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Abstract

A progressive decline in maximum heart rate (mHR) is a fundamental aspect of aging in humans 

and other mammals. This decrease in mHR is independent of gender, fitness, and lifestyle, 

affecting in equal measure women and men, athletes and couch potatoes, spinach eaters and fast 

food enthusiasts. Importantly, the decline in mHR is the major determinant of the age-dependent 

decline in aerobic capacity that ultimately limits functional independence for many older 

individuals. The gradual reduction in mHR with age reflects a slowing of the intrinsic pacemaker 

activity of the sinoatrial node of the heart, which results from electrical remodeling of individual 

pacemaker cells along with structural remodeling and a blunted β-adrenergic response. In this 

review, we summarize current evidence about the tissue, cellular, and molecular mechanisms that 

underlie the reduction in pacemaker activity with age and highlight key areas for future work.
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INTRODUCTION

Aging has long been associated with declines in physical fitness and aerobic capacity. In 

Homer’s Iliad, Nestor laments that his “limbs are gnarled now, the old power’s gone” (1, p. 

318). This proclamation from an old warrior highlights that while some of the effects of 

aging can be counteracted by exercise training, they cannot be fully mitigated.

One of the unalterable consequences of aging is a progressive decline in maximum heart rate 

(mHR) (Figure 1). The age-dependent decline in mHR was first published in a cross-

sectional study by Sid Robinson in 1938 (2), who followed up with a longitudinal study in 

1975 (3). Importantly, the decline in mHR is an inherent property of cardiac aging. Unlike 

other measures of cardiac fitness, such as left ventricular mass, that can be increased by 

exercise training (4), mHR declines with age at approximately the same rate for all 
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individuals without regard for gender, diet, or physical fitness (5, 6). The rate of decline of 

mHR is commonly approximated by the formula mHR ≈ 220 – age (7), or about 1 beat per 

minute (bpm)/year, although the original study by Robinson and more recent studies suggest 

that the actual rate is 0.6–0.8 bpm/year (2, 5, 8). A similar age-dependent decline in mHR 

has been observed in many other species, including mice, rats, rabbits, dogs, and cats (9–14).

The decline in mHR begets an inevitable decline in the maximum rate of oxygen 

consumption (VO2max) and, consequently, physical performance, with age. Indeed, 

decreased mHR is the primary determinant of the age-dependent decline in VO2max and the 

main factor that limits exercise performance with age (15, 16). Moreover, of the factors that 

determine VO2max, mHR alone cannot be improved by exercise training. While mHR and 

VO2max are not important considerations for the majority of young and middle-aged 

individuals who do not require or utilize their full aerobic capacity, low VO2max is a leading 

factor that limits functional independence for many otherwise-healthy older individuals (17–

19). The age-dependent decline in mHR is thus of paramount concern as the population ages 

because it diminishes quality of life for individuals and increases health care costs for 

society.

It has long been appreciated that the age-dependent decline in mHR is caused by a nearly 

parallel age-dependent decline in intrinsic heart rate (iHR) (20–22). iHR is the heart rate 

measured under autonomic blockade. It thus serves as a systemic readout of the function of 

the primary cardiac pacemaker, the sinoatrial node (SAN). The age-dependent decline in 

iHR indicates, by definition, that pacemaker activity of the SAN is compromised with age. 

Despite the decline in iHR, resting heart rate (rHR) is fairly constant with age because it is 

maintained by autonomic nervous system activity. An important corollary is that 

sympathetic tone must increase with age in order to maintain rHR (Figure 1). In this review, 

we focus on the mechanisms that cause the age-dependent loss of cardiac pacemaker 

function.

SINOATRIAL NODE OVERVIEW

The SAN is the pacemaker of the heart. Its eventual discovery in 1907 built on observations 

of numerous early scientists over the course of several centuries (for review see 23). In the 

eighteenth century Albrecht von Haller provided a convincing argument that the heartbeat 

originated within the heart itself, without requiring input from the nervous system that others 

had proposed (24). In the late nineteenth century, Walter Gaskell noted that the electrical 

signal began in the sinus auricle and was then conducted through the atrium and on to the 

ventricles (24). Subsequently, in 1907 Keith & Flack (25) published an extensive study 

detailing a special tissue within the sinus auricle—the SAN—as the site from which the 

heart rhythm arises.

In denervated human hearts, the SAN generates a spontaneous rhythmic electrical 

depolarization at a rate of approximately 100 bpm (26, 27). This depolarization propagates 

through the cardiac conduction system and throughout the heart to initiate each heartbeat 

(Figure 2a). The automaticity of the SAN is the basis of the iHR that can be measured in 

vivo in humans and animals under autonomic blockade (20).
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The SAN is highly innervated by the autonomic nervous system, which profoundly regulates 

heart rate on a beat-to-beat basis to closely match the cardiac output to ever-changing 

metabolic demand. Efferents from the vagus nerve provide parasympathetic innervation, first 

synapsing in fat pad ganglia on the heart, and then projecting to the SAN where they 

decrease heart rate by slowing the intrinsic firing rate of the SAN. Conversely, thoracic 

sympathetic nerves from T1–T4 first synapse in sympathetic chain ganglia adjacent to the 

spinal cord and then project to the SAN where they elicit the fight-or-flight increase in heart 

rate. At rest, humans below the age of about 85 have a predominant parasympathetic tone 

that inhibits iHR to produce an average rHR of ~60–100 bpm (Figure 1) (28). During 

exercise or stress, sympathetic nervous system activity increases SAN firing, which in turn 

increases heart rate.

