PHYSIOLOGICAL REVIEWS
Vol. 73, No. 2, April 1993
Printed in US.A.

Cardiovascular Regulatory Mechanisms in Advanced Age

EDWARD G. LAKATTA

Laboratory of Cardiovascular Science, Gerontology Research Center,
Nuational Institute on Aging, Baltimore, Maryland

L INtrOdUCEION 4ueieiieienereeiensieetotenesoassnsosessessssscsossssesscsansassesesssssssasssssonnassnss 413
II. Integrated Regulation of Cardiovascular FUNCtion ...coveveiiereiiriiiierenereenreceneeseancenneans 414
ITI. Cardiovascular Structure and Function at Rest in Younger and Older Humans ......ocvvaneaet, 416
A, Cardiac SETUCLUI® .uevesnensvseesasssrsesssscsssesossosessssssessossassansssnsssassssonssssoansnss 416

B. Arterial structure and mechanical properties ........cieveiiiiirerniiiiiieriisrinneeesiiienas 417

C. Cardiac filling (diastolic) PropPerties cuveeeeeeeeiiiiertnireareteeeteeiettoereranearosessossosanen 421

D. Systolic myocardial and cardiac pump function at rest c..eeeevesrreenrercesissesrosssassoneans 423

IV. Cardiovascular Response t0 ACULE SEress covuuveiiereriorrosirnsssnsssessssssnnesrassssssossossssse 425
A, OrthosStatic StreSS cuveereeieereestonenneasasisnsrassascessssasusessonsssescnnssesseasnsonsssassns 425

B. Press0Or SEIeSS ouuuurineeriesreeneteeeesaessesassaesssosscssesssnsecseeassosassonsssnnsosessossssnes 426

C. DYDAMIC EXBICISE .eeuieuneaneerssusesssenenuisuosssessosurmsssssasessssssensesssssstssossssasonss 427

V. Sympathetic Modulation of Cardiovascular Funetion ......cceivuiiiiiiiiininnenencaniensrscsnnoess 429
A, INtact OPZANnISIMNS «iuvuetreeaerserrestereessaacasssnssessosssesssssssssssssacsssssscscsossscsssssas 429

B. Isolated tissues or CellS +.uvuveeiriiiiieinirenennesiseistsserosnrececsassosensersessssscasnssnnens 431

C. B-Adrenergic receptor response in chronic heart failure versus that in healthy aging heart.. 436

V1. Aerobic Capacity and AZINE «..veiiiiiuiiiiiinerseteiieetorsnrotssscesssessecssssassscssassssassanss 436
VII. Effect of Chronic Physical Conditioning on Aerobic Capacity in Older Humans ....covvvvannaaae. 438
VIIL. Cardiovascular Structural and Functional Changes With Adult Aging in Animals ............... 440
A, Cardiac SEIUCLUTE . ivuovnnteieitiiaiiearensreesuesssaecensansoessossssssssencacesssssussasasnsnan 440

B. Regulation of cardiac cOntraction ...eeeeeveiresrersssesossesesscsrersssasessosssssassrossonnssce 441

I, POSESCIIPE vuuterraneraesetreesenreorsesoasaessonsorsssessssonssssanssasesssonssssssssnssssssessssnson 453

I. INTRODUCTION

The definition of whether and how advancing age
affects cardiovascular structure and function is a formi-
dable research endeavor because other factors that co-
vary with age, i.e., life-style, e.g., physical fitness or nu-
tritional status, and specific pathophysiological entities
dubbed as “diseases,” have a substantial impact on the
cardiovascular system. Thus, while an extensive litera-
ture describes how cardiovascular function differs in
older versus younger individuals, confusion often arises
in the interpretation of these data because of a failure to
acknowledge, or to control for, interactions among age,
disease, and life-style (Fiig. 1). The effects of some types
of disease on cardiovascular function in humans may
not be recognized, particularly occult coronary artery
disease; while 60% of male individuals aged 60 plus who
die from all causes have 75-100% narrowing of at least
one major coronary artery (122), only 15-20% manifest
clinical symptoms (238). Although recent studies have
employed more rigorous screening techniques to detect
and exclude older individuals with occult coronary ar-
tery disease, the “perfect aging study,” one that com-
pletely controls for both disease and life-style varia-
tions, has yet to emerge. Even in the absence of the con-
founding influences of disease and life-style, the rate of
“true” aging of an organ system such as the cardiovascu-

lar system may vary from one individual to the next.
Thus, even when experimental measurements differ
among younger and older individuals, age does not
usually account for all or even a majority of the total
variance in the data.

Various aspects of study design also complicate the
interpretation of measurements seeking to address the
issue of how age impacts on cardiovascular regulatory
mechanisms. Cross-sectional studies, i.e., those in which
different individuals of varying age are compared, nei-
ther quantify nor control for life-long habits of nutri-
tion, exercise, or other birth cohort effects. While a lon-
gitudinal study design (one in which repeated measure-
ments are made within the same individual at different
parts of the life span) intuitively appears to be superior
to the cross-sectional approach, the advantage is more
often apparent than real; the development of occult dis-
ease or changes in life-style, e.g., due to popular educa-
tion regarding dietary lipids, body weight, or smoking,
still eonfounds the longitudinal characterization of a
“pure” age effect. Additionally, changes in methodology
or of investigators over long periods of time required to
complete longitudinal studies, and substitution of tech-
nology (even though novel techniques usually enable
more meaningful measurements) have proven to be
practical impediments to the lengitudinal approach.

“Aging” is a rather nonspecific term that has been
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FIG. 2. Multiple interdependent factors regulate cardiac output.
|From Lakatta (280).]

issue of how these mechanisms are affected by age. Car-
diac output is regulated by multiple mechanisms, the
macroscopic descriptors of which include the heart rate
and factors that affect stroke volume (SV), i.e, the
quantity of blood that fills the heart before excitation
(“preload”), the mechanical load encountered following
the onset of contraction (“afterload”), the intrinsic
myocardial contractile properties (“contractile” or “ino-
tropic” state or level of effectiveness of excitation-con-
traction coupling), and coronary flow (Fig. 2). Each of
these factors is subject to autonomic modulation, which
forms the basis of many cardiovascular reflexes. Each
of the factors in Figure 2 has determinants at multiple
levels (Table 1). For example, determinants of afterload
at the cardiovascular system level are vascular and
blood properties, at the ventricular level are pressures
and volumes, at the muscle level are fiber length and
load, at the myocyte level are sarcomere length and
load, and at the molecular level are the conformation of
the contractile proteins and the extent of Ca?" binding
to the myofilaments during contraction. Thus the
“changing face” of the categories in Table 1 and Figure 2
must be kept in mind when utilizing these simplified
terms (291).

When physiologists had initially begun to discover
these factors, they were often described as independent
determinants of cardiovascular function. But, as indi-
cated in Figure 2, these factors are highly interdepen-
dent. Consider, for example, interactions among pre-
load, afterload, and myocardial contractile state. The
preload or end-diastolic volume (EDV) reflects the abil-
ity of blood to return from the venous system and of the
heart to fill with blood and is thus a determinant of the
SV. The cardiac volume at end diastole and throughout
the cardiac cycle is a determinant of instantaneous sys-
tolic ventricular wall stress (via Laplace’s law). Because
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the systolic wall stress determines the afterload, the
cardiac volume at end diastole and throughout systole is
a determinant of the afterload. In addition to this car-
diac afterload, the arterial impedance adds another com-
ponent to the total ventricular afterload. This afterload
component is determined by the peripheral vascular re-
sistance (PVR) and the elastance and pulse-wave reflec-
tion characteristics of the large arteries and, in part, is
linked to the arterial pressure. Because the EDV is a
major determinant of SV, it also indirectly regulates the
vascular afterload via the SV effect on arterial pressure.
Because preload modulates both the ventricular wall
stress and arterial pressure (via SV), it too is a determi-
nant of the end-systolic volume (ESV) (405). The ventric-
ular wall thickness is also a determinant of ventricular
wall stress. Chronic changes in aftericad lead to
changes in ventricular wall thickness; increases or de-

TABLE 1. Some determinants
of cardiovascular performance

Cardiovascular system properties
Ventricular properties
Pericardial properties
Arterial properties
Venous properties
Blood properties (i.c., volume and rheologic properties, including
viscosity)
Body position
Intrathoracic pressure
Heart rate
Cardiac ventricular properties
Myocardial properties: length dependent (i.e., preload- and
afterload-dependent fiber orientation)
Activation sequence
Coronary vascular properties: preload system, autonomic system,
and afterload
Afterload system properties: arterial properties, ventricular size,
and blood density
Preload system properties, blood volume, and body position;
autonomic tone and intrathoracic pressure
Valves: preload and afterload
Intrachamber communication: loading, activation autonomie, and
fiber orientation
Cardiac muscle properties
Myocyte properties
Nonmyocyte properties
Nutrient supply and waste removal
Cell length: pre- and postexcitation
Collagen strain
Cardiac myocyte properties
Myofilament properties
Excitation properties
Myofilament activation
Sarcomere length
Cross-bridge number
Cross-bridge activation
Intracellular skeleton
Organelle phosphorylation (e.g., protein kinase or calmodulin
kinase)
Oxygen and substrate supply
ATP production

A quantitative description of cardiovascular function would re-
quire a polynomial equation with at least as many terms as the num-
ber of factors listed above. Simultaneous measurements of these fac-
tors would be required to define the contribution of each at a gvien
moment and under many diverse physiological and pathological con-
ditions. [Adapted from Lakatta and Maughan (291).]
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creases of wall thickness enable the proper matching of
ventricular and arterial impedance. In this regard, car-
diac function, in an adaptative sense, modulates cardiac
structure!

The actual EDV is not the only important aspect of
the preload; the extent to which blood filling the heart
stretches the myocardial fibers, which is determined by
the EDV and myocardial compliance characteristics, is
also critical because this is a determinant of the extent
of Ca®* activation of myofilament proteins before con-
traction and thus a regulator of the myocardial contrac-
tile state. When myocardial fibers shorten, Ca®" is re-
leased from the myofilaments, i.e., they become “deacti-
vated.” As the afterload modulates the extent to which
cardiac fibers shorten, it also affects the instantaneous
myocardial contractile state. The myocardial contrac-
tile state (in conjunction with the arterial impedance)
determines the ESV and modulates the SV and is thus a
determinant of arterial pressure.

Additional interactions among the factors de-
seribed in Figure 2 are also apparent. The heart rate
affects the preload via its effect on the diastolic filling
time. The heart rate also modulates the myocardial con-
tractile state via its effect to alter myocardial cell Na*
and Ca?” loading. An increase in cell Na* or Ca®?* leads to
more complete contractile activation during systole.
The heart rate, via its effect on the myocardial contrac-
tile state, also modulates the ESV and thus the SV and
ejection fraction. Each of the factors in the Figure 2 also
modulates coronary flow, and the latter affects each of
the factors.

Neurohumoral control is implicated in many of the
interactions discussed above. The autonomic modula-
tion of the factors depicted in Figure 2 is the major com-
munication link between nervous and ecardiovascular
systems. Preload modulates the heart rate via the low
pressure (atrial) baroceptor reflex (468). Because the
preload is a determinant of SV, which, in part, deter-
mines arterial pulse pressure, the preload is also a deter-
minant of the high pressure (aortic) baroceptor reflex
and modulates heart rate on this basis. The balance of a-
and $-adrenergic and cholinergic tone modulates both
the myocardial contractile state and the arterial smooth
muscle tone and vascular afterload, and thus modulates
the ESV and ejection fraction via both the myocardial
and vascular mechanisms. While - and §-adrenergic
and cholinergic autonomic activation have been rela-
tively well characterized, recent evidence suggests that
additional neuropeptides, e.g., enkephalins, peptide Y,
calcitonin gene-related product, atrial natriuretic fac-
tor, endothelin, and angiotensin, affect vascular and car-
diac cell function; thus the effects of these peptides also
need be considered as part of what has been referred to
as the “neurohumoral regulation” of 1) myocardial per-
formance; 2) the stiffness of large arteries and the tonus
of resistance vessels, and thus arterial pressure and af-
terload; 3) venous tone and thus venous return and pre-
load; and 4) the heart rate. The influences of still addi-
tional factors, e.g., endothelial-derived relaxing factor
(EDRF) and ATP, on cardiac and vascular cell functions
also need to be considered.
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Ideally, in describing an effect of age on cardiovas-
cular regulatory mechanisms, the contributions of each
of the above interactions on overall function need to be
elucidated. While a few of these mechanisms have been
studied with respect to aging, most have not. However,
measures of cardiovascular structure and overall fune-
tion in individuals of younger and older ages do point to
some rather interesting age-associated changes, al-
though it is sometimes not apparent whether these
changes are degenerative or adaptive.

