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Introduction

Hypertension, atherosclerosis, and resultant
chronic heart failure (HF) reach epidemic pro-
portions among older persons, and the clinical
manifestations and the prognoses of these mala-
dies worsen with increasing age (Fig. 21.1).

A steady stream of incremental knowledge,
derived from both animal and human studies, has
established that several of the aging-associated
changes in the heart and in the walls of the central
arteries are, themselves, potent and independent
risk factors for cardiovascular diseases. This sug-
gests that these age-associated alterations in arte-
rial and cardiac structure and function may link
aging to the risk for these disease states. Thus, one
way to conceptualize why the clinical manifesta-
tions and the prognosis of CV diseases worsen
with age is that in older individuals, the specific
pathophysiologic mechanisms that cause clinical
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disorders are superimposed on heart and vascular
substrates that are modified by aging (Fig. 21.2).

Imagine that age increases as one moves from
the lower to the upper part of Fig. 21.2 and that the
line bisecting the top and bottom parts represents
the clinical practice “threshold” for disease recogni-
tion. Entities above the line are presently classified
as “diseases,” and lead to heart and brain failure.

Arterial and cardiac changes presently thought
to occur as a result of the “normal aging process”
are depicted below the line. These age-associated
changes in cardiac and vascular properties alter
the substrate on which cardiovascular disease
becomes superimposed in several ways. First,
they lower the extent of disease severity required
to cross the threshold that results in clinically sig-
nificant signs and symptoms. Aging should no
longer be viewed as an immutable risk factor. In
one sense, those processes below the line in
Fig. 21.2 ought not to be considered to reflect
normal aging, because these are specific risk fac-
tors for the diseases that they relate to, and thus
might be targets of interventions designed to
decrease the occurrence or manifestations of car-
diovascular disease at later ages.

Because many of the age-associated altera-
tions in cardiovascular structure and function, at
both the cellular and molecular levels, have
already been identified as specific risk factors for
cardiovascular diseases, there is an urgency to
incorporate cardiovascular aging into clinical
medicine. Such a strategy would be aimed at
treatment (preventative measures) to retard what
is now considered to be normal aging.
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Fig. 21.2 Schematic of cardiovascular factors as they In Blumenthal R, Foody J, Wong NA (editors),
relate to clinical practice threshold [Adapted from Prevention of Cardiovascular Disease: Companion to
Najjar SS, Lakatta EG, Gerstenblith G. Cardiovascular  Braunwald’s Heart Disease. Philadelphia: Saunders,
Aging: The Next Frontier in Cardiovascular Prevention.  2011:415-432]
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Cardiac Aging in Humans

A unified interpretation of identified cardiac
changes that accompany advancing age in other-
wise healthy persons suggests that at least in part,
these are adaptive, occurring to some extent in
response to arterial changes that occur with aging
(Fig. 21.3) [1].

With advancing age, the walls of the left
ventricle (LV) increase in thickness, in part,
resulting from an increase in arterial impedance
in ventricular myocyte size and increase in size
and increase in LV wall thickness; this helps to
moderate the increase in LV wall tension.
Modest increases in collagen levels also occur
with aging.

Prolonged contraction of myocytes within the
thickened LV wall maintains a normal ejection
time in the presence of the late augmentation of
aortic impedance. This preserves the systolic car-
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diac pumping function at rest. One disadvantage
of prolonged contraction is that, at the time of
the mitral valve opening, myocardial relaxation
is relatively more incomplete in older than in
younger individuals, and this causes the early LV
filling rate to be reduced in older individuals.

Structural changes and functional heterogene-
ity occurring within the left ventricle with aging
may also contribute to this reduction in peak LV
filling rate. However, concomitant adaptations—
left atrial enlargement and an enhanced atrial
contribution to ventricular filling—compensate
for the reduced early filling and prevent a reduc-
tion of the end-diastolic volume. Age-associated
changes in the tissue levels of or responses to
growth factors (catecholamines, angiotensin II,
endothelin, TGF-f, or fibroblast growth factor)
and cytokines that influence myocardial or vascu-
lar cells or their extracellular matrices (see below)
likely have a role in the schema depicted in
Fig. 21.3.
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Fig. 21.3 Arterial and cardiac changes that occur with
aging in normotensives and at any age in hypertensives
are shown. One interpretation of the constellation (flow
of arrows) is that vascular changes lead to cardiac struc-
tural and functional alterations that maintain cardiac

function. LV left ventricular (Modified from Lakatta EG.
Normal Changes of Aging. In: Abrams WB, Berkow R
(Eds), Merck Manual of Geriatrics, Rahway, N.J.:
Merck Sharp & Dohme Research Laboratories, 1990,
pp- 310-325)



322

Biologic sex is a well-recognized factor in the
physiology and pathophysiology of the cardio-
vascular system, including the aging heart
(reviewed in [2, 3]). Postmortem morphometric
assessments in non-failing human hearts have
shown extensive age-related myocyte loss and
hypertrophy of the surviving myocytes in male
hearts but preserved ventricular myocardial mass
and average cell diameter and volume in aging
female hearts. These sex differences may stem, in
part, from differences in the replicative potential
of cardiac myocytes. Analysis of gene expression
differences by sex and age in samples of the left
ventricle from patients with dilated cardiomyop-
athy has identified more than 1,800 genes
displaying sexual dimorphism in the heart. A sig-
nificant number of these genes were highly repre-
sented in gene ontology pathways involved in ion
transport and G protein-coupled receptor signal-
ing [4].