Within the SAN, sinoatrial node myocytes (SAMs) serve as the pacemaker cells. As noted 

by Keith & Flack (25), SAMs are surrounded by fibrous tissue and are in close proximity to 

processes from the vagus and sympathetic nerves (Figure 2c) (25). SAMs are highly 

specialized cells that differ considerably from the working myocytes of the atrial and 

ventricular myocardium in terms of function, morphology and gene expression. Compared 

to atrial and ventricular myocytes, SAMs are smaller in size and appear unstriated (Figure 

2b), owing to fewer and poorly organized sarcomeres (29–31). SAMs are also characterized 

by numerous caveolae that increase the membrane surface area and likely serve to organize 

signaling microdomains (31). Isolated SAMs are also quite heterogeneous, which is thought 

to reflect a functional gradient of cellular subtypes from the center to periphery of the SAN, 

at least in some species (32, 33).

In the intact SAN, SAMs are electrically coupled by low-conductance (<40 pS) gap 

junctions formed by connexins Cx45, Cx40, and Cx30.2 (34–36). In the rest of the heart, 

high-conductance (>70 pS) gap junctions are formed primarily by Cx43 or Cx40 (37). The 

presence of lower-conductance connexins in the SAN suggests greater electrical resistance 

between cells (38). There is also evidence to suggest that gap junctions in the SAN are 

particularly sparse, which further increases electrical resistance (29, 39). This electrical 

isolation is thought to be necessary to protect the SAN from the hyperpolarizing influence of 

the much larger atrial myocardium. Computational models predict that higher electrical 

resistance in the central SAN coupled with a gradual decrease in resistance toward the atrial 

myocardium allows for the relatively small SAN to pace the atria (40). Indeed, both low-

conduction velocity in the SAN and an increase in velocity at the boundary with the atria 

have been measured experimentally (41). A zone of transition in connexin expression 

between the SAN and atria has also been observed (33, 35). It is thought that these 

transitional areas form complex block zones and exit pathways that optimize excitation of 

the atria while minimizing reentry (33, 42, 43). Additionally, expression of low-conductance 

connexins allows for the possible formation of asymmetric gap junctions with highly 

rectified conductances that would allow for nearly unidirectional flow between cells (44, 

45). SAMs are further isolated from the surrounding atrial myocardium by the 

nonconducting fibrous tissue that ensheathes them (25, 43).

Age-dependent slowing of SAN conduction is well characterized, but as is the case for many 

aspects of age-dependent changes in the SAN, data on changes to connexin protein 
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expression with aging are limited (43, 46, 47). One study in guinea pigs shows a progressive 

loss in Cx43 protein with no change in Cx40 or Cx45 (46). The loss of Cx43 was 

accompanied by slowed conduction velocity through the SAN, although the underlying 

mechanism is not clear, given the low expression of Cx43 in SAN. In rats, the abundance of 

Cx30.2 transcripts in the SAN decreases with age, but whether this effect is translated to the 

protein level is unknown (48).

Sinoatrial Action Potentials and Aging

SAMs function as cardiac pacemaker cells by firing spontaneous action potentials (APs) that 

underlie the autorhythmicity of the heart. Spontaneous APs in SAMs have a characteristic 

waveform (Figure 3a). Compared to APs in ventricular myocytes, the upstroke of sinoatrial 

APs is considerably slower, and the amplitude is smaller. Sinoatrial APs also lack the 

transient repolarization phase, and the plateau phase is considerably less pronounced. Most 

importantly, sinoatrial APs do not have a stable resting membrane potential. Instead, a 

spontaneous depolarization during diastole brings the membrane potential to threshold to 

trigger the subsequent AP.

Age-dependent slowing of mHR is caused, at least in part, by slower firing of individual 

SAMs. Using transmembrane recordings of aged rabbit and cat pacemaker tissue, Alings & 

Bouman (10) showed that spontaneous AP firing rate decreases with age due to both 

increased AP duration and slowing of the diastolic depolarization rate (DDR). This was 

consistent with earlier work showing an age-dependent slowing of the firing rate and 

prolongation of AP duration in rat atrial cells within tissue preparations (9, 49). Our group 

and others have observed a decrease in the basal and maximal AP firing rates of isolated 

SAMs and SAN tissue from aged mice that mirrors the slowing of iHR and mHR (11, 13) 

(Figure 4a). In isolated SAMs, we found that the slower intrinsic firing rate was caused by a 

more negative maximum diastolic potential (MDP) and a slower DDR, while the AP 

duration trended toward prolongation with age (13), consistent with the previous studies (10, 

11) (Figure 4b). Indeed, reanalysis of our data set from aged versus young SAMs (13) using 

refined parameter definitions and automated AP waveform analysis (50) revealed a 

significant AP prolongation in the aged cells. An exception to this trend is a study in mice 

that showed a slower DDR in aging, but in contrast to other studies, a shortened AP duration 

(47).

IONIC REMODELING OF THE SINOATRIAL NODE WITH AGE

It is beyond the scope of this review to exhaustively describe the long and ever-growing list 

of ionic currents that are important for pacemaking in SAMs. For more details, the reader is 

referred to many excellent review articles (51–53). Here, we provide a brief overview of the 

major ionic currents in SAMs, followed by a more-detailed discussion of the currents that 

have so far been experimentally assayed in young versus aged SAMs. The sinoatrial AP 

waveform parameters that change with age (DDR, MDP, and AP duration) (10, 11, 13) 

constrain the possible underlying ionic mechanisms, indicating that the balance of currents 

active during these phases is altered by the natural aging process. It should be noted that the 

focus on ionic currents as the end effectors of changes in membrane potential does not 
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impugn the clear roles of intracellular Ca2+ dynamics and second messengers in regulating 

these transmembrane conductances.