I11. CARDIOVASCULAR STRUCTURE AND FUNCTION
AT REST IN YOUNGER AND OLDER HUMANS

A. Cardiac Structure

Autopsy data from several thousand human hearts,
unselected for health or disease status, showed that in
subjects aged 30-90 yr, the heart increases in mass by an
average of 1 g/yr in men and 1.5 g/yr in women. During
this time the ratio of heart weight to body weight also
increases (313). More recent autopsy analyses of hearts
without coronary disease have found an increase with
age in heart mass, indexed to body mass, only in women
(255). In both sexes the interventricular septal thickness
increases more with aging than does the left ventricular
(LV) free wall thickness (255). Left ventricular mass
may decrease in the very old (80-100 yr of age) (535),
perhaps because an extremely sedentary life-style of in-
dividuals surviving to this age is accompanied by re-
gression of cardiac mass; conversely, an increase in LV
mass may never have accompanied aging in these long-
lived individuals.

During the life span, the effect of age on heart size
and mass has been assessed by chest X-ray, echocardiog-
raphy, and gated blood-pool scans. In cross-sectional
studies, the cardiothoracic ratio, assessed from the
chest X-ray, has been found to increase or not to change
with age (490). An increase in the cardiothoracic ratio in
men is due to an increase in cardiac diameter and in
women to a reduction in thoracic diameter. In contrast,
longitudinal studies consistently report that the heart
size on chest X-ray increases with age between 60 and 98
yr of age (125, 392). Some cross-sectional studies of sed-
entary volunteer subjects without disease indicate that
both the end-diastolic and end-systolic LV wall thick-
ness and estimated L'V mass, measured via M-mode (1-
dimensional) echocardiography, increase progressively
with age in both sexes (169, 171, 466, 472, 501). Other
studies using M-mode echocardiography have found
only a minor increase in LV mass with age in healthy
women and no change in healthy men (88). It need be
noted that M-mode echocardiography samples only a
single small area of the LV posterior wall or ventricular
septum and extrapolates this to represent the global LV
thickness; LV mass is then estimated assuming a con-
stant ventricular geometry at all ages. The LV cavity
size at end diastole and end systole measured in the
semisupine position by two-dimensional echocardiogra-
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phy or in the sitting position by gated cardiac blood pool
scans of technetium-labeled red blood cells (see Fig. 5)
increases moderately with age in healthy, normoten-
sive, sedentary men but does not vary with age in
women (145, 417, 523). A marked reduction in LV cavity
volume observed in an extremely small number of older
individuals, particularly women (241, 516), is thus an
exception to the rule and is likely associated with clini-
cal arterial hypertension (232). An increase in heart
mass with aging, for the most part, is due to an increase
in the average myocyte size (520). In some older, appar-
ently healthy individuals in whom LV mass deecreases
with age (371), cardiac myocyte enlargement occurs con-
currently with an estimated decrease in myocyte num-
ber. An increase in the amount and a change in physical
properties of collagen (due to altered cross-linking) also
occurs within the myocardium (for review, see Ref. 172).
However, the cardiac muscle-to-collagen ratio remains
constant or inereases in the older heart (371). Myocar-
dial lipofuscin increases with aging (496), but this is of
no known functional significance. Additionally, some
forms of amyloid protein can be found in the heart of
about one-half of individuals over 70 yr of age, the fre-
quency increasing sharply with increasing age (292).
About one-half the cases have only minor quantities of
amyloid, confined to the atria. Whether the cardiac
form of amyloid can strictly be considered a feature of
“normal” aging is debatable, since it is not an invariable
finding, even in centenarians. The type of amyloid accu-
mulation in primary cardiac amyloidosis, i.e., that asso-
ciated with atrophy of the myofibers and a firm, large,
waxy heart, is not a feature of cardiac amyloid deposi-
tion in healthy older individuals (292).

In summary, aging between 20 and 80 yr appears to
be associated with a modest increase in LV wall thick-
ness, due mainly to an increase in the size of cardiac
myocytes. The increase in heart mass with aging is ex-
aggerated by coexisting disease (coronary artery or hy-
pertension) and is substantially influenced by life-style
(physical fitness).

B. Arterial Structure and Mechanical Properties

1. Arterial stiffness and pressure

Table 2 summarizes the changes in arterial struc-
tural and functional properties with aging. Both in vitro
and in vivo studies have indicated that the stiffness of
large arteries increases with age (13, 21, 25, 29, 45, 110,
159, 179, 204, 279, 300, 355, 403, 404, 410, 475, 552). Vascu-
lar stiffness can be quantified in terms of its elastic
modulus. In autopsy samples a circumferential static
elastic modulus, derived by exerting circumferential
strain, i.e., by increasing the volume in a isolated aortic
segment at 100 mmHg, increased from 10 kg/em? at age
20 yr to 42.5 kg/cm? at age 85 yr (29). In another in vitro
study, the static circumferential modulus of the human
aorta was found to increase from 7.5 X 10° dyn/em? in
persons younger than 35 yr of age to 16.6 X 10° dyn/cm?
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TABLE 2. Arterial changes with aging

Changes in arterial geometry and structure with aging
Dilatation of the aorta and large arteries
Increase in arterial wall thickness
Increase in number of collagen fibers in the arterial wall
Decreased glycoprotein content and increased mineralization (Ca,
PO,) of elastin
Functional changes in arteries
Increased arterial stiffness, manifest as an increased elastie
modulus of the arteries and increased arterial pulse-wave
velocity
Increased arterial wall tension
Increased peripheral resistance
Alterations in arterial pressure and impedance
Increase in systolic pulse pressure
Increased mean arterial pressure
Increase in absolute amplitude of wave reflections
Decreased amplification of the pressure pulse between the
ascending aorta and the peripheral arteries, due, in part, to
reflected pulse waves
Alteration in aortic input impedance spectra
Increase in characteristic impedance
Increase in maximum-minimum impedance moduli
Shift of impedance modulus minimum and phase crossover to
higher frequencies
Mismatch between aortic input impedance and energy of left
ventricular ejection wave
Increased systolic pressure time index

[Modified from Nichols et al. (359).]

in aortas from persons older than 35 yr (36-52 yr) of age
(300). In vivo studies indicate that the pressure-strain
moduli of both the aorta and pulmonary artery, mea-
sured during cardiac catheterization, increase with age
(179). The carotid artery distensibility coefficient and
cross-sectional compliance, measured noninvasively via
a multigated pulsed Doppler system, decrease with age
between 20 and 80 yr of age (408, 404). The age-asso-
ciated increase in arterial stiffening is reflected in an
increase in the pulse-wave velocity (Fig. 34) with aging
(24, 45, 142, 159, 204, 521, 552).

The age-associated increase in arterial stiffness is
thought to result from a diffuse process that occurs in
the vessel wall and cannot readily be explained on the
basis of the highly prevalent vascular disease atheroscle-
rosis in older individuals (110, 159, 204, 299, 355). While
the total mucopolysaccharide content (“ground sub-
stance” of the interstitial matrix) is unaltered with ag-
ing, chondroitin sulfate and heparin sulfate increase
and hyaluronate and chondroitin content decrease (240).
The alterations in stress-strain curves of aged vessels in
vitro have been interpreted to be consistent with a rela-
tive loss of elastin and an increase of collagen (410), and
chemical analysis indicates that this is the case (129). A
change in the distribution of unstretched collagen may
also oceur with age, and it has been proposed that age-
associated changes involve a decrease in the coiling and
twisting of molecular chains and a reduction in effective
chain length (202, 252). With maturation and aging the
glycoprotein component of elastin fibrils decreases and
eventually disappears (411), elastin (in rats) becomes
frayed (547), and its Ca?* content increases (299). The
increased mineralization (CaZ?*, phosphorus) of elastin
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FIG. 3. A: mean brachial arterial aortic pressure and aortic pulse-wave velocity in 2 Chinese populations (25)
selected without respect to arterial pressure (i.e., clinical hyperiensives included) and in a North American study
population, the Baltimore Longitudinal Study of Aging (BLSA), in which hypertensives (blood pressure >140/90
mmHg) were excluded from analysis (521). B: augmentation index of carotid artery pressure pulse in healthy individ-
uals, measured in an applanation tonometry. Augmentation index is defined as the ratio of AP/PP (%), where AP is
the pressure difference from the shoulder to peak and PP is pulse pressure. O, Population included mild hyperten-
sives. [From Kelly et al, (247).] ®, Population excluded clinical hypertensive (blood pressure >140/90 mmHg). [From
Vaitkevicius et al. (521).] C: hypothetical aortic input impedance spectra. Top tracing: impedance modulus values
decline from a high value at 0 Hz (peripheral vascular resistance) to a minimum at ~3.5 Hz. This is approximately
the same frequency at which phase crosses 0 (bottom tracing). Negative phase values indicate that flow harmonics
lead pressure harmonics; positive phase values indicate that flow harmoniecs lag pressure harmonics. Impedance
moduli oscillate around a characteristic value (Z, average of moduli >2 Hz) because of wave reflections. A wave
reflection index can be calculated as the difference between maximum and minimum impedance moduli. [From
Nichols et al. (359).] D: aortic input impedance spectra and flow modulus versus frequency in a young subject and an
elderly subject. [From Nichols et al. (358).] £ characteristic aortic impedance increase with age. [From Nichols et al.
(358).]
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with inereasing age is associated with an increase in the
content of more polar amino acids (453). In addition to
structural properties, arterial stiffness in vivo is deter-
mined by vascular smooth muscle (VSM) contractile
tonus, which is controlled, in part, by neurohumoral fac-
tors, e.g., catecholamines and angiotensin (382, 402, 424,
460, 511). Vascular tonus is regulated, in part, by VSM
cell Ca?* balance. That the increased arterial stiffness in
older patients with cardiomyopathy can be reduced by
the vasodilator nitroprusside and that this effect is
greater than that in younger individuals (65) suggest
that a component of the increased in vivo arterial
stiffening with aging may be due to augmented VSM
tone.

Changes in the arterial stiffness characteristics
with aging are accompanied by an increase in arterial
diameter and wall thickness in both humans and rats
(77, 547). The mean systolic internal radius of the as-
cending aorta in humans increases 9% per decade over
the age range of 20-60 yr (358). In rats the average num-
ber of nuclel in the aortic wall decreases with aging (77)
similar to that in the myocardium in humans, as noted
above. It has been estimated that the thoracic aorta pro-
vides about one-half of the total blood volume buffering
capacity of the arterial system (29), i.e., one-half of the
SV is stored in the aorta. It has been observed that up to
the age of 60 yr the aortic buffering capacity is not mark-
edly decreased by the increased aortic wall stiffness be-
cause the concomitant increase in aortic volume accom-
modates a given volume injected into it with less change
in radius (475). Thus the volume elasticity (change pres-
sure for a given volume change) measured in vitro shows
no age-associated changes up to ~60 yr, likely reflecting
the large increases in aortic volume up to that age (29).
However, beyond that age the volume elasticity mark-
edly decreases (29). As the aorta stiffens with age, less
diastolic aortic recoil occurs and results in a decreased
aortic contribution to forward flow. Age-associated
changes also oceur in the more peripheral vessels (52, 62,
297, 410) though the increase in diameter of these ves-
sels with age is less, and the increase in wall thickness
with age is greater than that of the aorta (410). In indi-
viduals who have no symptoms of peripheral vascular
disease, the pressure-strain elastic modulus of the femo-
ral artery, measured noninvasively via an ultrasonic
tracking system and auscultatory pressure, increases
greater than twofold with aging (347), although consid-
erable variation occurs within and among age groups.

