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Ageing to arrhythmias: conundrums of connections
in the ageing heart 

Sandra A. Jones 

Abstract 

The proportion of the population that is elderly continues to increase, leading to an increasing need
to address problems chiefly associated with old age. Progressive ageing of the heart is associated
with an increasing incidence of arrhythmias and disorders of the normal origin of the heartbeat, the
sinoatrial node. This intrinsic pacemaker of the heart has an increasing tendency with age to lose its
dominant role in pacing the heart, and regulation of heart rate becomes erratic. This ‘sick sinus syn-
drome’ is associated with fainting, palpitations, shortness of breath and sudden death. Current
treatment of this condition is by implantation of an artificial pacemaker, an intervention increas-
ingly required with age. The current evidence suggests that the normal heartbeat fails due to
changes in the expression of critical proteins that ensure the correct production and conduction of
the cardiac action potential. Depletion of a protein directly responsible for providing electrical
connections between the cells of the heart, connexin 43, appears to leave the normal cardiac pace-
maker disconnected and unable to drive the heart. This process may be associated with age-depend-
ent changes in stress-related signalling. Simple interventions such as exercise could impact on the
processes hypothesized to be involved and may offer a means to preserve the stability of the electri-
cal activity of the heart into old age without pharmacological manipulation. 

Introduction: the high incidence of pacemaker dysfunction 
in the elderly 

It has been predicted that by 2035 one-quarter of the Western population will be classed as
elderly, i.e. ≥ 65 years old (Lakatta 2002). In normal healthy humans the intrinsic heart rate
(the heart rate without any autonomic input) declines from 107 beats min−1 at 25 years to 90
beats min−1 at 50 years, then to 70 beats min−1 at 85 years (Jose & Collison 1970; Di Gennaro
et al 1987; Opthof 2000; Brignole 2002). Similar observations have been reported in rodent
models, such as the guinea-pig, where the intrinsic heart rate was shown to decline from 177
beats min−1 at 1 month to 152 beats min−1 in the senescent animal (Di Gennaro et al 1987;
Alings & Bouman 1993; Jones et al 2004). This age-dependent change represents an intrin-
sic change in the pacemaker properties of the normal dominant pacemaker of the heart, the
sinoatrial node (SAN). Accompanying this normal progressive change in the function of the
sinoatrial node is an increasing incidence of sinus dysfunction. Intrinsic sinus dysfunction is
at its highest incidence within the elderly population (Rubenstein et al 1972; Hartel & Tal-
vensaari 1975; Rodriguez & Schocken 1990). Those suffering sinus dysfunction experience
symptoms ranging from palpitations to dizziness, syncope with persistent fatigue and confu-
sion. These symptoms arise because of a decreased ability to regulate heart rate to maintain
adequate cardiac output and episodes of cardiac arrhythmia. Initial clinical diagnosis can be
made by 12-lead electrocardiogram (ECG), sometimes in conjunction with exercise testing,
confirmed by documenting sinus dysfunction electrocardiographically in association with
symptoms. Clinically the dysfunction is observed as rhythm disturbances, pauses in the
pacemaking of the SAN, exit block of the cardiac action potential from the SAN and
arrhythmias. Without treatment, sinus dysfunction can result in sudden death (Psaty et al
1997; Ross & Kenny 2000). Current medical therapy is limited in efficacy and the majority
of patients presenting with sinus dysfunction eventually require surgical implantation of a
permanent artificial pacemaker. The elderly account for around 80% of all artificial pace-
maker implants (Gregoratos 1999). Patient life expectancy can be increased by implantation
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of an artificial pacemaker, drastically reducing the probability
of sudden death. These patients, however, still have a sub-
stantial mortality rate due to their advanced age, and over
50% will die because of a non-cardiac related event (Flaker
et al 2003). Why does the elderly heart become so susceptible
to arrhythmias and the SAN fail? Is there something that
could be done during the lifespan to prevent this apparent
degeneration of the heart as it ages? 