Overview of Age-Dependent Changes in Ionic Currents in Sinoatrial Node Myocytes

A unique complement of ionic currents is critical for the production of spontaneous APs in 

SAMs. Studies through many decades have focused primarily on the identity of the currents 

that cause the diastolic depolarization; comparatively less is known about currents active 

during other phases of the AP. The precise identities and relative amplitudes of currents 

active in any given cell depend on the species, the location of the cell within the SAN, and 

the physiological context (including short-term status such as sympathetic stimulation and 

longer-term processes such as aging or disease). Many inward currents contribute to the 

diastolic depolarization, including but not limited to the funny current (If), the Na+-Ca2+ 

exchange current (INCX), L- and T-type Ca2+ currents (ICa,L and ICa,T), and possibly voltage-

gated Na+ currents (INa). Following the diastolic depolarization, ICa,L and ICa,T are thought 

to be primarily responsible for the upstroke of the AP. Major outward currents in SAMs 

include voltage-gated K+ currents (IKr, IKs, and Ito), Ca2+-activated K+ currents (IKCa), 

inward rectifiers (IKACh, IKATP, and varying amounts of IK1), and possibly If (see below).

Funny current.—The If was first discovered 40 years ago as an adrenaline-sensitive 

current activated by hyperpolarization in rabbit SAN tissue (54). If is produced by 

hyperpolarization-activated, cyclic-nucleotide sensitive (HCN) channels. There are four 

HCN channel isoforms (HCN1–4), of which HCN4 is the predominant isoform in the SAN 

of all mammals (55, 56). HCN1 and HCN2 are expressed at lower levels in the SAN in a 

species-dependent manner (57–61).

As the name implies, HCN channels are activated by membrane hyperpolarization. 

Consistent with the adrenaline sensitivity of If, the open probability of HCN4 channels is 

modulated by binding of cyclic nucleotides to a conserved C-terminal cyclic nucleotide–

binding domain (62). Sympathetic stimulation increases cAMP in SAMs, and binding of 

cAMP to HCN4 channels shifts pore opening to more depolarized membrane potentials and 

slows channel closing. The resulting increase in inward current contributes to the 

sympathetic nervous system-induced increase in AP firing rate of SAMs and, consequently, 

heart rate (63).

Although If is best known for conducting inward current during diastole, less appreciated is 

the potential role of If during repolarization. HCN channels are permeable to both Na+ and 

K+, with a net reversal potential of approximately −30 mV. Computational models and our 

preliminary data suggest that the channels also pass an outward, repolarizing current during 

systole that may shape the AP waveform and modulate firing rate (64, 65).

Strong evidence supports a role for If in age-dependent declines in SAM firing rate. In 

isolated SAMs from aged mice, the voltage dependence of If is shifted to more 

hyperpolarized potentials, thereby reducing current available during the AP (13, 66) (Figure 

4d). This hyperpolarized voltage dependence persists in excised inside-out membrane 

patches, thereby precluding a simple decrease in intracellular cAMP as the causative 

mechanism (66). Rather, the data suggest that the HCN4 channel itself or an unknown, 
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channel-associated modulator must be altered in aging (66, 67). In addition to the shifted 

voltage dependence, If density is decreased in aged mouse SAMs, although this decrease is 

fully explained by an increase in membrane capacitance (13, 68). While a decrease in If is 

consistent with experiments showing reduced effects of HCN blockers in aged SAN (58, 

69), there is no consensus about whether aging changes HCN channel expression: In 

rodents, HCN2 and HCN4 transcripts have been reported to either decrease (20, 21) or not 

change with age (47, 48), whereas HCN2 and HCN4 transcripts and protein were found to 

be upregulated in right atrial appendage from human patients (70). Regardless of 

mechanism, the functional reduction in If is predicted to slow pacemaking, in a manner 

similar to that of If blockers and HCN4 mutations (71–73).

Intracellular Ca2+ release and INCX.—A role for sarcoplasmic reticulum (SR) Ca2+ 

release in heart rate regulation dates back to the early 1900s. In 1912, Pilcher (74) found that 

applying small amounts of caffeine—unknown to him as an activator of ryanodine receptors

—to dog hearts increased the heart rate. In the 1970s, oscillations in Ca2+, cAMP, and 

conductance were proposed to contribute to spontaneous activity in neurons and cardiac 

pacemaker cells (75, 76). Nearly 80 years after Pilcher (74), Rubenstein & Lipsius (77) 

showed in feline secondary pacemaker tissue the presence of a ryanodine-sensitive current 

during the late diastolic depolarization. A large body of work from many groups has 

established that this current is mediated by the plasma membrane Na+-Ca2+ exchanger 

(NCX). INCX in SAMs reflects the concerted activity of Ca2+ channels and transporters on 

the plasma and SR membranes—the same molecular players that mediate excitation-

contraction coupling in other cardiac myocytes.

During the latter part of the diastolic depolarization, type 2 ryanodine receptors (RYR2) on 

the SR membrane release Ca2+ into the cytosol (78). This release is augmented by Ca2+ 

entry through voltage-gated Ca2+ channels on the plasma membrane that open in response to 

the diastolic depolarization (79). The ryanodine-sensitive current arises due to the 

subsequent extrusion of Ca2+ from the cell by NCX1, which exchanges three Na+ ions for 

each Ca2+ ion and thus generates a net inward current that contributes to the diastolic 

depolarization (80).

Block of RYR2 decreases the AP firing rate in SAMs, presumably through a decrease in 

INCX (78, 80, 81). Firing rate is also reduced by block of SERCA2A, the SR Ca2+-ATPase 

responsible for pumping cytosolic Ca2+ back into the SR (82, 83). Block of SERCA2A 

prevents the replenishment of SR Ca2+ stores, which in turn decreases the Ca2+ release 

through RYR2 and presumably limits INCX (83).