It has been suggested that an increased aortic
pulse-wave velocity with aging (due to increased aortic
stiffness) causes waves reflected from peripheral sites
to the ascending aorta to occur at an earlier time (dur-
ing the ventricular ejection period). Reflected pulse
waves merge (or sum) with the incident (or forward)
waves generated by LV ejection and influenece the con-
tour of measured pressure and flow waves (344, 352, 353,
358, 359, 376). Characteristic changes of the pressure
pulse contour with age have been widely described (110,
159, 247, 352, 353, 358, 377, 521) and include a large sec-
ondary systolic wave in older individuals (Fig. 3B) and
disappearance of the diastolic pressure wave (377). The
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duration of the dicrotic wave, which is also related to
arterial stiffness and correlated with the pulse-wave ve-
locity, as measured from a piezogram of the carotid
pulse, also decreases with age (279). These altered fea-
tures of the central arterial pulse pressure have been
attributed to early reflected pulse waves (376). Thus
early reflected pulse waves are the primary determi-
nant for the long-recognized increase in systolic (Fig.
5F) and pulse pressures with aging (239, 339, 352, 353,
558, 376). It has been suggested that changes in the pres-
sure pulse contour of central arteries are related not
only to the stiffness properties of the large vessels, but
apparently also to the properties of the small resistance
vessels that determine the PVR. Thus amplification of
the late systolic peak in the pressure pulse contour is
produced by agents that increase PVR, e.g., angiotensin,
and amplification is reduced by vasodilator drugs, e.g.,
amylnitrate, presumably by dilatation of smaller arter-
ies (140, 248). There is mounting evidence that age-asso-
ciated increases in arterial stiffness and pressure can be
modified by life-style and diet. The NaCl dependence of
arterial pressure increases with age (185, 252, 540). The
rate at which the aorta stiffens with age, as manifest by
the pulse-wave velocity increase, differs in two Chinese
populations (27) that differ in exercise and dietary hab-
its, particularly with reference to the amount of NaCl
ingested (Fig. 34). In a study population advised to in-
gest low quantities of NaCl (44 mmol/24 h) for an aver-
age period of 2 yr, the expected age-associated increases
in aortic, arm, and leg pulse velocities did not occur (26).
It has been observed that age-associated increases in
pulse-wave velocity or carotid pressure pulse late aug-
mentation are blunted in exercise-trained older athletes
(190, 521). Additionally, it has recently been shown in a
healthy sedentary study population of a broad age range
that arterial stiffness varies inversely with aerobic ca-
pacity. This inverse relationship between arterial stiff-
ness and aerobic capacity occurred over and above the
effects of age to increase the former and decrease the
latter (521).

The stiffening of the large arteries, with its concom-
itant increase in pulse-wave velocity, in addition to
causing a late increase in systolic pressure due to earlier
reflected pulse waves, ought to lead to a reduction in
diastolic pressure (because the reflected pulse wave
usually returns after aortic valve closure and contrib-
utes to the diastolic pressure) (377). Because this has not
routinely been observed, it has been suggested the PVR
increases with age. In individuals with clinical hyper-
tension it has indeed been well established both in
cross-sectional and longitudinal studies that PVR in-
creases with age (245, 322, 340, 341). However, a great
deal of heterogeneity in PVR is observed among normo-
tensive individuals with aging (46, 145, 234). In healthy
sedentary men, PVR, calculated in the sitting position
at rest, does not increase with age (see Fig. 5G). Mecha-
nisms that underlie this heterogeneity in the extent to
which the PVR is increased in older individuals are not
presently well defined but include wide variations of ba-
sal cardiac output and heterogeneities among older indi-
viduals in the age-associated decreases in skeletal mus-
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cle mass, basal metabolic rate, and capillary density.
Although renal blood flow per gram decreases progres-
sively after the fourth decade (cortical flow decreases to
a greater extent than medullary flow; Ref. 312), the de-
cline is due to renal vasoconstriction and not attribut-
able to a reduced cardiac output (90). Thus, while the
nature of this increase in renal vascular resistance with
aging is incompletely understood, there is presently no
conclusive evidence that renal ischemia is a cause of the
age-associated changes in renal structure or of the in-
crease in PVR in some elderly normotensives.

In summary, arteries increase in diameter and wall
thickness with aging, and these changes are associated
with an increase in arterial wall stiffness and a reduc-
tion in volume elasticity. The extent to which these
changes oceur with aging appears to be modified by diet
(reduced NaCl intake) and physical conditioning. The
PVR, in contrast, does not markedly increase with aging
in healthy normotensive individuals.

2. Artertal itmpedance

The relationship between the steady and pulsatile
components of flow and the resulting pressure wave in
the aorta defines the aortic input impedance. The imped-
ance modulus (the ratio of oscillatory pressure and flow)
is usually considered in the frequency domain, i.e., as
the power specirum of the pressure-flow relation (Fig.
30C). The zero frequency impedance modulus (the PVR)
is the opposition to steady flow, and the average of im-
pedance moduli of the frequency-dependent terms
above those that encompass the heart rate, referred to
as the characteristic aortic impedance, is the opposition
to pulsatile flow (376, 377). Fluctuations of the imped-
ance modulus about this mean level are determined by
reflected pulse waves. The phase relationship between
flow and pressure waves varics with frequency. Aging is
associated with an increase in the characteristic aortic
impedance (Fig. 3E), greater fluctuations about the
mean value (Fig. 3D), and a shift of the characteristic
impedance spectrum with the minimum impedance mod-
ulus and the pressure flow phase crossover occurring at
higher frequencies (358, 359, 377). An increase in the
PVR (the zero-frequency impedance term) occurs in
some but not all study populations with aging (see Fig.
5G). It is noteworthy in this regard that increases in
aortic stiffness and characteristic aortic impedance can
occur in the absence of a substantial increase in PVR

(65, 145, 360, 417).

3. Ventricular vascular interactions

The interplay of age-associated cardiac and vascu-
lar changes is depicted in Figure 4. Age-associated
changes in the structure, size, and reactivity of the arte-
rial bed affect myocardial performance by their contri-
butions to the vascular impedance to LV ejection. Be-
cause pulsatile ascending aortic pressure and flow fluc-
tuate around mean values, the total arterial load the LV
must overcome to eject blood includes several compo-
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nents: frequency-dependent dynamic elastic compo-
nents related to the characteristic aortic impedance
(Fig. 3D), reflective components related to reflected
pulse waves (Fig. 3, B and E), as well as frequency-inde-
pendent static-resistive components determined by
PVR (359). In other words, the LV load is affected not
only by aortic distensibility and arteriolar caliber but
also by reflected waves from arterial reflecting sites.
Changes in these components individually or in any com-
bination affect ventricular ejection and function (123,
361, 362, 498). Properties intrinsic to the aorta permit
the characteristic aortic impedance to be least over a
range of frequencies (~38-7 Hz) (Fig. 3C) in which the
energy of the flow wave is greatest, and this favorable
matching permits pulsatile ejection of blood to occur at
a minimal energy expenditure, i.e., only ~10% of total
ventricular work (377). Chronic abnormalities in aortic
distensibility such as those associated with advancing
age, as described above, create a chronic mismatch be-
tween ventricular ejection and aortic flow energies
(376). It has been suggested that earlier wave reflection
in older individuals, caused by increase in pulse-wave
velocity due to arterial stiffening (377), would be ex-
peeted to increase the LV hydraulic load more than
would an increase in characteristic impedance alone
(359, 376, 377). In any event, the increase in arterial
stiffness and PVR, when this occurs, with aging (358),
and their effect to change the aortic impedance spec-
trum result in an age-associated increase in vascular
loading of the heart (358, 359).

The increased vascular loading of the myocardium
with aging appears to be a major cause of the increase in
cardiac myocyte size that occurs with aging (371, 520),
leading in some older individuals to an increase in LV
wall thickness (169, 171, 466). Stroke work index, mea-
sured as the product of arterial pressure and SV index,
increases with age in normotensive men (145, 417), due
largely to the increase in systolic pressure, but in some
older individuals, in part, to an increase in SV as well
(see Fig. 5, A and F). When measurements from normo-
tensives and hypertensives of a given age range are ana-
lyzed concurrently, the aortic elastic modulus and
cardiac mass index are highly correlated (221). Addi-
tionally, in hypertensives a reduction in arterial
distensibility correlates with the increase in LV mass-
to-volume ratio, i.e., to an increase in ventricular wall
thickness (44, 424). Left ventricular cardiaec mass esti-
mates via ultrasound are more closely related to arterial
pressure recorded in the patient’s natural setting dur-
ing normal activity or exercise whether measured by
portable recorder or home monitor than to blood pres-
sure measured by a physician (99, 472). In pondering the
assoclation between peripheral arterial pressure and
heart mass, which is influenced by the aortic pressure, it
is important to recall that the amplification of arterial
pressure from the aorta to peripheral arterial sites that
normally occurs in younger individuals does not occur or
is markedly blunted in older individuals (359, 376).
Hence, identical brachial arterial pressures (Fig. 34 or
5F) measured in a younger and an older individual indi-
cate a higher aortic pressure in the older individual.
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FIG. 4. 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 structural
and functional alterations that maintain cardiac function. LV, left ventricular. [Modified from Lakatta (284).]

Theoretically, an acute increase in vascular imped-
ance is accompanied by an acute reduction in SV. This
has been observed experimentally (377). A chronic re-
duction in SV has also been observed in some older ver-
sus younger individuals in whom aortic impedance has
been quantified (358). In contrast, other studies in
which arterial stiffness, pulse-wave velocity, and sys-
tolic arterial pressure (and presumably aortic imped-
ance) increase with age (Figs. 3, A and B, and 5F) indi-
cate that resting SV is preserved in older men, as is the
ejection fraction (Fig. 5, A and C). Thus a normal SV and
ejection fraction (at rest) can be maintained in the pres-
ence of aortic stiffening in some older men. Preserva-
tion of SV is enabled via chronic myocardial adapta-
tions, which include a mild augmentation of cardiac size
at end diastole (Fig. 54) and modest myocardial wall
thickening to reduce wall stress, and prolonged Ca®* ac-
tivation of the myofilaments (see sect. vIILIB). It is note-
worthy that in male members of a healthy community-
dwelling population both the LV wall thickness (171)
and EDV (147, 417) increase with age, possibly indicat-
ing that an increase in LV wall stress that would be
expected to occur on the basis of LV dilatation and in-
creased systolic pressure is minimized in these individ-
uals.

C. Cardiac Filling (Diastolic) Properties

Early LV filling begins as ventricular pressure de-
creases below that in the atrium and continues during
the cardiac diastole with a further evolution of atrioven-
tricular (AV) pressure gradient. The stiffness of the ven-
tricular myocardium is a determinant of the ventricular
pressure and thus of the AV pressure gradient. The ini-
tial ventricular pressure reduction is due to relaxation
of myocardial fibers from the prior systole. While this
relaxation begins before ventricular filling, i.e., during
the isovolumic relaxation period, it continues to occur
following opening of the mitral valve (during the early
LV filling period). Thus, while ventricular stiffness
(more often referred to as compliance, i.e., the inverse of
stiffness) is often thought to reflect the passive (struc-
tural) properties of the myocardium during the early
filling period, the ventricular stiffness is due, in large
part, to the extent of the declining Ca®?*-dependent myo-
filament interaction. Thus both active, i.e., Ca?" depen-
dent, and structural mechanisms likely regulate the
rates of ventricular pressure decay and early filling.
Ventricular stiffness or compliance is most often mea-
sured as the end-diastolic pressure-volume relation. De-
spite the popular notion that LV compliance decreases
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with aging, this parameter, in fact, has not been mea-
sured in healthy humans, since simultaneous measure-
ments of pressure and volume have not been made.
Whether the atrial or LV pressures during the early
filling period or at end diastole differ in healthy younger
and older individuals is also presently unknown.

The time course of isovolumic myocardial relax-
ation, measured noninvasively as the time between aor-
tic valve closure and mitral valve opening, becomes pro-
longed (40% increase) with aging in both men and
women (201, 321, 479). The peak rate at which the LV
fills with blood during early diastole is markedly (50% )
reduced with aging between the ages of 20 and 80 yr in
both healthy men and women, as shown by muitiple
studies utilizing echocardiography, echo-Doppler, or ra-
dionuclide techniques (20, 42, 74, 171, 256, 264, 271, 341,
473, 479, 502, 530). Asynchrony of relengthening among
ventricular segments increases with aging and contrib-
utes to the reduction in filling rate (42). In hyperten-
sives the decrease in the early ventricular filling rate

varies directly with the isovolumic relaxation time
(474). After Ca®* channel blocker treatment in older hy-
pertensives, increases in LV peak filling rate were ac-
companied by reductions in LV mass (445). In a small
study sample in which neither systolic arterial pressure
nor LV wall thickness increased with age, the pulmo-
nary capillary wedge pressure, an index of the LV end-
diastolic filling pressure, was still observed to increase
with age, and a marked reduction of early filling rate
occurred in the older individuals (256). This suggests
that the early LV filling deficit that accompanies aging
may not be directly related to an increase in LV wall
thickness. Life-style variables, e.g., physical activity
and ethanol, affect the LV filling rate measured via
Doppler techniques in younger individuals (530). How-
ever, the peak LV early filling rate measured by radionu-
clide imaging or by echo-Doppler techniques does not
differ between older endurance-trained athletes and
age-matched sedentary controls (156, 444).

Regardless of the uncertainties and the likely multi-
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factorial nature of the reduction in the LV early dia-
stolic filling rate with aging, the LV EDV at rest is not
reduced in older healthy individuals (145, 293, 416, 417);
in fact, it increases with age in men (Fig. 54). The re-
duction in early filling rate does not result in a reduced
EDV, in part, because greater filling occurs later in
diastole, particularly during the atrial contraction (20,
74, 274, 348, 479, 502). The enhanced atrial contribution
to ventricular filling with advancing age is associated
with left atrial enlargement (169, 171) and is the basis of
an audible fourth heart sound in most healthy older indi-
viduals (143).