Cardiovascular Reserve in Humans

Impaired heart rate acceleration and impaired
augmentation of blood ejection from the left ven-
tricle, accompanied by an acute modest increase
in LV end-diastolic volume in males, are the most
dramatic changes in cardiac reserve capacity that
occur during aging in healthy, community-
dwelling persons (Table 21.1).

Mechanisms that underlie the age-associated
reduction in maximum ejection fraction are multi-
factorial and include a reduction in intrinsic myocar-
dial contractility, an increase in vascular afterload,
and an arterial-ventricular load mismatch.

Ventricular load is the opposition to myocar-
dial contraction and the ejection of blood; after-
load is the component of load that pertains to
the time after excitation, as opposed to preload,
before excitation. Although these age-associ-
ated changes in cardiovascular reserve are insuf-
ficient to produce clinical heart failure, they do
affect its clinical presentation, that is, the thresh-
old for symptoms and signs or the severity and
prognosis of heart failure secondary to any level
of disease burden (e.g., chronic hypertension

E.G. Lakatta et al.

Table 21.1 Exhaustive upright exercise: changes in
aerobic capacity and cardiac regulation between ages of
20 and 80 years in healthy men and women

Oxygen consumption t (50 %)
(A-V)0, t (25 %)
Cardiac index 1+ (25 %)
Heart rate (25 %)
Stroke volume No change
EDV « (30 %)
Vascular afterload (PVR) « (30 %)
ESV « (275 %)
Contractility 1 (60 %)
Ejection fraction (15 %)
Plasma catecholamines «

Cardiac and vascular responses to t

B-adrenergic stimulation

Adapted from Lakatta E, Sollott S. The “Heartbreak” of
Older Age. Mol Interventions 2002; 2:431-446
EDV end diastolic volume, ESV end systolic volume, PVR
peripheral vascular resistance, AV arteriovenous

that causes either systolic or diastolic heart
failure).

A sizeable component of the age-associated
deficit in cardiovascular reserve is composed of
diminished effectiveness of the autonomic modu-
lation of heart rate, LV contractility, and arterial
afterload. The essence of sympathetic modula-
tion of the cardiovascular system is to ensure that
the heart beats faster; to ensure that it retains a
small size, by reducing the diastolic filling period,
reducing LV afterload; to augment myocardial
contractility and relaxation; and to redistribute
blood to working muscles and to skin to dissipate
heat. Each of the deficient components of cardio-
vascular regulation with aging, that is, heart rate
(and thus filling time), afterload (both cardiac
and vascular), myocardial contractility, and redis-
tribution of blood flow, exhibits a deficient sym-
pathetic modulation [1].

Multiple lines of evidence support the idea
that the efficiency of postsynaptic -adrenergic
signaling declines with aging [1]. One line of
evidence stems from the observation that car-
diovascular responses to [-adrenergic agonist
infusions at rest decrease with age [1]. A second
type of evidence for a diminished efficacy of
postsynaptic  f-adrenergic receptor (f-AR)
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signaling is that acute [-adrenergic receptor
blockade changes the exercise hemodynamic
profile of younger persons to make it resemble
that of older individuals. Significant beta block-
ade-induced LV dilation occurs only in younger
subjects [5]. The heart rate reduction during
exercise in the presence of acute P-adrenergic
blockade is greater in younger vs. older subjects
[5], as are the age-associated deficits in LV early
diastolic filling rate, both at rest and during exer-
cise [5]. It has also been observed in older dogs
that the age-associated increase in aortic imped-
ance during exercise is abolished by acute
p-adrenergic blockade [6].

Apparent deficits in sympathetic modulation
of cardiac and arterial functions with aging
occur in the presence of exaggerated neurotrans-
mitter levels. Plasma levels of norepinephrine
and epinephrine, during any perturbation from
the supine basal state, increase to a greater
extent in older compared with younger healthy
humans. The age-associated increase in plasma
levels of norepinephrine results from an
increased spillover into the circulation and, to a
lesser extent, reduced plasma clearance. The
degree of norepinephrine spillover into the cir-
culation differs among body organs; increased
spillover occurs within the heart. Deficient nor-
epinephrine reuptake at nerve endings is a pri-
mary mechanism for increased spillover during
acute graded exercise. During prolonged exer-
cise, however, diminished neurotransmitter
reuptake might also be associated with deple-
tion and reduced release and spillover. Cardiac
muscarinic receptor density and function are
also diminished with increasing age and might
contribute to the decrease in baroreflex activity
observed in aged subjects [7].

