Mini Rev. 2016. 9(2): 9-25. 

 



Physiological Mini Reviews, Vol.9 Nº8, 2016 
 
 

65 
 

About the authors 

 

Prof. Yael Yaniv is an Assistant Professor in Biomedical Engineering 
Faculty in the Technion-Israel Institute of Technology. She received her 
BSc in both Electrical and Mechanical Engineering (cum laude, 2002), 
her MSc in Electrical Engineering (summa cum laude 2003), and her 
PhD in Biomedical Engineering (2007) all from the Technion-IIT, 
Israel. She was a postdoctoral fellow (2007-2012) and a Research 
Fellow (2012-2013) in cardiovascular science at the National Institute 
on Aging, National Institutes of Health, under Dr. Edward Lakatta. Her 
research focus on: (i) the identity of clock mechanisms and their 

coupling signal in sinoatrial, atrial and ventricular cells, (ii) identification 
of the entrainment between energy balance and clock mechanism 
functions and (iii) prediction of arrhythmogenic events by identifying in 
vivo changes in the degree of clock coupling.  She has written several 
highly cited original and review papers in these fields. 

  

 

 

 

 

 

 