D. Systolic Myocardial and Cardiac Pump Function
at Rest

1. Myocardial contractile properties

Because of the interaction of factors that regulate
cardiac performance (Fig. 2), the intrinsic contractile
behavior of myocardial fibers cannot satisfactorily be
determined in situ. Several noninvasive indexes that
have been proposed to characterize myocardial “contrac-
tility” have essentially fallen by the wayside due to their
nonspecificity. The index of myocardial contractility
that presently shares the limelight as being superior to
others (although under some conditions it is preload de-
pendent) is the trajectory of ESV versus mean arterial
pressure, sometimes referred to as E_,,, derived from a
series of pressure-volume loops measured over a range
of cardiac volumes (425, 426). In noninvasive studies in
humans, a crude index of this trajectory, i.e., the ratio of
end-systolic arterial pressure to ESV is not reduced at
rest with age in either healthy men or women (145).

2. Cardiac volumes and ejection fraction

Overall systolic function of the heart, as a pump, is
best judged from the measurement of the ejection frac-
tion [(EDV — ESV)YEDV]. While blood volume in
healthy men does not appear to change with age (491),
the end-diastolic volume index (EDVI; EDV normalized
for body size) in the sitting position at rest is moder-
ately increased in healthy older versus younger seden-
tary men (Fig. 54) (145). An increase in the resting
heart size with aging has also been observed in the su-
pine position in some (181, 523) but not all (327) other
studies. As noted above, the increases in myocyte size
and LV wall thickness appear to ameliorate the increase
in LV wall tension that would occur due to the increase
in LV EDVI and peak LV systolic pressure with aging.
The resting end-systolic volume index (ESVI) does not
significantly change with aging in healthy men (Fig.
54) (145). In the absence of hypertension, the SV index
(SVI) at rest in the sitting position has been found not to
decrease with age in many studies of highly screened
subjects of a broad age range (145, 212, 394, 417, 538,
562), in contrast to some prior studies (46, 358; and see
Ref. 172 for review). In fact, the resting SVI increases
slightly with aging in men (Fig. 54) (133), and this is
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attributable to the increase in EDVI with age (Fig. 54),
since EDVI and SVI are highly correlated with each
other in healthy individuals (405). Thus, in a study of
young and middle-aged men in whom EDVI was found
not to increase with age at rest in the sitting position
(212), no increase in SVI with age was observed. Addi-
tionally, in healthy women, neither the resting EDVI
nor SVI increases with age, and the ESVI tends to de-
crease slightly (Fig. 54). The ejection fraction at rest is
not altered with aging in healthy men or women (145,
417) (Fig. 5C). The gender differences in cardiac EDVI,
ESVI, and SVI among healthy sedentary individuals
(Fig. 5) may be attributable, in part, to differences in
fitness levels even between sedentary men and women,
since these effects are abolished when the fitness influ-
ence is controlled for in multiple regression statistical
analysis (145), or by a priori matching of younger and
older study subjects for a common exercise capacity
(293).

In contrast to normotensive men, in hypertensive
men SVI has been found to decrease with aging both in
cross-sectional and longitudinal studies (130, 322, 341,
342). An age-associated reduction in EDVI in these indi-
viduals would be a plausible mechanism for the decrease
in SVI in older hypertensives, but no data are available
in this regard. However, in support of this notion, it has
been observed that the reduction in SVI with age in
some hypertensive men in the supine position is abol-
ished when a sitting position is assumed (130).

3. Heart rate and rhythm

With advancing age there is an increase in elastic
and collagenous tissue in all parts of the conduction sys-
tem and fat accumulates around the sinoatrial (SA)
node. Beginning by age 60 yr there is a pronounced de-
crease in the number of pacemaker cells in the SA node,
and by age 75 yr, <10% of the cell number found in the
young adult remains (see Ref. 143 for review). A vari-
able degree of calcification of the left side of the cardiac
skeleton, which includes the aortic and mitral annuli,
the central fibrous body, and the summit of the interven-
tricular septum, occurs. Because of their proximity to
these structures, the AV node, AV bundle, bifurcation,
and proximal left and right bundle branches may be
affected by this process, resulting in so-called primary
or idiopathic heart block. A modest prolongation of the
P-R interval within the normal range (<20 ms) occurs
with aging in healthy individuals and is localized to the
proximal P-R segment, probably reflecting delay within
the AV junction (142). An increase in both supraventric-
ular and ventricular premature beats occurs in older
healthy men and women compared with their younger
counterparts, but this is does not appear to be of clinical
significance (141, 147).

Most cross-sectional studies have indicated that the
supine basal heart rate does not differ among younger
and older individuals (142, 145, 447, 461). Studies of a
large number of rigorously screened healthy individ-
uals, however, indicate that in the sitting position heart
rate decreases with age in both males and females (145,
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447, 461) (Fig. 54). In a longitudinal study, a decrease in
resting heart rate (81 to 60 beats/min) occurred over 30
yr (20). (This was accompanied by a 14-mmHg increase
in systolic arterial pressure, an 18-kg increase in body
weight, and marked changes in life-style and physical
conditioning status.)

Resting heart rate is modulated, in part, by the bal-
ance of sympathetic and parasympathetic tone, with the
latter predominating. The interaction of age and pos-
ture on heart rate as noted above suggests that age-as-
sociated changes occur in mechanisms that regulate
heart rate (see sect. IVA2). The respiratory variation of
the heart rate, which is also determined largely by auto-
nomic tone, is diminished with advancing age (92), as is
the spontaneous variation in heart rate measured over a
24-h period via Holter monitoring (245, 264, 385) or via
spectral analysis (262, 447, 461). In the latter studies the
decreased variation in heart rate with aging wag
thought to result from reduction in both parasympa-
thetic and sympathetic modulation.

Plasma levels of norepinephrine and epinephrine at
rest have been found to increase with age in many (128,
134, 245, 420) but not all studies (151). Blocking only the
sympathetic system at rest with propranolol does not
produce a differential effect with age on heart rate or
LV hemodynamics in healthy men at rest (554). The in-
trinsic sinus node rate, i.e., in the presence of both sym-
pathetic and parasympathetic blockade, is significantly
diminished with age; at age 20 yr, the average intrinsic
heart rate is 104 beats/min as compared with 92 beats/
min in a 45-55 yr age group (233). No data are presently
available for older individuals.

4. Cardiac output

Resting cardiac output, the product of SV and heart
rate, or cardiac index (CI), i.e., cardiac output normal-
ized for body surface area, has been found to be mark-
edly reduced (46, 84), mildly reduced (80, 234, 308, 340,
489, 491), or unchanged (Fig. 5F) in older versus younger
individuals (145, 211, 416, 417). The variability of results
among these studies can be attributed largely to the
differences in the criteria employed for selection of indi-
viduals for study, the number of individuals selected,
the body position during study, the body composition,
and the measurement methods employed. Cardiac out-
put is influenced by the basal metabolic rate and body
composition, both of which change substantially with
age. It has been observed that age-associated declines in
basal metabolic rate are abolished when O, consump-
tion (VO,) is normalized to an index of lean muscle mass
(519). The age range studied also influences the outcome
of cardiac function studies at rest. Close inspection of
the data of one study reporting a marked age-associated
decline in resting cardiac output and also in the ejection
fraction (272) indicates that most of the age effect oc-
curred between the ages of 6 and 20 yr of age. In the
highly screened population of 95 men depicted in Figure
5, the resting CI (Fig. 5£) does not change with age since
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an increase in SVI, due to an increase in the EDVI, com-
pensates for the age-associated reduction in heart rate
(Fig. 5D). In the same study, however, the resting, sit-
ting CI was found to decrease slightly with age in
women, in part due to the absence of cardiac dilatation
at end diastole and its accompanying increase in SVI
(Fig. 5A4). In older hypertensive (322) men, i.e., those in
whom arterial pressure exceeds the clinically defined
upper limits of normal (140/90 mmHyg), CI at rest is less
than in younger hypertensive men and is associated
with a diminution of SVI (322, 340, 341). Part of the
difference in age-associated changes, or lack of change,
of CI in normotensive and hypertensive men may be due
to a greater CI in young hypertensives than in young
normotensive individuals.

For simplicity, blood flow from the heart is some-
times considered as a steady, rather than a pulsatile
phenomenon, and the PVR is derived from the cardiac
output (flow) and the mean arterial pressure (i.e., Ohm’s
law applied to the circulation). The arterial pressure
and PVR in the sitting position in healthy sedentary
men and women of a broad age range is depicted in Fig-
ure b, F' and G. Systolic brachial arterial pressure in-
creases with age at rest in both sexes; mean arterial
pressure increases mildly with age due to the increase in
systolic pressure. Peripheral vascular resistance at rest
in the sitting position is not affected by age in healthy
men but increases with age in women in the same study
population.

The age-associated changes, or lack thereof, in sev-
eral aspects of cardiovascular function at rest in men
are integrated in Figure 4. A unified interpretation of
the eardiac changes observed in Figure 4 suggests that
these are adaptive in nature, i.e., they occur in response
to arterial changes that occur with aging. Arterial
stiffening leads to an enhanced pulse-wave velocity that
produces an augmentation in systolic arterial pressure
due to a late peak. The chronic augmentation in the
pulse pressure causes aortic dilatation; cardiac hyper-
trophy results from an increased aortic impedance and
reflected pulse waves. (Aortie dilatation may, to some
extent, counteract the increase in arterial impedance
due to arterial stiffening.) An increase in PVR may also
contribute to the process in some individuals. Stroke
volume is preserved via ventricular dilatation at end
diastole. An increase in L.V wall thickness moderates
the increase in LV wall tension occurring secondary to
increased vascular loading and the increase in LV EDV.
Increased vascular loading of the heart ought to lead to
premature closure of the aorta valve and to a reduction
in ejection time. However, a prolonged myocardial con-
traction time in older individuals maintains a normal
ejection time in the presence of the late augmentation of
aortic impedance due to early reflected pulse waves. The
prolonged contraction also contributes to the mainte-
nance of SV, ESV, and ejection fraction at rest. Thus in
healthy humans systolic cardiac function at rest is not
much altered by age even though the arterial tree
stiffens and imposes an increased afterload on the heart
(Figs. 4 and 5). The “down side” of prolonged contractile
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activation is that myocardial relaxation time is pro-
longed in older than younger individuals, and at the
time of the mitral valve opening some contractile acti-
vation persists. This is one factor that causes the early
LV filling rate to be reduced in older individuals. Struc-
tural changes and functional heterogeneity occurring
within the LV with aging may also contribute to this
reduction in peak LV filling rate. However, a concomi-
tant adaptation, left atrial enlargement, and an en-
hanced atrial contribution to ventricular filling com-
pensate for the reduced early filling and, in part, main-
tain an increased EDV.

In individuals with hypertension, the same vascular
and cardiac changes observed with aging in normoten-
sives occur at a younger age and in some instances are
exaggerated. The similarities between aging and hyper-
tension are so striking that aging has been referred to as
“muted hypertension,” or hypertension has been re-
ferred to “accelerated aging” (386, 547). According to
the perspectives depicted in Figure 4, changes in the
large arteries, cardiac mass, myocardial relaxation, and
filling parameters in both normotensives with aging
and hypertensives at any age form a continuum. In this
regard a clinical distinction between normotensives and
hypertensives may be somewhat artificial (but clini-
cally useful with regard to risk for cardiovascular mor-
bidity and mortality; Ref. 389). However, some changes
occur with aging in hypertensives that are not observed
in normotensives. In hypertensive men PVR increases
substantially with aging, in contrast to no change in
PVR in normotensive men (Fig. 5G). Thus in hyperten-
sives an increase in PVR elevates diastolic and mean
arterial pressures and plays a greater role in vascular
loading of the heart than in normotensives. In older hy-
pertensive men, resting SVI and CI are not maintained
at the levels measured in younger hypertensive men.

While the cardiac changes in the scheme in Figure 4
are depicted as resulting from increased vascular load-
ing of the heart, a decrease in effective 8-adrenergic
stimulation of both the heart and vasculature occurs
with aging and in hypertension (see sect. v) and may be
implicated in the associated myocardial changes, in
part, via a reduction in the heart rate at rest in the
sitting position and during stress, e.g., routine activities
of daily life or exercise. In addition, potential age-asso-
ciated changes in the level or activity of other “growth
factors” that influence myocardial or vascular cells or
their matrices may have a role in the schema depicted in
Figure 4.

IV. CARDIOVASCULAR RESPONSE TO ACUTE STRESS

Cardiovascular reflex mechanisms become opera-
tive in response to perturbations from the supine basal
state and mediate the utilization of cardiovascular re-
serve functions. The end result of these reflex mecha-
nisms is enhanced blood flow and preservation of arte-
rial pressure within selected body organs. A change in
blood flow from the heart depends on the product of
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changes in heart rate and SV, the latter being deter-
mined by the changes in EDV and ESV (Fig. 2). Changes
in EDV are determined, in part, by changes in venous
return, which depend on the ability of the blood to flow
through the vascular system.