Age-Associated Cell and Molecular
Changes in Heart Cells

Cellular and molecular mechanisms implicated
in age-associated changes in myocardial struc-
ture and function in humans have been studied
largely in rodents (Table 21.2).
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The altered cardiac structural phenotype that
evolves with aging in rodents includes an increase
in LV mass due to an enlargement of myocyte
size [8] and focal proliferation of the matrix in
which the myocytes reside, which may be linked
to an altered cardiac fibroblast number or func-
tion. The number of cardiac myocytes becomes
reduced because of necrosis and apoptosis, with
the former predominating [9]. Putative stimuli
for cardiac cell enlargement with aging in rodents
include an age-associated increase in vascular
load due to arterial stiffening and stretching of
cells caused by dropout of neighboring myocytes
[10]. Stretch of cardiac myocytes and fibroblasts
initiates growth factor signaling (e.g., angioten-
sin II/TGF-p) that, in addition to modulating cell
growth and matrix production, leads to apoptosis
[11]. The expression of atrial natriuretic [12] and
opioid [13] peptides, molecules that are usually
produced in response to chronic stress, is
increased in the senescent rodent heart.

Excitation-Contraction Coupling
in the Aging Heart

Ca?* influx via L-type calcium channels (LCC)
has a dual role in cardiac EC coupling: peak
L-type Ca** current (Ic, ) provides the primary
“trigger” for sarcoplasmic reticulum (SR) Ca**
release, while the integrated Ca’* entry replen-
ishes the SR Ca*" content available for release.
The SR Ca* release and uptake play key roles in
the regulation of cardiac contraction and relax-
ation. The SR Ca*-transporting proteins include
the  sarcoplasmic  reticular ~ Ca?*-ATPase
(SERCA?2), its inhibitory protein phospholamban
(PLB), the Ca*-storage protein calsequestrin
(CSQ), and the SR Ca** release channel (ryano-
dine receptor; RyR). The SR Ca?* cycling is fur-
ther modulated by Ca** influx through LCC and
by Ca?* transport via Na*—Ca?* exchanger (NCX)
(Fig. 21.4).

Coordinated changes in the expression and
function of proteins that regulate several key
steps of the cardiac EC coupling process
(Fig. 21.4) occur in the rodent heart with aging.
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Ventricular Myocyte Excitation-
Contraction Coupling

Plasma Membrane

Cytoplasm

Fig.21.4 Key events in ventricular excitation—contraction coupling

Prolonged time to peak and slower relaxation of
contraction (Fig. 21.5), typical for aged myocar-
dium [14-19], are attributable to changes in both
the «MHC and PMHC protein ratio (Table 21.2)
[1] and in the configuration of the Ca?* transient.
A slower decay of the Ca?** transient is a hall-
mark of the aged cardiac myocyte (Fig. 21.4 and
Table 21.1) (Fig. 21.5).

Action Potential Prolongation

L-Type Ca?* Channel

Age-associated prolongation of the action poten-
tial (AP) (Fig. 21.5) [20-23] is thought to stem,
in part at least, from changes in L-type Ca** chan-
nel characteristics [20, 22, 24]. Perspectives on
how age affects I, characteristics differ among
studies, depending upon species, stress, and age
range studied. Peak density of I, in ventricular
myocytes from senescent (21-25 months) does
not differ from that of young (2-3 months) male
Wistar rats [22, 25] and does not differ between
20-22 and 10- to 12-month-old male FVB mice
[26]. I, inactivates more slowly in myocytes
from older vs. younger Wistar rats [22, 24], and
this might partially account for prolongation of
the AP reported in senescent Wistar and Fisher
344 rat hearts [22, 23]. In contrast, in ventricular

myocytes isolated from young adult (6 months)
and aged (27 months) Fischer 344 or Long—Evans
rats, however, an age-associated decrease in peak
density of I, was observed and was accompa-
nied by a slower inactivation and a greater ampli-
tude of transient outward current (ITy) [27].
Compared to young myocytes, AP duration in
these myocytes from aged rats was longer at
90 % of repolarization but shorter at 20 and 75 %
of repolarization [27].

In ventricular myocytes isolated from young (2
months) and senescent (20-27 months) C57/BL6
mice (sex unspecified), peak I, density was simi-
lar at stimulation rates of 2—8 Hz but higher in
myocytes of the older group at 0.4 and 1 Hz [28].
The I¢,. time integral (a function of peak ampli-
tude and inactivation rate) normalized to cell
capacitance did not differ with age during 6 Hz
stimulation. Compared to young cells, I, time
integral in aged myocytes was significantly smaller
at 8 Hz and larger at 0.4 Hz [28]. In ventricular
myocytes isolated from young adult (~7 months)
and aged (~24 months) male and female
B6SJLF1/J mice [14] stimulated at 2 Hz, a signifi-
cant reduction in peak I¢, density, accompanied
by a significantly slower inactivation, occurred in
aged vs. young adult myocytes from males. No
age-associated changes in I, characteristics were
identified in the females. In myocytes isolated
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Fig. 21.5 Action potential (a), isometric contraction
(b), and cytosolic Ca’* (Ca;) transient (c), measured via
aequorin luminescence, in isometric right ventricular
papillar muscles isolated from the hearts of young adult
and senescent Wistar rats, are shown. (Inset) Time
course of the Ca; transient (1) relative to that of contrac-
tion (2). (d) Effect of age on Ca** accumulation velocity
by sarcoplasmic reticulum (SR) isolated from senescent
and adult Wistar rat hearts. (a) and (b): Reprinted from
Spurgeon HA, Steinbach MF, Lakatta EG. Chronic exer-
cise prevents characteristic age-related changes in rat
cardiac contraction. Am J Physiol 1983; 244:H513—

from the hearts of young (18 months) and aged (8
years) female sheep, the AP duration and both the
peak I, and integrated Ca’* entry were signifi-
cantly greater in aged cells [20].