Propagation of the cardiac action potential at 
the sinoatrial node 

Located in the wall of the right atrium, the SAN is the prim-
ary pacemaker of the heart, where the heartbeat is generated.
The initiation of the cardiac action potential at the leading
pacemaker site at the centre of the SAN and propagation
across the remaining cardiac tissue is determined by the com-
plex interaction of many ion channels. These ion channels
give rise to the action potential, but also link the cells of the
heart forming the pathways, allowing the rapid propagation
of the action potential and co-ordinated activation of the heart
muscle. Disruption of either the ion channels producing the
cardiac action potential or those forming the electrical links
between the cardiac cells could be responsible for the failure
of the cardiac pacemaker with age and an increasing suscepti-
bility to arrhythmias. 

Whereas desmosomes are responsible for the intercellu-
lar physical adhesion of cardiac myocytes, electrical con-
nections are provided by gap junctions that are composed of
the cardiac connexin (Cx) proteins: Cx40, Cx43 and Cx45
(Honjo et al 2002). The Cx proteins have different spatial
distributions, different voltage dependencies of conduct-
ance, single-channel conductance and permeability proper-
ties, which are capitalized on to ensure propagation of the
action potential through the heart in the correct manner
(Jongsma & Wilder 2000). Under normal physiological con-
ditions, within the cardiac tissue of a healthy young individ-
ual, effective electrical coupling ensures the uniform
propagation of the action potential across the myocardium,
resulting in the whole heart behaving as a unified “func-
tional syncytium”. The conduction velocity of the action
potential through the myocardium is largely dependent on
the number of gap junctional proteins present at each inter-
calated disc and the constitution of these gap junctions (Saf-
fitz et al 2000). 

Remodelling of the gap junctions, by loss, gain or
derangement of the connexin proteins, in the myocardium can
significantly alter the function of the heart at both the cellular
and whole organ level. Gap junctional remodelling can lead
to changes in action potential duration, the effective refrac-
tory period of the tissue and conduction velocity. These
changes can facilitate the generation of re-entrant wavelets,
commonly observed in arrhythmias. Once initiated it has
been observed that common atrial arrhythmias tend to pro-
gressively become persistent, resulting in the establishment
of points of no return to normal cardiac rhythm. This persist-
ence of atrial arrhythmias has been associated with structural
changes and gap-junctional remodelling apparently induced
by and associated with the arrhythmic activity (Spach 1994;
Allessie et al 2001). 

The prevalence of atrial arrhythmias increases with age
and is highly prevalent in the elderly, currently affecting 10%
of the population over 70 years of age (Kannel et al 1983).
Clinical studies performed on different aged patients (ranging
from 14 to 84 years of age) without a history of atrial arrhyth-
mias determined a direct correlation between age and the vul-
nerability of the atria to arrhythmias, concluding that those at
most risk were the elderly (Sakabe et al 2003) and suggesting
that the mechanism responsible for inducing arrhythmias in
the elderly is different to that in the young. Many now agree
that the elderly demonstrate slower conduction of the cardiac
action potential than their young counterparts and this is
likely to be a major contributor towards atrial conduction
abnormalities and the initiation of arrhythmias (Anyukhovsky
et al 2004). This disruption of electrical coupling has been
shown to increase with age at the cellular level due to remod-
elling of the gap junctions (Kostin et al 2002; Jones et al
2004). 

We must, however, also consider the location at which gap
junctional remodelling occurs: disturbances at the primary
pacemaker, the SAN, and another area that can exhibit spon-
taneous pacemaking in the heart and serves as the bridge
between atrial electrical activity and the ventricle,
the atrioventricular node (AVN), can provide a potent sub-
strate for the development of arrhythmias. Disruption of elec-
trical propagation at any of these points will electrically
disconnect areas of the heart from their normal source of elec-
trical activation and potentially lead to erratic recruitment of
the heart muscle and dispersion of the cardiac action poten-
tial. Such disruption will potentially present clinically as pal-
pitations, syncope or sudden death. 

Ageing disconnects the nodes of the heart 

Cx43 is the principle cardiac protein responsible for rapid
conduction of the action potential across the heart. As such,
the conduction velocity of the action potential is highly
dependent on the amount of Cx43 protein present as gap
junctions per cardiac myocyte, as controlled by the balance
in the rate of Cx protein synthesis vs degradation (Beardslee
et al 1998). Interestingly, however, both the anatomically
defined sinoatrial node and atrioventricular node have
regions that lack Cx43 expression, both in terms of mRNA
and protein regardless of species (SAN: Opthof 1988;
Oosthoek 1990; Van Kempen et al 1996; AVN: Nikolski
et al 2003). 