A. Orthostatic Stress

1. Peripheral vascular resistance and arterial pressure

While there is no unanimity on the effect of aging
on the response of PVR to orthostasis, several studies
suggest a general tendency toward either maintenance
or augmentation of PVR during orthostatic stress in
subjects (mostly male) up to ages of 60-70 yr. In general,
in healthy community-dwelling older individuals the ar-
terial pressure change with posture is also maintained
(226, 455, 468), and postural hypotension or acute ortho-
static intolerance, i.e., dizziness or fainting when assum-
ing an upright from a supine position or during a pas-
sive tilt, thus does not occur (468). In contrast to healthy
community-dwelling volunteer subjects, orthostatic in-
tolerance is common in older (=70 yr) debilitated,
chronically institutionalized individuals (314). The like-
lihood for orthostatic intolerance is increased in individ-
uals who exhibit marked reductions in peak LV filling
rate and in EDV and SV in the supine position before
the orthostatic stress (315). In studies of this sort, how-
ever, the effects of very advanced age cannot be disso-
ciated from those of a very sedentary life-style.

2. Heart rate and cardiac volumes

The acute heart rate increase to acute orthostatic
stress decreases in magnitude with age and takes longer
to achieve. The immediate heart rate responses to sud-
den increments of neck suction and neck pressure also
change with aging; a lesser tachycardia during de-
creases in carotid pressure and lesser bradycardia to
increases in pressure occur with aging in both women
(391) and men (467). Age-associated differences in the
spectral analysis of heart rate variation during breath-
ing on assumption of the erect position have also been
noted (447). During spontaneous breathing, age-asso-
ciated differences in heart rate with postural move-
ments have been attributed, in part, to decreases in
low-frequency or S-adrenergic responses, while age dif-
ferences in heart rate responses to standing during me-
tronome breathing have been attributed to age-asso-
ciated differences in both parasympathetic withdrawal
and a reduced B-adrenergic response (447). A decreased
variability of heart rate observed in older versus
younger individuals in the upright versus in the supine
position has been attributed to a diminished recruit-
ment of baroreceptor activity with assumption of the
upright position (447, 461). The baroreceptor sensitivity,
i.e., the slope of the relationship of the change in heart
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rate versus the change in arterial pressure, is negatively
correlated with increasing age and increased resting ar-
terial pressure (182, 245, 396). The low pressure barore-
ceptor, or cardiopulmonary reflex, also decreases with
age in normotensives (76) but not in hypertensives (476).
The sensitivity of the chemoreceptor reflex appears also
to decline with aging, since the increase in heart rate in
healthy men, aged 64-73 yr, is less than that in young
men, aged 22-30 yr, after exposure to hypoxia (11 vs.
34% increase) or to hypercarbia (0 vs. 15%) (270). The
apparent age-associated reduction in the effectiveness
of sympathetic nervous system-mediated reflexes dur-
ing postural maneuvers occurs in the presence of age-
associated increases in plasma catecholamine levels (see
sects. 11103 and VA1).

Although the heart rate increases to a lesser extent
in older versus younger individuals during a postural
stress, the SV reduction tends to be less in healthy older
than in younger individuals; thus the postural change in
cardiac output does not vary significantly with age be-
cause the lesser increase in heart rate in older individ-
uals is balanced by a lesser reduction in SV (416). This
leads to the profile of heart rate and SVI observed in
healthy older individuals in the sitting position at rest
in Figure 5. Even in studies that have found cardiac
output to be reduced with aging in the supine position,
on the basis of a reduced SV in older versus younger
men, this age effect was abolished in the sitting position
due to lesser reduction in SV in the older men upon as-
sumption of the upright position (130, 180). As is the
case with a change in body position to an upright pos-
ture, in response to gradual tilt or to graded lower body
negative pressure (LBNP) SV and cardiac output de-
crease less in older than in younger individuals (115, 160,
323), although the heart rate increase is blunted in older
individuals (115). A lesser reduction in SV in older ver-
sus younger individuals following a postural stress im-
plies either less of a reduction of EDV or a greater re-
duction in ESV in the older individuals. Cardiace vol-
umes (measured by equilibrium-gated cardiac blood
pool scans) and heart rate have been measured in the
steady state in supine and sitting positions in male vol-
unteer subjects (age 25-80 yr) who had been rigorously
screened to exclude cardiovascular disease (416). After
assumption of the sitting position from the supine, the
steady-state change in CI correlated by linear regres-
sion analysis with a change in heart rate only in younger
subjects, and with a change in SV in all age groups;
however, the slope of the change in SV versus the change
in CI was steeper in older than in younger subjects. The
postural change in SV was strongly correlated with a
change in EDV, and this relationship did not vary with
age. Thus a given change in cardiac output with posture
in older versus younger individuals depends more on
changes in EDV and SV and less on heart rate change (416).

Although the cardiac filling rate during early dias-
tole is less in older than in younger individuals, and an
apparent age-associated decrease in ventricular compli-
ance is manifest during postural maneuvers (363), fill-
ing volume deficits, in fact, does not occur in healthy
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older individuals either at rest or during an orthostatie
stress. Rather, the LV EDV and SV in the sitting posi-
tion at rest are preserved or even enhanced (Fig. 5) in
sedentary, healthy, older versus younger individuals
(327, 416, 417, 441, 454, 562). A reduced venous compli-
ance 1n older versus younger individuals, advanced as a
mechanism to account for less of a peripheral fluid shift
during orthostatic maneuvers (115, 507), could be a
mechanism that preserves cardiac filling volume and
maintains SV in the upright position in healthy elderly
individuals. A reduction in the venous response to (-
adrenergic stimulation (relaxation) with preservation
of the «-adrenergic {(constrictor) response (see sect.
VA3I), resulting in a greater relative venoconstriction in
older individuals, may contribute to a reduced venous
compliance with aging.

In contrast to the above observations, when old
(74 + 2 yr) were compared with young (27 + 3 yr) individ-
uals, the SV decline with tilt was found to be greater in
the former than in the latter and attributed not to dif-
ferences in the EDV response, but to a relative inability
of older individuals to reduce their ESV (454). In this
study, a substantial PVR increase in the older group
occurred with tilt and was sufficient to maintain arte-
rial pressure, whereas an increase in PVR did not occur
in the younger group. Intriguingly, the age-associated
differences in the ESV response to postural stress were
lessened after a Ca®* channel blocker (454), perhaps as-
sociated with a reduction in Ca®*'-dependent determi-
nants of arterial impedance (see sect. 11B).

In summary, in response to an orthostatic stress,
maintenance of PVR does not decline with aging. The
heart rate increase is blunted in older versus younger
individuals. The expected EDV reduction is less in clder
versus younger individuals, and SV is better preserved.

Endurance training in younger men blunts the baro-
receptor response, measured as the change in heart rate
to that of arterial pressure during phenylephrine infu-
sion or during LBNP (469). In healthy, rigorousiy
screened, sedentary, middle-aged and older men, strenu-
ous and prolonged endurance training, sufficient to
elicit large increases in maximal exercise capacity and
small reductions in heart rate at rest, appears to in-
crease cardiac vagal tone at rest and does not alter arte-
rial baroreflex control of heart rate, but does result in a
diminished forearm vasoconstrictor response to reduc-
tions in baroreflex sympathoinhibition (450). In endur-
ance-trained older (60-80 yr) individuals during LBNP,
EDV, SV, and arterial pressure are better preserved
compared with age-matched controls (157). This con-
trasts with a reduction in SV during LBNP in young endur-
ance-trained versus young sedentary individuals (470).

B. Pressor Stress

The stress of sustained isometric handgrip in-
creases both arterial pressure and heart rate, and the
response varies in magnitude in proportion to the rela-
tive level and duration of effort (330). After 30 s of max-
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imal handgrip, heart rate was observed to increase 50
beats/min in young (ages 23-31 yr) versus 12 beats/min
in older (ages 54-78 yr) healthy men (253). The heart
rates before handgrip were not age related. However,
the arterial pressure response to handgrips was not re-
ported in this study, nor was the level of maximal volun-
tary contraction provided, so that the relative level of
effort in both age groups cannot be ascertained. During
sustained isometric handgrip at 40% of maximum, held
to fatigue, the heart rate increase in healthy men was
found to diminish over a narrow (20-50 yr of age) age
range (383).

The application of a pressor stress has also been
used to assess the intrinsic myocardial reserve capacity.
In response to a 30-mmHg increase in systolic blood
pressure induced by phenylephrine infusion (in the pres-
ence of S-adrenergic blockade), significant LV dilata-
tion was noted in healthy older (60-68 yr of age), but not
in younger men (18-34 yr of age); the cardiac dilatation,
measured via M-mode echocardiography, in older men
occurred even in the presence of a smaller reduction of
the heart rate in these men (554). Thus, because of an
apparent age-associated decrease in the intrinsic myo-
cardial contractile reserve response to an increase in
afterload, the senescent heart dilates and contracts
from a greater preload than does the heart of younger
adults. The cardiac response to a pressor stress is also
diminished in senescent rats, whereas the response to a
volume stress is unimpaired (304).

C. Dynamic Fxercise

1. Heart rate, stroke volume, and cardiac output

It has long been appreciated that, relative to
younger individuals, a deficit in the increase in heart
rate occurs during vigorous treadmill or cycle exercise
in the upright position (Fig. 5D) in older individuals (see
Ref. 172 for review). The decrease in the maximum heart
rate achieved during exercise in older individuals is not
attributable to disease or a sedentary life-style, since a
deficit of similar magnitude occurs both in healthy sed-
entary men and women and in older athletes (120, 149,
205). It is of interest that during exercise, extrasystoles,
including short runs of ventricular tachycardia, are
more commonly observed in healthy older than younger
individuals but have no prognostic significance with re-
spect to 5-yr cardiac morbidity or mortality (53, 141).

In some studies, a reduced SVI during vigorous ex-
ercise has also been observed in older versus younger
individuals (234, 272), while in other studies, SVI during
vigorous exercise is equivalent in younger and older indi-
viduals (145, 212, 213, 562), and in some older individuals
is greater than in younger ones (181, 327, 417, 489). The
heterogeneity of the SVI measurements among older in-
dividuals is, in part, the cause of variable CI results ob-
served during upright cycle exercise among older indi-
viduals in various studies (31, 145, 180, 181, 212, 234, 272,
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327, 417). This heterogeneity results from differences in
the extent to which occult coronary artery disease was
present among older study subjects, or from differences
in their fitness status, heart size, and body composition.
A cross-sectional study of 145 healthy sedentary individ-
uals of a broad age range indicates that the maximum
CI during cycle ergometry declines modestly with age
due to a smaller heart rate increment in older individ-
uals (Fig. bF), whereas SVI during exercise does not
decline with age either in males or in females (Fig. 5B).
It is noteworthy, however, that during peak exercise de-
spite persistent end-diastolic dilatation in older men the
SVI is not greater than in younger men, as it is at rest.
Thus some age-associated factor(s) limit the SV during
exercise (see sect. VA1). In other studies, the age-asso-
ciated decline in the CI during maximum cycle exercise
in the sitting position has been noted to be more marked
than that in Figure 5E (180, 234), due to a greater reduc-
tion in work performed by older individuals in these
studies versus the study in Figure 5. It is also notewor-
thy that the SVI achieved during exercise in the healthy
older, sedentary normotensive men and women in Fig-
ure 5B is determined largely by their respective heart
volumes at rest (Fig. 5A4). Specifically, a larger heart, in
healthy, older sedentary men than in women, delivers a
larger SV both at rest and during exercise in men than
in women. In contrast to normotensive men, both cross-
sectional and longitudinal studies in hypertensive men
report that exercise SVI declines with aging (130, 322),
an effect that may, in part, be related to age-associated
deficits in EDVI at rest in these individuals (322).