Ca?* influx via LCC is a complex function of
several interdependent mechanisms: voltage-
dependent modulation; Ca**-dependent modula-
tion via direct binding to LCC of Ca**~calmodulin
and via calmodulin-dependent protein kinase II
(CaMKII); and f-adrenergic modulation via

H518. With permission from American Physiological
Society. (c): Reprinted from Orchard CH, Lakatta EG.
Intracellular calcium transients and developed tensions
in rat heart muscle. A mechanism for the negative
interval—-strength relationship. J Gen Physiol 1985; 86:
637-651. With permission Rockefeller University Press.
(d): Reprinted from Froehlich JP, Lakatta EG, Beard E,
Spurgeon HA, Weisfeldt ML, Gerstenblith G. Studies of
sarcoplasmic reticulum function and contraction dura-
tion in young adult and aged rat myocardium. J Mol Cell
Cardiol 1978; 10:427-438. With permission from
Elsevier

protein kinase A (PKA) signaling. Voltage-
dependent changes may be consequent to
prolongation of the AP duration that accompa-
nies advancing age and manifested by reduced
peak amplitude accompanied by slower inactiva-
tion/larger time integral of I, (e.g., [29]). Ca?*-
mediated  effects may  contribute to
frequency-dependent reduction in the amplitude
and time integral of I,; [28] due to rate-dependent
diastolic Ca?* accumulation, which slows the rate
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of LCC recovery from inactivation in both normal
and failing cardiac myocytes (reviewed in [30]).
In addition, Ca*-dependent cross talk between
LCC and RyR [30] may facilitate Ca?* influx via
LCC in the presence of slower and/or smaller SR
Ca?* release in aging myocardium. For instance,
buffering of Ca?* with EGTA eliminated age-
related differences in the AP configuration and
the time course of I, inactivation in myocytes
from senescent and young rats [22].

Reductions in outward K* currents [22] also
contribute to the prolonged AP in cardiocytes of
the aged heart. Of particular interest is the role of
IT, as an indirect modulator of EC coupling in
cardiac cells (reviewed in [31]). Specifically,
recent studies have provided evidence that the
early repolarization phase may considerably
influence the entire AP waveform and that IT, is
the main current responsible for this phase.
Decreased IT, density is observed in immature
and aging myocardium, as well as during several
types of cardiomyopathy and HF, i.e., under con-
ditions in which SR function is depressed.

The AP prolongation that evolves during
aging and accompanies heart failure favors Ca**
influx during the depolarization and limits
voltage-dependent Ca** efflux via NCX and thus
may be adaptive since it provides partial compen-
sation for SR deficiency, although possibly at the
cost of asynchronous SR Ca’* release and greater
propensity to triggered arrhythmias [31].

SR Ca%* Pump

The development of the Ca?* transient is depen-
dent primarily on the amount and the rate of Ca*
release from the SR, and the decline of the Ca?*
transient and the amount of Ca* available for sub-
sequent release are dependent primarily on Ca?*
sequestration by the SR. Sequestration of Ca?* by
the SERCA2 pump serves a dual function: (1) to
cause muscle relaxation by lowering the cytosolic
Ca?t and (2) to restore SR Ca** content necessary
for subsequent muscle contraction.

An age-associated reduction in the rate of rise
and the amplitude of the Ca?* transient (systolic
dysfunction), as well as the rate of decline of the
Ca?** transient (diastolic dysfunction), appears to
result, in large part, from impaired Ca** pumping
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by SERCAZ2. These changes have been exten-
sively documented in biochemical and functional
studies [32-36]. At the molecular level, they are
attributable to a reduced protein expression of
SERCAZ2 or its ratio to PLB and/or reduced phos-
phorylation of the SERCA2-PLB complex by
PKA and CaMK [36-38]. A shift of SERCA2b
distribution to the subsarcolemmal space has also
been suggested [28].

The age-associated reduction in SERCA2
mRNA levels is well documented (Table 21.2).
The majority of studies in aging vs. younger rats
have shown a significant reduction in protein lev-
els of SERCA2 [19, 34, 35, 39]. In contrast, most
studies in aging mice have shown unchanged lev-
els of SERCA2 [16, 28, 40]. Apart from the phos-
phorylation status of SERCA2-PLB complex,
discussed later, SR Ca?* uptake is dependent on
the relative levels of both proteins, i.e., reduced at
lower SERCA2/PLB ratio [41].

The majority of studies reporting expression
levels of both SERCA2 and PLB showed reduced
SERCA2/PLB ratios in aging rodent hearts.
Increasing SERCA/PLB ratio through in vivo
gene transfer of SERCA2a markedly improved
rate-dependent contractility and diastolic func-
tion in 26-month-old rat hearts [34]. Functional
improvement consequent to increasing SERCA/
PLB ratio by PLB suppression was also reported
in human failing myocytes [42]. On the other
hand, PLB ablation in transgenic mouse models
of HF was beneficial only in some models
(reviewed in [41, 43]).

Age-associated  decline in the Ca*-
sequestering activity of SERCA?2 in rodent myo-
cardium has been well documented both by
biochemical studies in isolated SR vesicles and
by biophysical studies in cardiac preparations
[32-36].