Age-dependent changes have been observed in a number of these Ca2+-handling proteins. At 

both transcript and protein levels, RYR2 is decreased in rat SAN with aging, whereas 

SERCA2A, RYR2, and NCX1 protein are all decreased in aged mouse SAN (11, 48) (Figure 

4f). In aged mouse SAMs, Liu et al. (11) suggested that SR Ca2+ load is reduced; the 

amplitude and rate of rise of the Ca2+ transient were decreased and the duration of the Ca2+ 

transient was increased. Although the direct impact of aging on INCX in SAMs has yet to be 

measured experimentally, decreased SR Ca2+ release would be expected to contribute to 

slower AP firing rate by reducing INCX.
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Voltage-gated Ca2+ currents.—In SAMs, ICa,L and ICa,T contribute to the diastolic 

depolarization and are largely responsible for the AP upstroke. Larson et al. (13) found that 

the ICa,L and ICa,T densities are lower in aged SAMs (13) (Figure 4e). As is the case for If, 

this decrease was fully accounted for by cellular hypertrophy without a concurrent 

upregulation of channel expression. In accordance, age-dependent decreases in ICa,L and 

Ca2+ transients have been observed in isolated human atrial tissue, canine atrial tissue, and 

rat ventricular tissue (11, 84–86). However, there is some variability in reported effects of 

aging on voltage-gated Ca2+ channel expression. While Jones et al. (86) demonstrated an 

age-dependent decrease in CaV1.2 protein expression in guinea pig SAN, experiments in rats 

showed an increase in CaV1.2 mRNA expression (48, 87). Despite the differences in 

expression results, the functional decreases observed in ICa,L and ICa,T densities would be 

predicted to contribute to slower AP firing rates in aged SAMs, both directly by reducing 

inward Ca2+ current and indirectly by reducing Ca2+-induced Ca2+ release and INCX, as 

discussed above.

Na+ currents.—Unfortunately, few data are available on age-dependent changes to Na+ 

channels in the SAN and their functional consequences. In fact, the role of voltage-gated Na
+ channels is often overlooked in the generation of spontaneous APs in pacemaker cells: The 

Na+ channel blocker tetrodotoxin (TTX) slows the AP upstroke of subsidiary pacemaker 

cells from guinea pig (88) and cultured SAMs from rabbit (89) and slows the spontaneous 

beating rate of isolated mouse hearts (90). The cardiac NaV1.5 channel isoform is the site of 

multiple mutants that have been linked to inherited sinoatrial node dysfunction (SND) (91). 

And in mouse models, mutant NaV1.5 channels decrease iHR and cause SND (91).

Experiments in rats suggest an increase in NaV1.5 transcript expression with age (48), 

whereas in canine SAMs, INa density decreases between newborns and young dogs and 

again between young and adult dogs (92). However, as with ICa,L, ICa,T, and If, the decrease 

in INa density between young and adult canine SAMs can be accounted for by the increase 

in membrane capacitance (92). Yanni et al. (68) showed that in aged mice there is an 

increase in the area of the SAN that lacks the relatively TTX-resistant NaV1.5 sodium 

channel isoform and yet an increased effect of 2 μM TTX on firing rate, possibly reflecting 

an upregulation of TTX-sensitive Na+ channel isoforms.

K+ currents.—There are clear roles for voltage-gated, Ca2+-activated, and inward rectifier 

K+ channels in the repolarization and diastolic depolarization phases of the SAN AP (93–

98). The delayed rectifier K+ channels KV7.1 (KCNQ1), which underlies IKs, and KV11.1 

(ERG), which produces IKr, are thought to be primarily responsible for repolarization of the 

sinoatrial AP. While mutations in these channels are most commonly associated with long 

QT syndrome, the same mutations are also associated with episodic bradycardia (98–100). 

Furthermore, pharmacological blockade of ERG causes bradycardia in both dogs and mice 

(101, 102).

Recently, a mutant in the G protein–gated inwardly rectifying K+ (GIRK) channel Kir3.4, 

which along with Kir3.1 passes the IKACh current, was found to cause SND (103). 

Activation of IKACh contributes to slowed sinoatrial pacemaking in response to 

parasympathetic stimulation by slowing the DDR. Even in mice, which typically have 
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predominant sympathetic drive at rest, knockout of Kir3.1 causes resting tachycardia (93), 

while knockout of either Kir3.1 or Kir3.4 attenuates the decreases in heart rate seen with 

application of parasympathetic agonists (93, 104). Similarly, Ca2+-activated K+ channels 

also play a role in determining the DDR and firing rate of SAMs. Both big conductance and 

intermediate conductance Ca2+-activated K+ channels (BK and SK4, respectively) have been 

found to regulate pacemaking (94–96).

Despite their importance, there is a distinct lack of functional data on K+ channels in aging 

SAMs. This lack of data is particularly significant given that the increase in AP duration and 

slowed DDR with age predict that there are likely to be changes in outward currents (10, 

11). At the transcript level in aged rat SAN, some changes in delayed rectifier K+ channels 

have been reported: KV7.1 is increased and KV1.5, the channel that underlies IKur, is 

decreased (48). There is also an age-dependent decrease in Kir3.4 transcript and an increase 

in transcripts encoding KV1.2 and KV4.2, which produce Ito, (48). Given that Ito is increased 

in right atrial tissue in aged dogs, this may translate to increased sinoatrial Ito with age; 

however, this has yet to be confirmed experimentally (83). Unfortunately, there is no protein 

or current expression data yet available from aged SAMs to elucidate the functional 

significance of any of these transcriptional changes.

Conclusions About Electrical Remodeling of Sinoatrial Node Myocytes in Aging

Although it is clear that aging changes the expression and function of several ion channels in 

SAMs, a comprehensive understanding of how aging changes the ionic basis of pacemaking 

is not possible due to a paucity of functional data. In many cases the only existing studies are 

those of mRNA expression, which is often poorly correlated with protein expression (105). 

Many additional functional studies of age-dependent changes in ionic currents, including K+ 

currents, are necessary to fully understand electrical remodeling in aged SAMs.

STRUCTURAL REMODELING

As early as 1907, the SAN was noted to have a relatively high amount of fibrotic and 

connective tissue relative to the rest of the heart, and a further increase in fibrosis was 

observed in the SAN from diseased hearts (25). In an extensive review, Csepe et al. (43) note 

that the fibrotic tissue in the SAN may serve as an electrical insulator that, in addition to the 

SAN-specific gap junctions mentioned above, may protect the SAN from the larger and 

more hyperpolarized atrial myocardium.