2. End-diastolic and end-systolic volumes

An augmentation of LV EDV during exercise (as in
the case of postural maneuvers) may be construed as an
adaptation through which SV is maintained during ex-
ercise stress. In studies in which the SVI during dy-
namic exercise has been reported to be reduced in older
individuals (234, 272), the EDVI and ESVI have not been
measured and SVI has been calculated from the mea-
sured VO,, heart rate, and CI. Thus from these studies it
is not known whether the failure of SVI to increase in
older individuals to the extent that it does in younger
ones is attributable to a relative reduction in venous
return and EDVI, perhaps due in part to a markedly
diminished myocardial compliance, or from failure of
the ESVI to decrease to the same extent in elderly ver-
sus younger individuals. However, in instances in which
cardiac volumes in a sufficient number of healthy indi-
viduals of a sufficiently broad age range have been mea-
sured during upright cycle exercise, the peak diastolic
filling rate increases in both older and younger individ-
uals (444), and no deficit in EDVI during upright eycle
exercise is observed in these individuals (145, 417). In
these healthy sedentary older men (145, 417), the EDVI
at exhaustion during upright cycle exercise is increased
compared with younger men as it is at rest (Fig. 5). How-
ever, an age-associated increase in EDVI during exer-
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cise (or at rest) is not present in women (145). The age-
gender interaction in EDVI regulation during exercise,
which is largely due to age-gender differences in EDVI
at rest (Fig. 5), confounds the interpretation of studies
that compare, without respect to age, the cardiac vol-
ume responses during exercise in men and women
across a broad age range (211, 497). A greater end-dias-
tolic dilatation during supine or semi-supine exercise in
older versus younger individuals has also been observed
(180, 327, 441, 523). In contrast, studies in which the age
range of subjects was truncated (20-50 yr) have failed to
detect this age-associated increase in EDVI (212, 213);
additionally, in the latter study EDVI at rest in the sit-
ting position decreased with age, i.e., older men had
smaller rather than larger hearts, as in Figure 5.

An enhanced EDVI during exercise in some older
men, even in the absence of ventricular compliance
changes, may be accompanied by an enhanced filling
pressure. This may explain the observation that in older
individuals in whom filling pressure increased the most
during exercise, the SV also increased the most (180).
However, an increase in LV diastolic filling pressure is
associated with an increase in pulmonary venous pres-
sure, which enhances the likelihood for pulmonary con-
gestion to occur. This may predispose some older individ-
uals to a lower threshold for dyspnea (shortness of
breath) during exercise. Additionally, because the gener-
ation of a given ventricular pressure requires a greater
ventricular wall stress (force/unit cross-sectional area)
if the ventricular radius is increased, a greater level of
myocardial contractility and energy consumption per
stroke is required by the dilated aged heart. The age-as-
sociated increase in ventricular wall thickness, as noted
above, reduces the magnitude of the increased LV stress
due to ventricular dilatation.

While EDVI and SVI are preserved or enhanced
during exercise in healthy sedentary older individuals
relative to younger ones, the reduction in ESVI during
exercise (Fig. 5) is blunted both in healthy older men
and women (145, 327,417, 441, 444). This may be attribut-
able, in part, to an apparent coupling that has been ob-
served between the change in EDV and ESV in the tran-
sition between rest to exercise in individuals of any age
(405). Alternatively, the increase in ESVI during exer-
cise in older individuals may exceed that expected on the
basis of the increase in EDVI and may reflect a relative
reduction in myocardial contractile reserve, or a rela-
tively greater increase in impedance to LV ejection with
aging during exercise. Indeed, the ratio of ESVI and sys-
tolic arterial pressure, a crude index of myocardial con-
tractility, although not reduced in older individuals at
rest, does decrease as a function of age during exercise
(145). The failure for SVI at peak exercise (Fig. 5B) to
remain higher in older than younger men, as it is at rest,
appears to be related to the failure for ESVI to decrease
in older men to the extent that it does in younger men.
Because the augmentation of the ejection fraction dur-
ing exercise is dependent also on the extent to which the
ESV becomes reduced (405), the ejection fraction, too,
increases less during exercise in older than in younger
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men and women (Fig. 5C) (145, 390, 417). Because both
the maximum myocardial contractile reserve and regu-
lation of vascular impedance during exercise (560) de-
pend, in part, on the response to 8-adrenergic stimula-
tion, a deficit in the effectiveness of the latter with ag-
ing (see sect. VA1) could account for the failure of ESVI
to decrease during exercise in older individuals to the
extent that it does in younger ones. As noted above, in-
teractions of age, disease, and life-style, e.g., fitness,
confound the interpretation of measures of cardiovascu-
lar performance, particularly during stress. The pres-
ence of significant occult obstructive coronary disease
can largely be eliminated noninvasively by the combina-
tion of electrocardiography and thallium imaging dur-
ing an exercise stress (146). In older individuals with
occult coronary artery disease, the age-associated
trends for LV end-diastolic dilatation, an increased
ESV, and a reduced ejection fraction during exercise are
exaggerated (144, 146, 390).

The fitness levels among younger and older individ-

consumption (VO, ,..). Although there is a statistically
significant decline of the latter with aging, wide varia-
tions occur in the exercise capacity and Vo,,,,, among
sedentary individuals of a given age. This variability in
aerobic exercise capacity among sedentary individuals
is sometimes interpreted as a genetic effect, in contrast
to endurance “training” effects on aerobic capacity.
When younger and older sedentary men are matched for
maximum work capacity (and therefore for maximum
CI), 1) the maximum heart rate still decreases with age;
2) the SVI at maximum exercise, due to substantial end-
diastolic dilatation, increases in older men and offsets
the heart rate deficit; and 3) the ESVI still fails to de-
crease to the same extent in older men as it does in
younger ones, and both the reduction of ESVI and the
increase in ejection fraction are reduced in the older
individuals to the same extent as observed in a general,
healthy, sedentary population (290).

3. Arterial pressure, vascular resistance, and impedance

Simultaneous measurements of brachial arterial
pressure and cardiac volumes during exercise have been
made with respect to age only during upright cycle ergo-
metry. During cycle exercise, unlike treadmill exercise,
the diastolic pressure shows a modest increase due, in
part, to some degree of involuntary isometric handgrip
employed by the subject during this procedure. The age-
associated increases in brachial systolic arterial pres-
sure at rest persists at a similar magnitude during cycle
exercise (Fig. 5F); in some instances brachial systolic
pressure at maximum exercise inereases more in older
than in younger individuals than it does at rest (234).
With respect to the arterial load on the LV, it is impor-
tant to recall that, as noted above, the relationship be-
tween brachial and aortic arterial systolic pressure in
young individuals differs from that in older ones, due to
the early return of reflected pulse waves in the latter.
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Specifically, when brachial arterial pressures are of
equal magnitude in younger and older individuals, the
aortic pressure is greater in older than in younger indi-
viduals.

The extent to which the PVR becomes reduced and
the extent to which the arterial pressure and impedance
increase during exercise depend on the maximum work
capacity, which, in part, depends on the physical fitness
and on other noncardiac, neuroendocrine, and metabolic
factors. In some studies the reduction in PVR that oc-
curs during exercise was noted to be less in older than in
younger individuals (234), whereas in others (Fig. 5G)
this age effect is minimal in men but substantial in
women (145, 417).

During exercise in young humans, the aortic input
impedance does not appear to increase, probably due to
an increase in the aortic diameter (353). In older individ-
uals, were a further increase in aortic impedance to oe-
cur during exercise than noted at rest, it could explain,
in part at least, the observed age-associated differences
in the pattern of ventricular ejection during exercise.
The effect of age on vascular impedance during exercise
has not been studied in humans. However, in the canine
model, it has been observed that aortic impedance,
which does not vary with age at rest (560), increases
over a wide range of exercise stress in 10- to 12-yr-old
beagle dogs but not in 1- to 3-yr-old dogs (Fig. 6F). Al-
though changes in the passive stiffness characteristics
of the aorta in both dog (556) and human, as noted
above, are an apparent cause of an increased aortic im-
pedance, age differences in autonomic medulation
might also play a role. Thus, in the presence of 8-adren-
ergic blockade effected by propranolol, aortic imped-
ance increased during exercise in younger dogs, and the
age-associated differences in impedance seen during ex-
ercise in the absence of propranolol were abolished (560).

V. SYMPATHETIC MODULATION
OF CARDIOVASCULAR FUNCTION

A. Intact Organisms

1. B-Adrenergic modulation of cardiac volumes and
heart rate during exercise

Each of the factors that determines cardiac output
(Fig. 2) is subject to autonomic modulation. During
maximum exercise, the sympathetic component is es-
sentially the exclusive autonomic modulator, and a
marked inerease in catecholamine secretion oecurs. The
precise impact of 8-adrenergic modulation of heart rate
and cardiac volumes during exercise can be determined
when the exercise is performed in the presence of (-
adrenergic blockade. In young individuals the same car-
diac output is achieved during upright cycle exercise in
the presence of acute 8-blockade with propranolol as in
the absence of 8-blockade, but the hemodynamic profile
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differs. The increment in heart rate and the reduction in
ESV are markedly less in the presence of 8-blockade,
but during 8-bilockade the EDV increases substantially,
and this permits a larger SV than in the absence of -
blockade (406). This altered hemodynamic pattern dur-
ing acute 3-blockade shows how the interaction among
parameters in Figure 2 maintains cardiaec output when a
deficit in adrenergic medulation is present: cardiac dila-
tation, or the use of the Frank-Starling mechanism,
augments SV, which compensates for a reduction in
heart rate.

An age-associated diminution in the effectiveness
of sympathetic modulation of the cardiovascular re-
sponse to exercise could contribute to many of the
changes identified in the cardiovascular response to ex-
ercise in older humans (Fig. 5): the decline in maximum
heart rate, the increases in EDVI and ESVI, and de-
creased ejection fraction. A recent study, in faet, has
demonstrated that the age-associated changes in EDVI
and SVI during upright cycle exercise do not occur in the
presence of propranolol, and the age-associated reduc-
tion in heart rate is markedly attenuated, due to a
greater effect of B-adrenergic blockade to decrease the
heart rate and increase the heart size in younger than
older subjects (150). Age differences in CI during exer-
cise have also been found to be reduced when exercise
was performed during G-adrenergic blockade (80).

2. Neurotransmitter elaboration during stress

One possible explanation for an apparent diminu-
tion in the effectiveness of B-adrenergic modulation of
cardiovascular performance during exercise in older in-
dividuals is that the secretion of high levels of norepi-
nephrine or epinephrine during exercise stress, as re-
flected in their plasma levels, may decline with advanc-
ing age. However, during exercise, or under other
circumstances that require an adjustment in the perfor-
mance of the variables in Figure 2 from their basal lev-
els, plasma concentrations of norepinephrine and epi-
nephrine are increased rather than decreased in older
versus younger subjects (133, 151, 178, 385, 393, 420, 421,
477). Although clearance of plasma catecholamines ap-
pears to be reduced in older individuals (128, 133), exces-
sive spillover into the plasma also oceurs, and this,
rather than a diminished clearance rate, best correlates
with the increased plasma levels (133). This lack of evi-
dence for a reduced secretion of catecholamines during
exercise in older individuals suggests that if a decline in
tissue catecholamine content occurs in humans, as it
does with adult aging in animal models (see sect. VA3),
it appears to be of little functional importance, at least
for maintenance of neurotransmitter levels during
short-term stress. [t is noteworthy that older (66 yr
average) endurance-trained individuals (eyclists) at a
given submaximal work load also appear to have higher
epinephrine and norepinephrine levels than younger (25
yr average) ones. However, when expressed at the same
relative work load, no apparent age difference emerges
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(306). In contrast, in sedentary subjects, the age-asso-
ciated increase in plasma norepinephrine at rest per-
sists at all relative and absolute work loads, including
the maximum work load (151). In this regard, the ob-
served similarities and differences in the hemodynamic
pattern between younger and older individuals at maxi-
mum exercise in Figure 5 also pertain to a common ex-
ercise work load, e.g., at 50% maximum (145).

3. Cardiovascular target organ response to (-adrenergic
stimulation with aging

A most obvious explanation for the apparent age-
associated reduction in adrenergic modulation of cardio-
vascular function is that neurotransmitters are not as
effective at the level of the target organs. There is in-
deed a large body of convincing evidence to indicate that
the heart rate, VSM, and myocardial contractile re-
sponses to 3-adrenergic stimulation decline with age.

I) CARDIAC RESPONSES. One method to assess the
postsynaptic response to neurotransmitters is to infuse
these substances at rest. In humans, isoproterenol infu-
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sion elicits a greater increase in the LV ejection fraction
(495) and CI (275, 495) in younger versus older individ-
uals (Fig. 6B). Infusion of epinephrine and norepineph-
rine into intact adult and senescent rats, or into young
and adult cats and rabbits, elicits a variety of complex
changes in cardiovascular function (163, 164). While the
specific adrenergic cardiovascular effects cannot be
ascertained from such studies, the data suggest a lower
threshold or a supersensitivity in the total cardiovascu-
lar response in the senescent animal, while the response
to high agonist concentrations is diminished (163). Su-
persensitivity of the heart to catecholamines has been
described following depletion of tissue catecholamine
content (82). It is well documented that myocardial cate-
cholamine concentration in the senescent rat is reduced
by 25% compared with that in younger adult rats (174,
289). However, it is unlikely that such a modest deple-
tion of cardiac catecholamine content could explain the
lower threshold for the cardiovascular response to in-
fused catecholamines in the senescent organism. No
comparable evidence for supersensitivity to catechol-
amines has been found in isolated cardiac muscle from
the senescent rat or in humans (495).
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B-Adrenergic modulation of pacemaker cells, in
part, accounts for the increase in heart rate during ex-
ercise. The effect of bolus infusions of §-adrenergic ago-
nists in humans (Fig. 64) produces a diminished heart
rate response with advancing age (275, 319, 495, 527, 555,
557, 561). Isoproterenol infusions into intact animals
also elicit a diminished increase in heart rate with aging
(2, 301, 364). The major age-associated deficit in some
studies, however, has been found to occur with matura-
tion rather than senescence. While results of such stud-
ies as in Figure 6 are clear-cut in demonstrating that the
heart rate response to isoproterenol declines with ad-
vancing age, this result could be explained either by a
diminished response to the adrenergic stimulation or by
an enhanced vagal modulation of resting heart rate and
myocardial function with advancing age.