In addition to a reduced content of SERCA2
or SERCA2/PLB ratio, discussed earlier, lower
pumping activity of SERCA?2 in aging myocar-
dium may result from reduced phosphorylation
of the SERCA2-PLB complex. Specifically, in
its unphosphorylated state, PLB interacts with
SERCAZ2 exerting an inhibitory effect manifested
largely through a decrease in the enzyme’s affin-
ity for Ca*.
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Phosphorylation of PLB by PKA and/or Ca*/
CaMK is thought to disrupt this interaction
resulting in enhanced affinity of the ATPase for
Ca?* and stimulation of Ca?* pump activity [41].
In addition to PLB, CaMK has been suggested to
modulate the SR Ca?* uptake and release through
direct phosphorylation of SERCA?2 [38]. Recent
studies have also shown that significant age-
associated decrements occur in (1) the amount of
CaMK (8-isoform) in the rat heart, (2) the endog-
enous CaMK-mediated phosphorylation of
SERCA and PLB, and (3) the phosphorylation-
dependent stimulation of SR Ca*" sequestration
[36]. Increased activity of the SR-associated
phosphatase PP1, which dephosphorylates PLB,
had already been reported, and overexpression of
PP1 in transgenic mice resulted in HF. PP1 activ-
ity was further shown to be regulated by the
inhibitor I-1, and I-1 was found to be reduced in
human HF (reviewed in [44]). However, potential
age-related changes in the activity of cardiac
phosphatases have yet to be examined.

Age-related alterations in the gating proper-
ties of RyR [19, 45], resulting in an increased SR
Ca* leak, may also contribute to both diastolic
and systolic dysfunction of the aging myocar-
dium by limiting the net rate of SR Ca** seques-
tration and SR Ca?* loading, respectively. Finally,
a slower rate of development/longer time to peak
of the Ca?* transient in aging myocytes is likely
to result from reduced SR Ca** loading but may
be also consequent to a longer time to peak Ic,.
[22], which synchronizes SR Ca?* release.

SR Ca** Release Channel

In addition to Ca?* pumping by SERCA2, RyR
characteristics are regulated by its protein expres-
sion and gating properties, a major determinant
of the SR Ca** release, triggered by Ca®* influx
through LCC, as well as during cardiac relax-
ation and diastole. Accordingly, alterations in the
expression or function of RyR have been impli-
cated in both systolic and diastolic dysfunction of
the aging heart. Reduced protein expression of
cardiac RyR has been reported in aging Wistar
rats [39], but not Fisher 344 rats [19, 34, 36]. The
RYR is phosphorylated by PKA and CaMK, and
a significant reduction in the CaMK-mediated
phosphorylation of the RyR has been shown to
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occur in the aged compared with adult Fisher 344
rats [36].

Single-channel properties of RyR and unitary
SR Ca** release events (Ca* sparks) in ventricu-
lar cardiomyocytes were recently examined in
hearts from 6- to 24-month-old Fisher 344 rats
[19]. Senescent myocytes displayed a decreased
Ca?* transient amplitude and an increased time
constant of the Ca?* transient decay, both of
which correlated with a reduced Ca*" content of
the SR. Senescent cardiomyocytes also had an
increased frequency of spontaneous Ca** sparks
and a slight but statistically significant decrease
in their average amplitude, full-width-at half-
maximum and full-duration-at-half-maximum.

Single-channel recordings of RyR demon-
strated that in aging hearts, the open probability
of RYR was increased but the mean open time
was shorter, providing a molecular correlate for
the increased frequency of Ca?* sparks and
decreased size of sparks, respectively [19]. These
results suggest modifications of normal RyR gat-
ing properties associated with increased sensitiv-
ity of RyR to resting and activating Ca* that may
play a role in the altered Ca®* homeostasis
observed in senescent myocytes. Another recent
study [45] examined the effects of aging on
whole cell electrically stimulated Ca?* transients
and Ca?* sparks at 37 °C in ventricular myocytes
isolated from young adult (~5 months) and aged
(~24 months) B6SJLF1/J] mice of both sexes.
A reduced amplitude and abbreviated rise time of
the Ca** transient in aged cells stimulated at 8 Hz
and a markedly higher incidence and frequency
of spontaneous Ca?* sparks were observed in
aged vs. young adult cells. Spark amplitudes and
spatial widths were similar in both age groups.
However, spark half-rise times and half-decay
times were abbreviated in aged cells compared
with younger cells. Neither resting Ca?* levels
nor SR Ca’ content differed between young
adult and aged cells, indicating that increased
spark frequency in aging cells was not attribut-
able to increased SR Ca’" stores and that a
decrease in the Ca?* transient amplitude was not
due to a decrease in SR Ca*" load. These results
suggest that alterations in SR Ca?* release units
occur in aging ventricular myocytes and raise the
possibility that alterations in Ca*" release may
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reflect age-related changes in fundamental
release events rather than changes in SR Ca*
stores and/or diastolic Ca>* levels. Differences in
the characteristics of Ca®* sparks (and the SR
Ca’* content) reported in these experiments [19,
45] might be partly related to differences in spe-
cies and experimental conditions (e.g., tempera-
ture) employed.