A natural age-dependent increase in fibrotic tissue in the SAN has been consistently noted in 

humans and animal models and is strongly associated with reduced pacemaker function 

(106–108) (Figure 4c). Increased interstitial fibrosis and altered expression of matrix 

metalloproteinases correlate with SAN dysfunction and frailty in aged mice (47). In human 

patients, age-dependent atrial remodeling and slowed conduction velocity are associated 

with impaired SAN function (109) and are exacerbated in individuals with clinical SND 

(110), a disorder that is most prevalent in older individuals (111). Hao et al. (112) found that 

increased collagen, fibrosis, and TGFβ1 in the SAN were particularly pronounced in aged 

heterozygous SCN5A knockout mice, in association with decreased SAN function. And 

calsequestrin 2-null mice have increased SAN fibrosis and sinus bradycardia (113). 
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However, in these latter cases, the genetic knockouts might also decrease SAN function by 

changing ionic currents; blockade of sodium channels can decrease SAN function (87–89) 

and calsequestrin 2 knockout also alters SR Ca2+ transients, diastolic Ca2+ levels, and 

spontaneous Ca2+ release patterns (113).

Despite the strong correlations, increased fibrosis in the aged SAN is not always associated 

with decreased pacemaker activity; severe fibrosis can occur in aged hearts with normal 

sinus rhythm (107). Thus, while fibrosis is associated with pacemaker anomalies, the extent 

to which it slows iHR in aging is unknown, in part due to the difficulty of experimentally 

manipulating fibrosis to reveal causal relationships.

Histological studies also show that the volume of the SAN and the number of SAMs 

decrease with age (106–108). Multiple labs have noted cellular hypertrophy and increased 

membrane capacitance of SAMs with aging (13, 68, 114). Along with the reduced volume of 

the SAN, this is consistent with a decrease in the number of cells. The relatively small 

number of SAMs makes the SAN vulnerable to loss of cells; a critical mass of SAMs is 

required to excite the atria. Indeed, animal models with apoptosis of SAMs have slower 

iHRs (115), and two-dimensional models of the SAN suggest that slower atrial rates are a 

direct consequence of a reduced number of SAMs (115, 116). However, it is not clear 

whether cellular hypertrophy of SAMs may compensate to some degree for the loss of cells. 

Moreover, normal sinus rhythm is maintained in some patients with only 10% of their SAMs 

remaining (107). Thus, as for the increase in fibrosis, a decrease in number of SAMs can be 

correlated with a decrease in heart rate, but the extent to which it contributes to the reduced 

SAN function in aging has not yet been resolved.

β-ADRENERGIC RESPONSIVITY

In addition to electrical and structural remodeling, aging also decreases mHR in part by 

blunting the heart rate response to sympathetic stimulation. The observation of a decreased 

inotropic response to catecholamines in heart muscle from aged rats (117) led to the 

hypothesis that aging reduces mHR by similarly decreasing the response of the SAN to β-

adrenergic receptor (βAR) stimulation (14). Indeed, isoproterenol injection or maximal 

exercise produces smaller increases in heart rate above rHR in older human subjects (4, 

118), and the βAR blocker, propranolol, causes a correspondingly smaller decrease in mHR 

in older individuals (119). However, as discussed above, the constant rHR with age in the 

context of the reduction in iHR necessitates an increase in sympathetic tone at rest that 

naturally decreases the capacity of the heart rate to increase above resting levels (Figure 1) 

(20, 120–122).

In spite of the confounds of the sympathetic response from a base of iHR versus rHR, a 

reduction in the absolute response to βAR stimulation with age is revealed by other 

measurements. For example, the dose of isoproterenol needed to increase heart rate by 25 

bpm increases with age (123). Decreased βAR sensitivity is also suggested by differences in 

the rates of decline in iHR and mHR with age (Figure 1); while early work, citing parallel 

declines in iHR and mHR, concluded that there was no evidence for an age-related decrease 

in the mechanisms which increased heart rate above its intrinsic level (20, 21), more recent 
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studies have revealed slight differences in the rates of decline in iHR and mHR. In humans, 

iHR decreases by ~0.5 bpm/year (20, 27, 124), whereas mHR decreases by ~0.7 bpm/year 

(2, 5). Similarly, in mice the declines in iHR and mHR differ between 3 and 32 months 

(~120 vs 170 bpm, respectively) (13). Overall, these data suggest that while decreases in 

iHR remain the primary driver of age-dependent declines in mHR, a modest role for declines 

in sympathetic nervous function also exists. Accordingly, Christou & Seals (22) found that 

the reduction in the heart rate response to isoproterenol accounts for ~17% of the decrease in 

mHR with age.

Molecular Basis of the Reduced β-Adrenergic Receptor Response with Age

Stimulation of βARs on SAMs activates adenylyl cyclases to increase intracellular cAMP, 

which activates the cAMP-dependent protein kinase (PKA). PKA phosphorylates a host of 

molecules in SAMs that contribute to the fight-or-flight increase in AP firing rate. As 

discussed above, βAR-stimulated cAMP also speeds SAM firing by binding directly to HCN 

channels to increase If (125).

Molecules involved in intracellular Ca2+ cycling are among the best-known targets of PKA. 