These regions of limited electrical conductivity are
thought to protect the nodes, preserving their ability to function
as dominant pacemakers and sources of cardiac initiation. If
there was normal conductivity between the surrounding cardiac
mass and the nodes, the tissue would be unable to depolarize
and initiate a propagating cardiac action potential whilst effec-
tively electrically suppressed by a large surrounding mass of
electrically connected tissue with a resting membrane poten-
tial of −80 mV. In the face of such electrical suppression, for
the nodal tissue to instigate an action potential and raise sur-
rounding tissue to threshold for a propagating action potential
to occur would require very large current fluxes. With the rel-
ative electrical disconnection of the nodes the centre of the
nodes is able to depolarize, producing an action potential that
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then propagates outward progressively, depolarizing a larger
and larger mass of tissue with improving electrical connec-
tion to the bulk cardiac tissue. Once a sufficiently large mass
of tissue has been depolarized the action potential will propa-
gate readily to the bulk of the heart without suppression. 

The region lacking Cx43 protein within the SAN region
has been shown to increase in size during progressive ageing
of the guinea-pig. The newly born guinea-pig shows uniform
expression of Cx43 protein across the nodal region; by
1 month, however, a region lacking Cx43 protein within the
SAN develops (Jones et al 2004). From 1 month onwards the
size of the region lacking Cx43 protein increases as ageing
progresses until in the eldest animal, examined at 38 months,
the area was found to have increased to its maximal size
of ~48 mm2, 14-fold larger than that observed in the 1-month-
old animal (Jones et al 2004). The data demonstrate that the
aged animal shows a substantial loss of Cx43 protein in com-
parison with its young counterpart within the sinoatrial node
region. As a consequence, the conduction of the action poten-
tial slows. Contrasting the propagation velocity of action
potential in the region that lacks Cx43 protein with Cx43-
expressing regions, the action potential is conducted at a
velocity five-fold slower in this area of the SAN compared
with the surrounding tissue (Yamamoto et al 1998). A pro-
gressive reduction in action potential propagation velocity
has now been shown in several species with increasing age
(Alings & Bouman 1993; Jones et al 2004). Furthermore,
studies of elderly patients known to suffer severe atrial con-
duction abnormalities have revealed reduced levels of Cx43
protein expression (Kostin et al 2002), similar to those seen in
the elderly described by Jones et al (2004). However, the
mechanism(s) responsible for the reduced Cx43 has not been
determined. 

The apparent age-dependent increase in electrical uncou-
pling is, however, not the only structural change that affects
the functioning of the cardiac pacemaker. It has also been
shown that the distance the action potential has to propagate
from the centre of the SAN, where it is initiated, to reach the
bulk of the atrial muscle progressively increases with age
(Jones et al 2004). This change is apparently due to the con-
tinued growth of the sinoatrial node region during the
lifespan. Combined with the reduction in action potential
conduction velocity the changes in the sinoatrial node tissue
lead to a significant increase in the time taken for conduction
of the action potential from the initiation site to the surround-
ing tissue with age (Jones et al 2004). Taken to its logical
conclusion these changes would be expected to lead to block-
age of the propagation of the cardiac action potential from the
node, rendering it unable to drive pacemaking of the heart. In
addition, should the conduction time become extended suffi-
ciently this provides the opportunity for other subsidiary
pacemaking tissues, which normally have a slower intrinsic
rate of spontaneous activity, to become the dominant pace-
maker of the heart. Regulation of cardiac activity by the auto-
nomic nervous system can become limited and abnormal
when ectopic pacemakers (those outside the node) become
dominant and the heart has an increased susceptibility to
arrhythmias. 

As with the SAN, an inverse correlation between the
velocity of conduction of the action potential and increasing

age has also been shown in the AVN (Gillette et al 1982). A
detailed study still remains to be completed, but should the
AVN show a similar change in connexin expression and asso-
ciated apparent electrical disconnection, this could explain
the increase in cases of conduction block and increased sus-
ceptibility to arrhythmias in the ventricle as well as the atria
with age. 