Consistent with previous findings [45], both
studies discussed above [19, 45] have shown
increased frequency of spontaneous Ca?* sparks
in aging ventricular myocytes. The resulting
increased Ca** leak from the SR may reduce the
net rate of SR Ca?* sequestration. Functional con-
sequences of the latter include a slower decline of
the Ca;?* transient and increased diastolic Ca;>*
(diastolic dysfunction), a reduced SR Ca>* load
available for release (systolic dysfunction), and a
reduced threshold for myocardial cell Ca?* intol-
erance [46, 47]. PKA-dependent hyperphosphor-
ylation of RYR, resulting in abnormal SR Ca?
leak through the RyR, has been implicated in
both diastolic and systolic dysfunction of the fail-
ing heart [48]. However, more recent evidence
points to CaMKII site phosphorylation of RYR in
normal cardiac tissue [49, 50], and a potential
role and mechanism for PKA modulation of this
process in the pathophysiology of HF associated
with aging remains lacking.

Calsequestrin

Reports have consistently shown that aging does
not alter CSQ expression at either the transcrip-
tional (Table 21.1) or protein level [19, 34-36].

Na*-Ca?* Exchanger

The NCX serves as the main transsarcolemmal
Ca?* extrusion mechanism and is centrally
involved in the beat-to-beat regulation of cellular
Ca?* content and cardiac contractile force, includ-
ing regulation of the AP configuration in the late
repolarization phase and the later Ca** clearance
phase of the Ca?* transient. Thus, alterations in
NCX activity may contribute to the prolongation
of both the AP duration and relaxation in aging
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myocardium [1]. An age-associated increase in
the NCX expression has been demonstrated at the
transcriptional level, but protein levels of NCX
reported in aging rodent hearts were unchanged
[21, 34, 51] or reduced compared to younger
adults [16, 39, 52].

Results of experiments using enriched sarco-
lemmal vesicles or muscle strips isolated from
rats were also inconsistent, i.e., the NCX activity
in aged myocardium was observed to be
decreased [52, 53], increased [54], or unchanged
[55]. More recent functional assessments of NCX
activity in cardiac myocytes isolated from young
(14-15 months) and aged (27-31 months) male
Fischer Brown Norway rats [21] showed that
under conditions where membrane potential and
intracellular [Na*] and [Ca?*] could be controlled,
“forward” NCX activity was increased in aged
vs. young cells. The increased “forward” NCX
activity was interpreted as a factor contributing to
the late AP prolongation in aging myocardium
[21]. An increased Ca?* efflux via NCX would
compensate for increased Ca** influx via LCC
[20, 22, 24]. Prolongation of the AP consequent
to reduced Io [22] may temporarily limit “for-
ward” NCX during relaxation, allowing better
SR Ca** reuptake by SERCA?2 [29].

The imposition of a shorter AP to myocytes
from the old rat heart reduces the amplitude and
the rate of decline of the steady-state Ca** tran-
sient and Ca;>* transient [29]. This is attributable
to a reduction in the SR Ca?* uptake and loading,
which, in the presence of a reduced rate of Ca*
sequestration by SERCA?2, is presumably due to
a reduced I, time integral and likely also to an
increased net Ca” extrusion via NCX [29].

Response to Action Potentials
of an Increased Frequency

Reduction in the amplitude of the Ca?* transient
in myocytes from aged hearts, compared to
younger counterparts, has been reported in some
studies already at low (<2 Hz) stimulation rates
[14, 19]. Studies that have employed a range of
stimulation rates [15, 28] typically showed
blunted force and relaxation-frequency responses
in myocytes from old vs. young hearts (Fig. 21.6).
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Fig.21.6 Response to an increase in stimulation frequency in single ventricular myocytes isolated from rats of three ages

Thus, while the age-related differences in the
amplitude and the rate of decay of the Ca;** tran-
sients (and diastolic Ca?** levels) were small or
absent at low stimulation rates, they became
apparent and progressively larger at pacing rates
approximating those in vivo [15, 28].

Likewise, abrupt changes in the stimulation
rate reveal an impaired SR Ca*" release in ven-
tricular myocytes isolated from senescent vs.
young rats (Fig. 21.6). Specifically, in the pres-
ence of similar kinetics of I¢,. recovery, reduc-
tion in the amplitude of the Ca?* transients and
the gain of Ic.-dependent Ca?* release during
premature depolarizations is attributable to a
slower rate of SR Ca?* reuptake in older myo-
cytes (Fig. 21.7).

Consistent with the major role of SERCA?2 in
these effects, studies in rat-isolated cardiac
muscle preparations have shown that exercise
training reverses age-associated slowing of con-
traction and relaxation [17, 18]. This was asso-
ciated with increased Ca?* transport by SERCA2
but not myosin ATPase activity in cardiac
homogenates [18]. Likewise, overexpression of
SERCA?2 markedly improved rate-dependent
contractility and contractile function in senes-
cent rat hearts [34]. Clearly, the latter underlies
impaired frequency-dependent inotropic and
lusitropic responses [14—16, 34] that largely
contribute to the systolic and diastolic dysfunc-
tion of the aging heart.