PKA-mediated phosphorylation of L-type Ca2+ channels increases ICa,L (126), which in turn 

increases Ca2+ release from the SR through RYR2 (127, 128). SR release is further 

augmented by PKA phosphorylation of RYR2 itself, which increases its open probability 

(129, 130). The resulting increase in cytoplasmic Ca2+ in turn increases extrusion by NCX 

(131, 132). The increase in both ICa,L and INCX is thought to contribute to the fight-or-flight 

increase in AP firing rate. HCN4 channels are also a site for PKA phosphorylation, which 

may contribute to the shift in voltage dependence of If upon βAR stimulation and thereby to 

the increase in SAM firing rate (133). Finally, PKA phosphorylation of the SERCA 

inhibitory protein, phospholamban, relieves its inhibition of SERCA to increase the rate of 

Ca2+ reuptake into the SR (82, 134). Continued beating of the heart requires that the 

increased Ca2+ influx through L-type channels must be balanced by increased extrusion by 

NCX, while increased SR Ca2+ release through RYR2 must in turn be balanced by increased 

Ca2+ reuptake through SERCA.

As mentioned above, aging changes a number of these PKA-sensitive molecules: RYR2 

transcript and protein levels are decreased in aged rat SAN, whereas SERCA2A, RYR2, and 

NCX1 proteins are all decreased in aged mouse SAN (11, 48). Although aging decreases 

adenylyl cyclase activity in the ventricular myocardium (135), its activity has not been 

measured in aged SAN. Several groups have reported a lack of change of βAR transcripts 

with age in rodents (48, 136). To our knowledge, no studies have examined age-dependent 

protein expression of either βARs or adenylyl cyclases in isolated SAN tissue.

Studies from our lab have characterized cellular responses to stimulation of components of 

the βAR signaling cascade. In SAMs, stimulation of βARs with isoproterenol, stimulation of 

adenylyl cyclase with forskolin, and/or inhibition of phosphodiesterases with IBMX are all 

insufficient to restore firing rate in aged cells; firing rates increase by similar amounts in 

young and old SAMs in response to these manipulations but fail to overcome the slower 

intrinsic firing rate of aged SAMs (13, 66). At face value, these data could indicate a 

fundamental limit to the firing rate of aged SAMs. However, application of a high 
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concentration of cAMP to the cytosol of SAMs restores AP firing rate in aged SAMs to 

youthful levels (66). These data establish that aged SAMs are capable of firing at the same 

rates as younger SAMs and suggest that the endogenous βAR machinery is insufficient to 

surmount the reduced intrinsic firing rate to maximally stimulate the cells.

Interestingly, a high concentration of IBMX was observed to restore maximum beating rate 

to young levels in SAN tissue strips from aged mice (11). This difference from the response 

of single cells could reflect an emergent tissue-level property, perhaps akin to the 

mechanism responsible for higher beating rates of SAN tissue compared to isolated cells 

from rabbits and mice (13, 137). Alternatively, it could result from IBMX activation of other 

cell types in the tissue or off-target effects of IBMX. Indeed, when data from aged SAMs 

were incorporated into an existing SAM AP model, the simulated APs reproduced the 

inability of βAR stimulation to rescue firing rate in aged cells; further tailoring of 

parameters was required to replicate the tissue-level effects (138). Ultimately, a great deal of 

additional experimental data will be required to formulate strong mathematical models of 

the effects of aging on sinoatrial cells and tissue.

CELLULAR-LEVEL CHANGES ARE THE PRIMARY DETERMINANT OF AGE-

DEPENDENT DECLINES IN MAXIMUM HEART RATE

Surprisingly, age-dependent effects at the tissue and cellular levels are not additive. In both 

rabbits and mice, the firing rate of intact SAN tissue is higher than the firing rate of 

individual SAMs, indicating that there is an emergent, tissue-level property that effectively 

increases heart rate, with the simplest mechanism being that the fastest cell paces all others 

(13, 137). Age-dependent deficits in this tissue-level compensation, due to fibrosis and/or 

decreases in cell number, might be expected to compound with those of individual SAMs to 

yield a slower beating rate than that caused by either factor alone. However, this has not 

been observed. In fact, the changes in firing rate of isolated SAMs prior to and after 

isoproterenol perfusion directly mirror the change in iHR and mHR in these animals. In 

mice, the intrinsic AP firing rate slows by ~100 AP/min between 2 and 24 months, while 

iHR and the beating rate of whole nodes slow by ~60–90 bpm (11, 13, 66). The same pattern 

is present for the maximum AP firing rate and mHR; aging slows maximum firing rate by 

~150 AP/min and mHR by ~120 bpm (13). If anything, for both intrinsic and maximum 

rates, there is less slowing at the tissue level than the cell level, not more as would be 

predicted for additive effects.

Taken together, studies of human and animal heart rates, isolated SAN tissue, and isolated 

SAMs suggest that age-dependent declines in mHR are driven primarily by electrical 

remodeling at the cellular level with smaller declines attributable to structural remodeling 

and reduced βAR responsivity.

CONSEQUENCES FOR HUMAN HEALTH

The age-dependent decline in cardiac pacemaker function and ensuing declines in mHR and 

VO2max have profound negative consequences for health span, quality of life, athletic 

performance, and societal health care costs. Physical exercise mitigates some effects of 

Peters et al. Page 11

Annu Rev Physiol. Author manuscript; available in PMC 2020 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



aging and increases health span by slowing the decline in VO2max (4, 15); however, an 

inevitable decline in VO2max is imposed by the age-dependent decline in mHR (2–4).

VO2max is a key determinant of functional independence and quality of life. Loss of 

functional independence in old age is correlated with VO2max below a threshold of 15–18 

mL/(kg·min) (18). As the percentage of the population over the age of 65 continues to 

increase—20% of the US population will be over the age of 65 by 2035 (139)—the costs 

associated with this loss of independence will also increase. Age-dependent declines in 

mHR and VO2max also limit peak physical performance for elite athletes and weekend 

warriors alike. For the ever-growing and increasingly older population of recreational 

athletes, the age-dependent decline in VO2max limits not only performance but also the 

ability to participate at all.