On a further structural issue there is debate over the
effect of changes in the constitution of the cardiac tissue
during ageing. Collagen and desmin have been shown to be
expressed in a continuous manner across the whole SAN
area at all ages (Opthof et al 1985; Alings & Bouman 1993;
Jones et al 2004). Some studies, however, have shown
increased fibrosis and fat infiltration in the aged heart
(Opthof et al 1985; Song et al 1999). This tissue remodelling
would be expected to disrupt normal conductance pathways
and predispose to arrhythmias by breaking up the conduct-
ing wave of depolarization into wavelets. However, these
factors do not appear to directly affect the pacemaker func-
tion of the SAN (Alings & Bouman 1993), and therefore
cannot be considered to contribute to the observed age-
dependent pacemaker dysfunction. 

Disruption of the conduction pathway appears to be crit-
ical to most arrhythmias. It is interesting that even studies
on genetic abnormalities have associations with fibrosis and
conduction disorders (van Veen et al 2005). This raises the
question of whether ion channel mutations are the crucial
factor that increases the risk of arrhythmias regardless of
age in patients with these genetic disorders, or are the
arrhythmias are a consequential cardiac remodelling?
Indeed, a heterozygous sodium channel knockout mouse
model of the SCN5A gene (which encodes the main cardiac
sodium channel) showed only a slight effect on action
potential conduction at a young age. However, with increas-
ing age the mouse model exhibited ‘disarrangement of gap
junctions’, which resulted in slowed action potential con-
duction (van Veen et al 2005). Short or long QT syndrome,
Brugada syndrome and other genetic abnormalities of the
cardiac ion channels require careful consideration of the
‘changing state’ of the cardiac tissue where a developing
arrhythmic potential may have a resemblance to the remod-
elling that occurs naturally as we age. The development of a
fuller understanding of this ‘ageing’ cardiac background, on
which these and other diseases are superimposed, is there-
fore required to fully understand the syndromes and how to
master their treatment. 

Potential mechanisms underlying age-
dependent changes in SAN function 

A bewildering array of different signalling cascades exist that
impact on cardiac function and protein expression. With age-
ing it has been postulated that several of the effects observed
can be likened to what might be expected in a tissue under
chronic stress. One notable stress-related signalling system
that may have a role in instigating the effects of ageing is the
stress-activated mitogen-activated protein kinases (SAPK).
These have previously been demonstrated to be activated in
cardiac myocytes in response to a variety of cellular stresses
(Bogoyevitch et al 1995). 
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SAPKs are a highly conserved family of signalling mol-
ecules of which C-Jun amino-terminal kinase (JNK) is a
member (Johnson & Lapadat 2002). Biochemical evidence
has shown that JNK in a non-stressed state has glutathione
S-transferase bound to inhibit activation; however, under con-
ditions of stress JNK is phosphorylated and hence activated
(Adler et al 1999). Activated JNK has been shown to be
involved in a series of pathways leading to modification of
Cx43 and hence cardiac conduction properties (Figure 1).
Activated JNK has the potential to phosphorylate the Cx43
protein at serine residues located within the C-terminus
(Hertzberg et al 2000). This modification has confusingly
been attributed to increasing or decreasing the conductance of
intercellular links; however, the main data obtained under key
physiological conditions seems to indicate that an increase in
conductance is the most likely outcome of this modification. 

In contrast to the apparent short-term increase in cellular
communication evoked by activated JNK, in the longer term
activation of JNK has been associated with the stress-induced
loss of Cx43 protein and mRNA expression in cardiac myo-
cytes. This means activation of JNK causes a long-term
decline in intercellular conductance (Petrich et al 2002; Nao
et al 2003). Further studies of specific activation of JNK
within the myocardium in vivo used transgenic mice where
directed over-expression of JNK was achieved with the Cre/
LoxP-mediated gene-switch system. The mice showed a con-
sequential 90% loss of Cx43 protein expression and a 60%
loss of Cx43 mRNA expression, leading to the conclusion
that activated JNK reduces Cx43 expression at both the tran-
scriptional and post-transcriptional levels in cardiac myocytes

(Petrich et al 2002, 2004). Furthermore, activated JNK
reduced the number of gap junctions by 5- to 10-fold, func-
tionally observed as slowed conduction of the action poten-
tial. The animals also showed a high apparent incidence of
arrhythmias and sudden death (Petrich et al 2002). To verify
that activated JNK was responsible for the observed down-
regulation of Cx43, an inhibitor of JNK was found to attenu-
ate the Cx43 down-regulation (Petrich et al 2002). 