Reduced Acute Response

of Myocardial Cells from Older
Hearts to Acute -Adrenergic
Receptor Stimulation

Age-associated deficits in the myocardial f-AR
signaling cascade also occur with aging in rats.
The richly documented age-associated reduction
in the postsynaptic response of myocardial cells
to B-adrenergic stimulation seems to be due to
multiple changes in the molecular and biochemi-
cal steps that couple the receptor to postreceptor
effectors. However, the major limiting modifica-
tion of this signaling pathway that occurs with
advancing age in rodents seems to be the cou-
pling of the B-AR to adenylyl cyclase via the G
protein and changes in adenylyl cyclase protein,
which lead to a reduction in the ability to suffi-
ciently augment cell cAMP and to activate PKA
to drive the phosphorylation of key proteins that
are required to augment cardiac contractility
[37, 56]. In contrast, the apparent desensitization
of p-adrenergic signaling that occurs with aging
does not seem to be mediated via increased -AR
kinase or increased G; activity [57]. A blunted
response to B-adrenergic stimulation of the cells
within older myocardium can, in one sense, be
viewed as adaptive with respect to its effect to
limit the risk of Ca?* overload and cell death in
these cells in response to stress (Table 21.3),
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conditioning voltage pulses (50 ms, from —75 to 0 mV at
0.5 Hz). (b) Averaged data from these experiments in
myocytes from young (n=5) and old (24 months; n=7)
rats show slower rate of Ca;** decline during the last con-
ditioning pulse and similar kinetics of I, recovery but
prolonged recovery time of the Ca* transient and “gain”
of Ic,-dependent Ca** release (Ca**/I¢, ) during prema-
ture depolarizations in old vs. young myocytes (courtesy
of Andzej M. Janczewski and Edward G. Lakatta)
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Table 21.3 Ventricular cells within the old heart operate
“on the edge”

Myocyte enlargement

Altered gene expression

Altered levels and functions of proteins that regulate Ca*
homeostasis

Reduced response to acute stress
Increased markers of chronic stress
Altered membrane lipid composition
Increased threat of reactive O, species

Increased cell death in the context of reduced cell
replacement

including reduced augmentation of the I,
(Fig. 21.8) [25] through PKA-mediated changes
in the availability and gating properties of LCC.
The well-established deficits in f-AR signaling
that occur in aging humans and animals [1]
include significantly lower PKA-dependent
phosphorylation of PLB in aged vs. adult rat ven-
tricular myocardium [37]. A reduced myocardial
contractile response to either ;AR or ,AR stim-
ulation is observed with aging [25, 57, 58]. This
is due to failure of B-adrenergic stimulation to
augment Ca;** to the same extent in cells of senes-
cent hearts that it does in those from younger
adult hearts (Fig. 21.8), an effect attributable to a
deficient increase of L-type sarcolemmal Ca”
channel availability (Fig. 21.8), which leads to a
lesser increase in Ca?* influx [25].

Markers of Chronic Stress
in the Aged Heart Suggest That It
“Operates on the Edge of Disease”

Acute excess myocardial Ca’* loading leads to
dysregulation of Ca* homeostasis, impaired dia-
stolic and systolic function, arrhythmias, and cell
death [47]. The cell Ca** load is determined by
membrane structure and permeability character-
istics, the intensity of stimuli that modulate Ca*
influx or efflux via their impact on regulatory
function of proteins within membranes, and ROS,
which affect both membrane structure and func-
tion. Excessive cytosolic Ca?* loading occurs
during physiological and pharmacological sce-
narios that increase Ca®* influx (e.g., neurotrans-
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mitters, postischemic reperfusion, or oxidative
stress) [46, 59]. In hearts or myocytes from the
older heart, enhanced Ca** influx, impaired relax-
ation, and increased diastolic tone occur during
pacing at an increased frequency [15, 18, 60, 61].
This is a “downside” of the age-associated
adaptations that occur within the cells of senes-
cent heart and also of young animals chronically
exposed to arterial pressure overload (Table 21.4).
Causes of reduced Ca** tolerance of the older
heart include changes in the amounts of proteins
that regulate Ca’>* handling, caused in part by
altered gene expression (Tables 21.3 and 21.4),
and an age-associated alteration in the composi-
tion of membranes in which Ca® regulatory
proteins reside, which includes an increase in
membrane g ®; polyunsaturated fatty acids
(PUFAS) [62]. o; PUFASs are protective of cardiac
Ca?* regulation. An additional potential cause of
the reduced threshold of senescent myocytes for
Ca** overload is an enhanced likelihood for intra-
cellular generation of ROS [59, 63] in cells from
the senescent vs. the younger adult heart during
stress. In this regard, the older cardiac myocyte
and endothelial cells [64] share common “risks”
with aging.

Myocyte Progenitors in the
Aging Heart

There are two opposing views regarding cardio-
myocyte renewal within the heart: One pro-
poses that the number of myocytes is fixed
around birth and remains static; the other pur-
ports that the heart is a self-renewing organ
containing a pool of progenitor cells (PCs) that
dictate cell turnover, organ homeostasis, and
myocardial aging. Observations in both humans
and animals suggest that myocyte maturation
and aging are characterized by loss of replica-
tive potential, telomeric shortening, and the
expression of the senescence-associated pro-
tein/cell cycle inhibitor pl6T™&4 [65-69].
Telomeric shortening in PCs leads to genera-
tion of progeny that rapidly acquire the senes-
cent phenotype involving a progressive increase
in the size of the cell (up to a critical volume
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beyond which myocyte hypertrophy is no
longer possible), deficits in the electrical, Ca**
cycling, and mechanical properties, and cell
death. Cardiac myocytes with senescent and non-
senescent phenotypes already coexist at young
age [69]. However, aging limits the growth and
differentiation potential of PCs, thus interfering
not only with their ability to sustain physiologi-
cal cell turnover but also with their capacity to
adapt to increases in pressure and volume loads
[65, 68].