There is some evidence to indicate that parasympa-
thetic control of cardiovascular function changes with
age, but the evidence is conflicting. Some studies in rats
suggest a more efficient cholinergic modulation with
aging. The threshold of the negative chronotropic ef-
fects of vagus nerve stimulation and concentrations of
acetylcholine required to cause changes in myocardial
contractility are decreased with advancing age in rats
(163, 164). Additionally, significantly greater increases
in guanosine 3,5'-cyclic monophosphate in response to
submaximal doses of acetylcholine have been observed
in hearts of 24- to 26-mo-old rats compared with 6- to
8-mo-old rats. This difference persisted in the presence
of acetylcholinesterase blockade, suggesting that the
mechanisms of the age-associated differences are at or
distal to the receptor (273). Other studies have observed
an enhanced sensitivity to the direct chronotropic ac-
tion of acetylcholine in right atria isolated from aged
versus younger Fischer rats but have attributed to this
an age-associated reduction in cholinesterase activity
(249). In contrast, other observations indicate an age-
associated reduction in the response to parasympathetic
agonists. In one such study a decrease in the heart rate
reduction in old rats to both vagal nerve stimulation and
to bolus injections of methacholine was observed (246).
More recent studies have indicated that the number of
cholinergic receptors in the LV decreases with age in
rats as does the response to acetylcholine (71). Finally, a
marked reduction in acetylcholine content of atrial tis-
sue from senescent rats has been demonstrated (526). In
humans, as noted above, a decrease in heart rate vari-
ability at rest or in response to a postural stress in older
individual has been attributed, in part, to a reduction in
parasympathetic tone with aging.

While age-associated differences in the extent of
parasympathetic tone affect the interpretation of most
studies that have infused B-adrenergic agonists into
young and old humans or animals (and vice versa for
infusion of parasympathetic agonists), it has been dem-
onstrated in senescent versus younger adult beagle dogs
that the maximum heart rate increase in response to
isoproterenol infusion in the presence of full vagal
blockade with atropine decreases with aging (5655). In
contrast, the maximum heart rate that could be elicited
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by external electrical pacing, which was far in excess of
that elicited by isoproterenol infusion, was not age re-
lated.

I1) VASCULAR RESPONSES. Vascular responsiveness
to adrenergic stimuli modulates the redistribution of
cardiac output during exercise and also may influence
arterial impedance via an effect to dilate large arteries.
A deficient B-adrenergic relaxant effect on aortic
smooth muscle during exercise in the senescent beagle
dog is, in part, at least, a cause for the increase in char-
acteristic aortic impedance (Fig. 6F). The dilatation of
the forearm arteries in response to infusions of isopro-
terenol (Fig. 6C) is less in elderly than in younger men
(522). In contrast, the decrease in calf vascular resis-
tance in response to isoproterenol has been found not to
differ with age (257). The vascular relaxation response
to prostaglandin E; or to nitroglycerin is not reduced
with aging (121, 214).

Regarding the a-adrenergic modulation of arterial
tone in the intact organism, a greater voltage stimula-
tion of the paravertebral sympathetic chain is necessary
to evoke a pressor response in the leg vessels in the se-
nescent as compared with the adult rat (163). In con-
trast, increased neural sympathetic discharge has been
implicated in a greater constrictor forearm resistance
vessel (an «-adrenergic response) in older versus
younger men (509).

The effect of catecholamines to modulate venous
capacitance is a major circulatory adjustment to exer-
cise. Redistribution of blood flow to various organs dur-
ing isoproterenol infusion, including skeletal muscle,
decreases in senescent rats (301). The effect of 8-stimula-
tion to relax veins decreases with aging (Fig. 6D), but
the constrictor response to «;-adrenergic agonists re-
mains intact (379).

B. Isolated Tissues or Cells

1. Vascular responses and aging

Adrenergic modulation of isolated blood vessels,
particularly B-adrenergic-mediated vasodilatation has
been found to decrease with age in most (126, 152-154,
177, 220, 366-368, 512, 518), but not all studies {12, 325,
471). Some studies report aging effects that represent
changes occurring during development (113, 1562). Other
studies suggest that different g-adrenergic receptor (-
AR) or c-adrenergic subtypes are differentially regu-
lated by aging (108, 368, 369). Stimulation of presynaptic
B-ARs, the majority of which are 3,, facilitates the re-
lease of norepinephrine (298, 483), while stimulation of
presynaptic a-receptor, predominantly of a,-subtype
(108, 298, 483), has an opposite effect on norepinephrine
release (133, 258, 524). The a,-adrenergic receptor-me-
diated responsiveness appears to be selectively reduced
with age in human saphenous vein (107, 108), rat vascu-
lature (109), and human platelets (499, 500). In contrast,
no significant correlation between aging and «,-recep-
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tor responses has been observed (114, 325, 449). How-
ever, in large and medium coronary arteries of beagle
dogs (507), «y-adrenoceptor function-mediated re-
sponses increase with age (512). Studies that have ob-
served that the relaxation response of the aged aorta is
more significantly reduced than that of the pulmonary
artery (366-368) have concluded that age affects §,-AR
stimulation responses more than 8,-AR, since the aorta
has more f3,-ARs than that of the pulmonary artery,
although additional interpretations of the data are
plausible.

In summary, data in tissue isolated from many spe-
cies, including humans, demonstrate that autonomic
modulation of the vasculature changes with age and in
particular, that the response to 8-adrenoceptor vascular
dilatation is impaired. Additional studies, however, are
required to further characterize age-associated changes
in specific adrenoceptor subtypes and in their interac-
tions.

2. Cardiac responses and aging

In isolated rat hearts a progressive age-associated
reduction in heart rate response to norepinephrine has
been observed (269). Intracellular mechanisms that me-
diate the adrenergic receptor stimulation within cardio-
vascular cells have been probed with respect to age-as-
sociated changes. A scheme of the cascade of postsynap-
tic events that mediate the response to myocardial 8-AR
stimulation is shown in Figure 7. 8-AR stimulation has
two modulatory effects on myocardial contraction: it
enhances contractile strength and decreases the contrac-
tion duration. This latter effect is particularly neces-
sary in the intact circulation, because the heart rate
increases dramatically in response to g-stimulation and
the contraction time must be briefer to permit myocar-
dial relaxation and proper filling of the ventricle during
a shorter diastole. Considering that norepinephrine is
the physiological neurotransmitter and that «- and 8-
AR will be stimulated simultaneously, the roles of both
a- and B-adrenergic effects on contractility need be dis-
criminated. The direct effect of a-AR stimulation of the
myocardium in response to norepinephrine is relatively
inconsequential relative to the 3-adrenergic effect; a-
adrenergic stimulation does not enhance cardiac relax-
ation, and its effect to strengthen the contraction is
about an order of magnitude less than that of the §-
adrenergic system. Interactions between various
aspects of a- and $-receptor modulation of cell Ca®* ho-
meostasis have become the focus of recent studies (56,
89), and «-B-AR interactions, which are presently incom-
pletely characterized, may indeed affect the 8-adrener-
gic response (89). The eflects of adult aging in the a;-
adrenergic-mediated effects to increase myocardial con-
tractility have not been studied.

The immediate cause of the increase in cardiac
muscle performance by 8-receptor stimulation is an in-
crease in the amplitude of the cytosolic Ca®* transient
that follows excitation (Fig. 7). While the contractile
responsiveness of the myofilaments to Ca2* does not
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change with aging (37, 186, 288), studies in isolated LV
muscle (Fig. 84) and in individual rat ventricular car-
diocytes (Fig. 8B) indicate that a reduced contractile
response to 8-AR stimulation occurs with aging. This is
due teo a failure of the intracellular Ca?' transient to
increase in cells of senescent hearts to the same extent
to which it increases in cells from younger adult hearts
(549) (Fig. 8C). The blunted increase in the Ca®* tran-
sient in cells from the aged heart is attributed to a de-
crease in the ability of 8-AR stimulation to increase L-
type sarcolemmal Ca®" channel availability in cells from
the senescent versus the younger adult hearts (549) (Fig.
8D). As recent studies indicate the presence of func-
tional B,-adrenergic receptors within the myocardium,
additional investigation of selective 3-recepior subtype
responses in heart tissue or cells from adult and senes-
cent animals as in Figure 8 is warranted.

3. B-Adrenergic receptors and aging

One possible mechanism for the observed decrease
in the responsiveness of 3-AR-mediated action on the
heart and vasculature with aging would be an age-asso-
ciated decrease in cellular B-adrenoceptor density. This
possibility has been extensively studied in a variety of
tissues including myocardium (2, 71, 186, 277, 357, 430),
VSM (518), and lymphocytes (3, 4, 111, 136) of humans
and animals. In humans, lymphocytes have been com-
monly used as a model to study the effect of aging on
adrenergic receptor function because other human tis-
sues are not readily available. Such studies have found
no significant changes in the 3-AR density with age.
This may indicate that §-adrenergic responsiveness of
the cardiovascular system is impaired in aging at levels
other than the $-AR. However, the 8-ARs of lympho-
cytes are of the (G,-subtype (32, 48), and aforementioned
studies do not provide information about 8-AR subpopu-
lations with age. Additionally, it has not been estab-
lished with certainty that changes in 5-AR properties
and responsiveness of lymphocytes with aging reflect
similar changes of 3-ARs in cardiovascular tissues with
aging.

While rat myocardial 3-AR density has not been
found to change with aging in moststudies, agonist bind-
ing properties of the receptor do appear to change with
aging. The B-AR affinity for agonist binding is de-
creased 3- to 20-fold with aging (357, 430-432, 434). A
reduction in 3-AR affinity has also been found in rat
lung (433) and human lymphocytes (136). In contrast,
there is no correlation between age and 8-AR antagonist
affinity (2, 136, 186). The decreased 8-AR agonist affin-
ity correlates with the decrease in the ability to form the
high-affinity binding complex, i.e., the percent of recep-
tors in the high-affinity state decreases with age (136,
430, 434, 435). In addttion, the high-affinity receptor
state becomes less stable with aging (136, 430, 434, 435).
Recently, an age-associated increase in the extent of 5-
AR sequestration in light-membrane vesicles isolated
from lung has been observed (435). Because these light-
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membrane particies (vesicles) isolated are devoid of ade-
nylate cyclase activity and G, protein (459, 491, 494), it
has been suggested that a functional receptor downregu-
lation occurs in the aged rat lung (435). It has yet to be
determined whether with aging both §,- and 3,-AR sub-
types undergo the same qualitative and quantitative
changes in affinity or sequestration.

4 Guanine nucleotide-binding protein, adenylate
cyclase activity, and aging

Guanine nucleotide-binding proteins and the ade-
nylate cyclase catalytic subunit are important compo-
nents of the 8-AR-adenylate ecyclase enzyme complex.
Guanine nucleotide-binding proteins act as coupling
factors to transduce the signal from the receptor to the
catalytic subunit of adenylate eyclase (Fig. 7). A number
of studies suggest that G, protein activity is diminished
with aging (266, 267, 277, 365, 430, 431, 434). Both the G,
protein activity and the adenylate cyclase activity are
simultaneously altered with aging in the rat myocar-
dium (277, 357, 365), human lymphocytes (266, 267), and
rat lung (435). In some tissues it has been demonstrated
that the G, protein is present in excess of the adenylate
cyclase catalytic subunit (865, 415). Although G, protein
activity is unchanged in human lymphocytes of older
donors, the catalytic subunit activity is lower than that
in lymphocytes from younger individuals (4). Thus a re-
duction in adenylate cyclase catalytic subunit activity
may play a more important role in the age-associated
alteration of the 8-AR cascade than does a reduction of
G, protein activity. However, most studies have not dif-

ferentiated changes in G, protein with aging from those
in the catalytic subunit of adenylate cyclase.