While the age-dependent decline in pacemaker function reduces physical capacity for all 

people, some individuals experience more severe age-related pacemaker deficits. Clinically 

symptomatic SND—marked by bradyarrhythmias, alternating bradycardia and tachycardia, 

sinoatrial block, and dementia due to cerebral hypofusion—affects 1 in 600 people over the 

age of 65 (140). SND accounts for the majority of the 225,000 electronic pacemakers that 

are implanted each year in the United States at an annual cost of $8.3 billion (141). In 

addition to the increased health care costs of treating SND as the population ages, surgically 

implanted pacemakers also carry risks for individuals, including infection and cardiac 

perforation (141).

The human and societal costs of age-dependent pacemaker deficits are exacerbated by a 

limited number of drugs to control heart rate. One FDA-approved drug, ivabradine, is 

available to slow heart rate by blocking HCN channels; however, it is not specific for the 

sinoatrial node HCN4 channel isoform and has some off-target effects (142–144). Similarly, 

there are few drugs to safely increase heart rate for treatment of bradycardia. Atropine is 

sometimes effective at increasing heart rate, but some elderly patients with bradyarrhythmia 

are resistant to atropine (145, 146), consistent with the loss of parasympathetic tone at rest in 

the elderly (120–122).

The ideal pharmaceutical to treat SND and enhance VO2max in elderly individuals would be 

one that acts specifically on the SAN to increase iHR, and therefore mHR, without affecting 

sympathetic tone or cardiac contractility. Of the factors that contribute to the age-related 

decrease in mHR, cellular mechanisms that drive the loss of pacemaker function with age 

appear to be the first-line drug targets. Structural remodeling would be challenging to target 

and hard to dose in response to continued changes as the individual ages. Meanwhile, 

targeting the decrease in βAR responsivity poses obvious challenges for sinoatrial 

specificity, as most targets would also impact other cardiovascular and systemic processes. 

Among cellular targets, HCN4 channels are particularly attractive owing to their relatively 

specific expression in the SAN and the proven effectiveness of If as a target for control of 

heart rate (71). While ion channel blockers often act on the structurally conserved pore 

domain and so can be prone to off-target effects, agonists can be targeted to less-conserved 

allosteric domains, making them alluring targets for high-specificity drugs (147).
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LIMITATIONS, GAPS IN KNOWLEDGE, AND FUTURE DIRECTIONS

The primary limitation to understanding the age-dependent slowing of mHR is a simple lack 

of data. Although the effects of aging on human heart rate, and even the firing rate of the 

SAN, are well characterized, few mechanistic data exist. Moreover, the conclusions that can 

be drawn from existing data sets are limited by difficulties in integrating information from 

different species and across different levels (molecular, cellular, tissue).

Gaps in knowledge about pacemaking exist across all levels of SAN and SAM function. At 

the cellular level, one of the key limitations to progress is the field’s disproportionate focus 

on identifying a single most important mechanism for the diastolic depolarization in SAMs 

(52), which has left large gaps in knowledge about currents active during other phases of the 

AP. The relative lack of information about K+ currents in SAMs is particularly important for 

aging because the AP prolongation along with reduced Ca2+ current density predicts a 

decrease in K+ currents in aged SAMs (10, 11, 13). Although, as discussed above, K+ 

currents play an important role in determining cycle length through modulation of multiple 

AP waveform parameters and are implicated in SND (95, 97–100, 103), there is no 

information to our knowledge about age-dependent changes in K+ currents in SAMs.

There is also a lack of functional data corresponding to the more numerous, and sometimes 

conflicting, transcript studies. For example, although expression is reduced in aged SAN for 

a number of Ca2+-handling proteins (11, 48, 86), there has not yet been a comparison of 

INCX in young versus old SAMs (in part due to difficulties inherent to experimental isolation 

of INCX). Even in the case of currents for which age-dependent changes have been reported, 

the underlying mechanisms are unknown. For example, our data suggest that a novel HCN4-

associated factor may be responsible for the age-dependent changes in If in SAMs (66, 67), 

but this factor has yet to be identified.

The lack of data on age-dependent ionic remodeling in single cells is compounded at the 

tissue level. Little is known about innervation and cell–cell coupling in general, much less 

how they may change with age. And while studies suggest that gap junction expression is 

altered with aging (46), cell–cell coupling between SAMs remains understudied.

The dearth of mechanistic data at the cellular and tissue levels in turn hinders the generation 

of validated mathematical models of APs in aged SAMs and precludes scaling of cellular 

data to the tissue level at this time. Modeling is a particularly important tool for 

understanding the complex and interrelated mechanisms that drive pacemaking in part 

because experimental perturbations often cause the entire dynamical system to fail. 

Acquisition of robust data sets under standardized conditions is a priority for future work in 

order to refine and improve mathematical models of the SAN.

Another important area for future work is a description of gender-dependent differences in 

the aging SAN. Such differences seem likely to exist—and to have profound implications for 

treatments—based on gender differences in aging of other regions of the heart (148). Indeed, 

while the rate of decline of mHR and iHR is indistinguishable between men and women 

(20), some studies suggest that women have higher rHRs and iHRs than men (149). Women 

are also more likely to have an electronic pacemaker implanted for SND or atrial fibrillation 
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with bradycardia (150), and numerous cardiovascular drugs have different effects in men and 

women (151).
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Glossary

mHR maximum heart rate

VO2max maximum rate of oxygen consumption

iHR intrinsic heart rate

SAN sinoatrial node

rHR resting heart rate

SAM sinoatrial node myocyte

AP action potential

DDR diastolic depolarization rate

MDP maximum diastolic potential

If funny current

SR sarcoplasmic reticulum

NCX Na+-Ca2+ exchanger

RYR ryanodine receptor

SERCA sarco-/endoplasmic reticulum Ca2+ ATPase

SND sinoatrial node dysfunction

βAR β-adrenergic receptor
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SUMMARY POINTS

1. Aging reduces mHR by reducing iHR and thus by reducing the pacemaker 

activity of the sinoatrial node of the heart.