Although the direct relationship between JNK and Cx43
is unclear, both in-vitro and in-vivo studies have shown that
activation of JNK reduces Cx43 protein expression by up to
90%. This model has clear parallels to the findings
described above regarding changes in Cx43 with increasing
age, but it remains to be clearly determined whether this
stress-induced pathway is responsible for the changes
occurring in the conducting system of the heart with age.
Even if changes in JNK regulation prove not to be directly
responsible for the age-dependent changes in Cx43 expres-
sion, this pathway still offers interesting opportunities for
potentially modulating Cx43 expression to the benefit of the
aged heart. 

When considering the effect of stress-related factors on
the aged heart it should be noted that the aged heart shows an
apparently diminished capacity to respond to stress. For
example, the aged heart exposed to an ischaemic insult is
more vulnerable to damage compared with a young heart
(Abete et al 1999). 

First observed in 1962, the heat shock response has been
recognized to possess a role in cellular protection (Ritossa
1962). Heat shock proteins (HSP), such as inducible HSP70,
have been shown to provide cardiac protection against dys-
function and necrosis after events such as an ischaemic insult,
reducing the occurrence of myocardial apoptosis (Suzuki et al
1997, 2000). An animal’s capacity to express cardiac HSP70
diminishes with age, however, and the HSP70 response to
ischaemia is blunted in the aged heart (Nitta et al 1994;
Snoeckx et al 2001). 

An implication of this work is that the aged heart is at
greater risk should any cellular stress occur within the heart.
There is no capacity to “tame” the insult as would occur
within a young heart. As such, stresses that might have lim-
ited impact on a young heart will be more likely to lead to the
stimulation of other stress-evoked pathways, such as the
SAPK pathway, whose primary member is JNK. This is a
working hypothesis on why the ageing heart may show the
adaptations identified, but it, along with other stress-related
mechanisms, needs further research to identify the specifics
of these events and the potential to manipulate this process to
the advantage of the elderly (Figure 1). 

Improving the prospects for a steady cardiac 
rhythm in the elderly 

Post-exercise gene expression analysis of elderly exercised
animals compared to those that are sedentary has shown
that adaptive physiological mechanisms induced by exer-
cise can retard or even reverse some of the effects of ageing
on gene expression in cardiac tissue (Bronikowski et al
2003; Iemitsu et al 2004). Regular exercise has been shown
to prevent increases in JNK activation following stress

Old
animal 

Young
animal

Cx43 protein

Sinoatrial node
dysfunction

↑ Cx43 protein

↑Cx43 mRNA

Sedentary Exercise

Attenuation of age-
dependent sinoatrial 
node deterioration ?

↑

Cx43 mRNA

↑

Increasing JNK

Ageing

Reducing JNK

Figure 1 Activation of JNK and its hypothesized influence on Cx43
and SAN dysfunction. During natural ageing of the normal sedentary
animal, activation of JNK increases. This in turn appears to lead to the
observed reductions in Cx43 mRNA and Cx43 protein content within
the sinoatrial node. The effects of this can be observed as slowed con-
duction of the action potential and dysfunction of the pacemaker in the eld-
erly. Evidence suggests that the intervention of exercise can suppress JNK
activation and ameliorate other age-related changes in gene-expression;
hence, it is hypothesized, regular exercise may act to stabilize or restore
the content of Cx43 mRNA and Cx43 protein, attenuating dysfunction
of the sinoatrial node in the elderly population.
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(Boluyt et al 2003). As such, regular exercise could poten-
tially have a protective role to play in preventing remodel-
ling of the cardiac conduction system as induced by JNK
(Figure 1). If, as the evidence suggests, activation of JNK is
a major factor responsible for down-regulation of Cx43 in
the elderly, exercise could attenuate the JNK response and
prevent the disconnection of the nodal tissue in the ageing
heart. 

Of further interest is whether the adoption of an appropri-
ate exercise regime late in life, or potential pharmacological
manipulation of the JNK pathway by perhaps an analogue of
the activated-JNK inhibitor SP600125, could restore stable
pacemaker function and protect against arrhythmias in the
elderly. Appropriate regimes could reduce the need for artifi-
cial pacemakers and reduce the risk of sudden death, resulting
in increasing longevity and quality of life. 
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