Concentration of NE (M)

transient indexed by INDO-1 fluorescence in presence of
increasing dose of NE in three ages of rat. (d) Average
contractile amplitude responses to norepinephrine in 3 age
groups. (Adapted from Xiao R-P, Tomhave ED, Wang DJ,
Ji X, Boluyt MO, Cheng H, Lakatta EG, Koch WJ. Age-
associated reductions in cardiac f1- and pf2-adrenoceptor
responses without changes in inhibitory G proteins or
receptor kinases. J Clin Invest 1998; 101:1273-1282)

A loss of PC function can result in an imbal-
ance between factors enhancing oxidative stress,
telomere attrition, and death and factors promot-
ing growth, migration, and survival. Recent find-
ings suggest a preeminent position of insulin-like
growth factor-1 (IGF-1) among factors that can
partly overcome cardiac cellular senescence.
Specifically, cardiac-restricted overexpression of
IGF-1 in transgenic mice has been shown to
delay the aging myopathy and the manifestations
of HF [26] and to restore SERCA2a expression
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Table 21.4 Alterations in experimental cardiac myocyte
hypertrophy and normal aging

Gene expression
SR Ca** ATPase

Hypertrophy Aging

Na—-Ca*™ exchanger

Calsequestrin

Y
Y

Phospholamban
a-Myosin heavy chain

B-Myosin heavy chain

S

B-Tropomyosin

®

Skeletal a-actin

Atrial natriuretic factor

S

Proenkephalin

B, receptor
Fibronectin
Type I collagen
Type 111 collagen
Angiotensinogen

Angiotensin converting
enzyme

2D DIIEDIDECEDECEALAD €
DIPIIDEEDIIDIDEDIADE

SR sarcoplasmic reticulum
“Transient changes only

and rescue age-associated impairment of cardiac
myocyte contractile function [51]. The latter
effect was also partly mimicked by short-term in
vitro treatment with recombinant IGF-1 [51].
Furthermore, intramyocardial delivery of IGF-1
improved senescent heart phenotype in male
Fisher 344 rats [67], including increased prolif-
eration of functionally competent PCs and dimin-
ished  angiotensin  Il-induced  apoptosis.
Myocardial regeneration mediated by PC activa-
tion attenuated ventricular dilation and the
decrease in ventricular mass-to-chamber volume
ratio, resulting in improvement of in vivo cardiac
function in animals at 28—29 months of age [67].

More recent studies employing the “C retro-
spective dating of myocytes in the human heart
are controversial and have been interpreted to

indicate that the cell renewal rate is very low [70]
or, conversely, becomes substantially higher with
advancing age [71]. The latter result suggests that
factors that cause excessive cell death, and not a
reduced stem cell renewal rate, per se, are the
predominant cause of a reduced myocyte number
in the aged heart.

Summary

In summary, age per se is the major risk factor
for cardiovascular disease. Elucidation of the
age-associated alterations in cardiac and arterial
structure and function at both the cellular and
molecular levels provides valuable clues that
may assist in the development of effective
therapies to prevent, to delay, or to attenuate the
cardiovascular changes that accompany aging
and contribute to the clinical manifestations of
chronic heart failure. Changes in cardiac cell
phenotype that occur with normal aging, as well
as in HF associated with aging, include deficits in
B-adrenergic receptor signaling, increased gener-
ation of reactive oxygen species, and altered
excitation—contraction (EC) coupling that
involves prolongation of the action potential,
intracellular Ca?* transient and contraction, and
blunted force and relaxation-frequency responses.
Evidence suggests that altered sarcoplasmic
reticulum Ca*" uptake, storage, and release play
central role in these changes, which also involve
sarcolemmal L-type Ca?* channel (LCC), Na*-
Ca?* exchanger, and K* channels.

In spite of the interest in the physiology of
the age-associated changes in cardiovascular
structure and function, however, cardiovascular
aging has remained, for the most part, outside
of mainstream clinical medicine. This is largely
because the pathophysiologic implications of
these age-associated changes are largely under-
appreciated and are not well disseminated in
the medical community. In fact, age has tradi-
tionally been considered a nonmodifiable risk
factor. Policy makers, researchers, and clini-
cians need to intensify their efforts toward
identification of novel pathways that could be
targeted for interventions aiming at retardation
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or attenuation of these age-associated alterations
that occur in the heart and arteries, particularly in
individuals in whom these alterations are acceler-
ated. Translational studies would then examine
whether these strategies (i.e., those targeting
cardiovascular aging) can have a salutary impact
on the adverse cardiovascular effects of acceler-
ated cardiovascular aging. As such, cardiovascu-
lar aging is a promising frontier in preventive
cardiology.
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