2. The progressive decrease in iHR with age necessitates a corresponding 

increase in sympathetic tone in order to maintain rHR.

3. The age-dependent reduction in mHR is crucial for individuals and society 

because it causes an inevitable reduction in VO2max, which not only limits 

athletic performance but can also limit functional independence and quality of 

life for the growing population of elderly people.

4. The mechanisms by which aging slows the heart include electrical and 

structural remodeling as well as a reduced response to βAR stimulation. Of 

these factors, the reductions in cellular mechanisms that are responsible for 

iHR predominate and represent the best potential for development of drugs 

that can selectively increase HR and VO2max in elderly individuals.

5. There is an urgent need for additional functional data to identify molecular 

mechanisms that contribute to decreased SAN function with age. Important 

areas for future work include acquisition of expanded data sets to improve 

mathematical models, description of gender differences in SAN aging, and 

additional information about electrical coupling in the SAN to improve 

understanding of tissue-level properties.

6. Given that aging affects all individuals, the clinical implications and benefits 

of future work deciphering the underlying mechanisms of cardiac pacemaker 

decline are clear.
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Figure 1. 
Similar declines in maximum and intrinsic heart rates with no change in resting heart rate 

necessitate an increase in sympathetic tone with age. Maximum heart rate (mHR; red line) is 

plotted as 208 – (0.7 × age); data from Reference 5. Intrinsic heart rate (green line) is plotted 

as 118 – (0.57 × age); data from Reference 20. Resting heart rate (dashed black line) is 

plotted as a constant 70 beats per minute (bpm) throughout life. The red arrowhead indicates 

an average transition age (84.2 years) beyond which sympathetic tone at rest (pink shading) 

predominates over parasympathetic tone at rest (green shading) in order to maintain resting 

heart rate. Sympathetic capacity (black double arrows), the difference between intrinsic and 

maximum heart rate, decreases slightly with age; however, the majority of the age-dependent 

decline in mHR is caused by the decline in intrinsic heart rate.
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Figure 2. 
The cardiac conduction system and sinoatrial node myocytes. (a) The cardiac conduction 

system visualized in a heart from a contactin2-eGFP reporter mouse. The pacemaker 

depolarization initiated by the sinus node propagates through the atria to the atrioventricular 

(AV) node and then on to the ventricles via the His-Purkinje network. Adapted from 

Reference 152 under the terms of the Creative Commons Attribution (CC BY) License, 

http://creativecommons.org/licenses/by/4.0. (b) Sinoatrial node myocyte (SAM) 

morphology. SAMs are long, thin cells with few striations. Shown is a mouse SAM in the 

recording chamber of an electrophysiology rig. Note the patch pipette entering from the 

right that contacts the cell near its center. Adapted from Reference 133 under the terms of 

the Creative Commons Attribution-ShareAlike (CC BY-SA) License, https://

creativecommons.org/licenses/by-sa/4.0. (c) Rich sympathetic innervation of SAMs. Co-

immunolabeling of SAMs and sympathetic nerve fibers with antibodies against HCN4 (red) 

and tyrosine hydroxylase (green), respectively. Image on right shows enlargement of boxed 

area from image on left. E. Larson and C. Proenza, unpublished data.
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Figure 3. 
Characteristic waveform of sinoatrial node action potentials. (a) Schematic illustration of a 

sinoatrial action potential (top) and its first derivative (bottom) indicating key features of the 

action potential. (b) Summary of action potential waveform parameter descriptions. Adapted 

from Reference 50. Copyright 2017, Elsevier.
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Figure 4. 
Mechanisms of the age-dependent decline in maximum heart rate (mHR). Shown are known 

(black boxes and arrows, color-coded to corresponding subpanels) and hypothesized (gray 
boxes and arrows) mechanisms associated with reduced pacemaker function in aging as 

described in this review. mHR is decreased primarily due to a reduction in intrinsic heart rate 

(iHR), as well as a reduction in the response to β-adrenergic receptor (βAR) stimulation. (a) 

iHR is decreased in part as a result of reduced action potential (AP) firing rate in sinoatrial 

myocytes (SAMs) from aged mice (red) compared to young mice (black). (b) The decreased 

SAM AP firing rate is caused in turn by a reduced diastolic depolarization rate (DDR), a 

hyperpolarized maximum diastolic potential (MDP), and an increased AP duration. The 

decrease in iHR is also accompanied by a reduction in the number of SAMs and fibrosis and 

structural remodeling of the sinoatrial node (SAN). Panels a and b adapted from Reference 

13. (c) Increased diffuse fibrosis in a SAN section from an aged human heart (right), as 
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indicated by increased blue-green staining compared to a section from a young heart (left). 
Adapted from Reference 153 under the terms of the Creative Commons Attribution (CC BY) 

License, http://creativecommons.org/licenses/by/4.0. ICa,L, ICa,T, and If currents have been 

demonstrated to be reduced in aged mouse SAMs. (d) Hyperpolarized voltage dependence 

of activation of If in excised inside-out membrane patches from SAMs from young (black) 

or old (red) mice. Adapted from Reference 66 under the terms of the Creative Commons 

Attribution-ShareAlike (CC BY-SA) License, https://creativecommons.org/licenses/by-sa/

4.0. (e) Reduced ICa,L current density in SAMs from aged mice. Adapted from Reference 

13. We speculate that INa, INCX, and IK may also be decreased with age (gray boxes). 

Reduced expression of NCX1, RYR2, SERCA2, and Cx43 transcripts and protein has been 

observed in a variety of species. (f) Reduced relative mRNA abundance of RYR2 and 

SERCA2 in SAN of old (red) compared to young (black) rats, normalized to expression in 

atrial muscle. Adapted with permission from Reference 48. Copyright 2011, John Wiley & 

Sons. We believe that aging may also reduce expression of many other channels and 

signaling molecules (gray boxes). Asterisks in panels e and f indicate significant age-

dependent differences (p < 0.05).
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