5. Adenosine 3',5"-cyclic monophosphate, protein kinase
activation, intracellular phosphorylation, and aging

The increase of adenylate cyclase activity or adeno-
sine 3 ,5-eyclic monophosphate (cAMP) stimulated by
catecholamines, NaF, or forskolin is diminished with
aging in human lymphocytes (4, 103, 167, 266, 430), rat
heart (139, 277, 364, 430), and other tissues (131, 488). In
aortic tissue, the isoproterenol-induced relaxation and
increase in intracellular cAMP binding decreases with
age (between 5 wk and 11 mo), and this is accompanied
by a reduced activation of protein kinase activation (73,
96). In contrast, these responses to forskolin or to dibu-
tyryl cAMP are not affected by age over this range (73,
96). The deficit in cAMP of the old rat aorta is reduced
by phosphodiesterase inhibition, suggesting that an in-
crease in phosphodiesterase could be responsible for the
diminished isoproterenol-induced ¢cAMP aceumulation
and relaxation (442). Other studies in a variety of tis-
sues have not found that cAMP production is reduced
following 8-AR stimulation of these tissues from older
animals (186, 236, 265, 268). An additional study has ob-
served that neither basal nor stimulated protein kinase
activity (PKA) of ventricular muscle is altered during
adult aging (186). Interpretation of how subcellular bio-
chemical measurements relate to the functional effect
of 3-AR stimulation is complicated by compartmenta-
tion of increases in cAMP and PKA (1, 55, 83, 138, 203).
In the heart, cAMP-dependent PKA has different dis-
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tributions between cytosolic and particulate fractions.
The amount of cAMP in the particulate fraction appears
to be the important factor for regulation of contraction
and relaxation of the myocardium (1). While some stud-
ies of aging have addressed the compartmentation issue
per se (186), additional studies controlling for a shift in
the amount of cAMP within compartments following
B-stimulation seem warranted.

There is evidence to indicate that steps distal to
protein kinase activation (Fig. 7) are also affected by
aging. The extent of phosphorylation of the myofila-
ment proteins troponin I (Tnl) and C protein, effected
by 8-AR stimulation induced by norepinephrine in rat
myocytes decreases with age (427) (Fig. 8E). This de-
crease may be caused by age-associated changes at more
than one locus, e.g., less effective 3-AR coupling to the
adenylate cyclase complex, increased phosphodiesterase
activity, or an acceleration of protein dephosphoryla-
tion. In the above study (427) it was observed that the
age-associated differences in Tnl (and C protein) phos-
phorylation were abolished by the cAMP phosphodies-
terase inhibitor 3-isobutyl-1-methylxanthine, and no ev-
idence for decreased protein phosphatase activity was
observed, suggesting that the age difference in the
phosphorylation of these two myofilament probes re-
sulted from a reduction in the net production of cAMP

in cells of the old rat heart. In sarcoplasmic reticulum
(SR) vesicles isolated from rat hearts, the ability of
phospholamban, a protein in the membrane of SR which
modulates the activity of the SR Ca®*" pump, to undergo
cAMP-mediated phosphorylation, and the relative re-
sponsiveness of SR Ca®" pump to phospholamban phos-
phorylation, are not appreciably altered with aging
(231, 235). There are presently no data regarding
whether the sarcolemmal voltage-dependent Ca?* chan-
nel proteins (87, 217) or other contractile proteins (6,
546) are phosphorylated to a different extent following
B-AR stimulation in younger and older cardiac tissues
or cells. However, the relative inability of 3-AR stimula-
tion to augment the Ca?* channel current amplitude in
cells from older rat hearts (Fig. 8) may indicate that
phosphorylation of this channel protein by PKA is re-
duced with aging. But this, like the decreased phosphor-
ylation of Tnl, could be due to a reduction in the net
increase in cAMP production with aging. Alternatively,
age-associated differences in direct Ca?* channel modu-
lation by G, (50) could be involved, and this requires
further study.

As shown in Figure 7, in addition to o,-adrenergic
agonists, other peptides, e.g., adenosine, opioid peptides,
and cholinergic agonists, can modulate the effects of 3-
AR stimulation on heart contraction. The precise role of
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an interaction among and «- and 8-adrenergic and cho-
linergic agonists and these other peptide-linked effects
to modulate the age-associated decline in the cardiac
response to 8-AR stimulation is presently not well un-
derstood. However, it has recently been demonstrated
that the negative contractile and chronotropic re-
sponses to exogenous adenosine are increased with age
in guinea pigs (94). Adenosine release from aged rat
hearts (12-22 mo) is greater than that of younger rat
hearts (8-5 mo) (106). Because adenosine has an antiad-
renergic action, i.e., it reduces the g-adrenoceptor-in-
duced increase in ¢cAMP and subsequent increase in
cAMP-dependent protein kinase, Ca®>* current, and con-
tractility (105, 137, 296, 414, 443), enhanced adenosine
levels in aged myocardium may be responsible, in part,
for the diminished contractile responsiveness of the
older adult heart to 8-AR stimulation (106). However, it
is unlikely that age-associated changes in adenosine me-
tabolism can directly account for the age-associated
differences in the B-AR of isolated cardiocytes

(Fig. 8, B-E).

6. Desensitization of the S-adrenoceptor system with age

It has long been recognized that prolonged exposure
of myocardial tissue to 8-AR agonists modifies the 5-AR
responsiveness. A comparison of such 3-AR desensitiza-
tion and the reduced efficacy of 3-AR stimulation with
aging (Table 3) suggests that the age-associated alter-
ations may, at least in part, be caused by a desensitiza-
tion of the 3-AR adenylate cyclase system. A rapid het-
erologous desensitization of 3-AR receptors occurs upon
their phosphorylation by cAMP-dependent protein ki-
nase. In contrast, a rapid homologous pattern of the de-
sensitization is mediated primarily by phosphorylation
of the 3-AR by a newly described cAMP-independent
enzyme, 3-adrenergic kinase (3-ARK) (305, 307, 459, 492,
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493). At high agonist (micromolar) concentrations, -
ARK is activated and phosphorylates 3-AR (34, 305, 307,
459, 490). Recently, it was found that an arrestin-like
protein, barrestin, is present in all examined tissues
with a distribution similar to that of 8-ARK (highest
levels in brain). Barrestin can bind to and inactivate the
B-ARK-phosphorylated 8-AR, thus causing homologous
desensitization (316). A change in the G,/G; ratio may
also be involved in heterologous desensitization (175,
243, 400, 401, 408, 459). Thus desensitization of §-AR
stimulation oceurs via modifications of both receptor
and postreceptor events.

As noted above, in humans and animals, plasma
catecholamines, especially plasma norepinephrine, are
increased in older versus younger organisms during
perturbations from the basal state (128, 134, 151, 178,
288, 386, 393,421,477). Chronic elevations of plasma cate-
cholamines in older individuals, due to excessive neural
discharge and reduced clearance, as noted above, might
induce 8-AR desensitization. The acute elevation of en-
dogenous plasma catecholamines in humans associated
with assumption of the upright posture decreases the
proportion of high-aflinity 8-ARs in lymphocytes in
younger but not in older individuals (136). A desensiti-
zation of 8-AR mechanisms in older individuals in the
supine position, before the postural change, could, in
part, explain this result. In this regard, it has been noted
that catecholamine desensitization of the rat myocar-
dium induced by the chronic in vivo administration of a
B-adrenergic agonist occurs to a lesser extent in hearts
of senescent than in hearts of younger rats; this has
been also interpreted to indicate that the 8-AR system
of aged rat myocardium had been partially desensitized
before study (434). Additional studies indicate that
while NaF-stimulated adenylate cyclase activity is less
in untreated older versus younger rats, it is unaffected
by chronic 8-adrenergic treatment, suggesting desensi-
tization may not be fully responsible for the diminution

TABLE 3. Comparison of B-adrenergic receptor desensitization and alterations in S-adrenergic response with aging

Desensitization

Characteristics Aging Homologous Heterologous Possible Mechanisms
Plasma catecholamines T 1 T Spillover T, clearance |, or both; good
correlation between spillover and increased
plasma norepinephrine concentration with
aging.
Receptor density — 1 ! Phosphorylation of receptor by PKA and

(Heart and vessels)
1
(Liver and brain)

Receptor sequestration T T
Catecholamine or NaF- L 1

stimulated AC i >
Forskolin-stimulated AC 1 >

cAMP-independent 3-ARK. 8-ARK effects

may involve arrestin-like protein (barrestin).

T Unknown, but phosphorylation may not be the
trigger. Residues 222-229 of 3,-receptor are
important for sequestration.

! Receptor coupling 1, alteration of G,, G;, G/

l G;, and catalytic subunit. Modification of
the G protein may be induced by cAMP-
dependent PK (PKA) or PKC.

1 AC catalytic subunit | by cAMP-dependent PK.

1, Increased; !, decreased; <>, no change; AC, adenylate cyclase; PKA, protein kinase A; PKC, protein kinase C; 8-ARK, 8-adrenergic

kinase. [From Xiao and Lakatta (550).]
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of the B-AR response with age (431, 434). Also, in older
humans the impaired augmentation of the heart rate
and venous relaxation by isoproterenol is not reversed
by chronic administration of a 3-adrenergic antagonist
(155). The results of this study suggest that impaired
stimulation of heart rate by isoproterenol in the elderly
is probably not due to desensitization of (-receptors,
since this difference between young and elder subjects
could not be reversed by treatment with a 8-adrenergic
antagonist.

In summary, an age-associated reduction in the
postsynaptic response of the cardievascular system to
B-AR stimulation in human and in animal tissues and
cells has been richly documented and appears to be due
to multiple changes in molecular and biochemical recep-
tor coupling and postreceptor mechanisms, rather than
to a major modification of a single rate-limiting step, as
might occur, for example, in a genetic defect. The most
remarkable change within the 3-AR system is the de-
crease in the receptor affinity for agonists without sub-
stantial changes in 8-AR density. However, there is lit-
tle information available regarding changes of 8-AR
subtype density, affinity, or functional regulation in ag-
ing. The postreceptor changes with aging include de-
creases in the activities of G, protein, adenylate cyclase
catalytic unit, and a decrease in the cAMP-dependent
PKA-induced protein phosphorylation. Quantitative
differences in G protein or adenylate cyclase catalytic
subunit activities with age have not been measured nor
have specific functional changes resulting from their
altered activity been defined. The striking similarities
between the decreased effectiveness of f-adrenergic
stimulation with age and the phenomenon of desensiti-
zation of 3-AR by chronic 3-AR agonist exposure at
younger age suggest that the age-associated changes,
especially the reduced receptor-to-catalytic subunit
coupling, may, in part, occur via desensitization mecha-
nisms. However, it is not clear whether the molecular
changes of receptor desensitization, e.g., synthesis of
specific proteins (8-ARK, barrestin proteins, G;), also
contribute to the age-associated downregulation of the
B-AR system. The answers to these questions will pro-
vide a greater understanding of the molecular mecha-
nisms of 3-AR and its subtype regulation and a further
insight into the alteration in cardiovascular responsive-
ness to B-adrenergic stimulation with age.

C. B-Adrenergic Receptor Response in Chronic Heart
Failure Versus That in Healthy Aging Heart

In severe chronic heart failure due to a variety of
causes, an increase in the activity of the sympathetic
nervous system in response to the reduced cardiac out-
put is a general adaptive mechanism to maintain pres-
sure and flow requirements of the organism. Studies in
patients suffering from heart failure have demon-
strated that plasma norepinephrine levels are elevated
and that myocardial catecholamines become depleted
(18,409, 544). Although this increased sympathetic activ-
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ity may be initially helpful for the chronically failing
heart, it can simultaneously lead to a desensitization of
B-AR. In experimental models of heart failure, induced
by pressure overloading or pacing overdrive, it has re-
cently been reported that the total 3-AR number is de-
creased (57, 131). In heart failure in humans, the num-
ber of cardiac B-adrenoceptors is also decreased, espe-
cially that of §;-adrenoceptors (47, 49), and it has been
speculated that this preferential §;-adrenoceptor de-
crease might be caused by high levels of plasma norepi-
nephrine, which is a rather selective 8,-adrenoceptor ag-
onist. In addition, it has also been noted that in failing
human hearts there is a selective decline in the high-af-
finity 8-ARs, as well as a decrease in the coupling of
receptors with the G, protein (333). When these changes
in the 8-AR system in heart failure patients are com-
pared with the characteristic of age-associated alter-
ations in S-modulation of cardiac function, the simi-
larities become very evident. As described above, in old
animals or humans, the plasma catecholamine concen-
tration is increased as compared with the younger sub-
jects. Although most studies have shown that the 3-AR
density does not change with aging, the affinity of the
receptor for agonists decreases and coupling of receptor
to the catalytic subunit also decreases. In both healthy
aged humans and those with chronic heart failure, re-
duetion in the cffectiveness of 8-adrenergic modulation
of heart rate, vascular relaxation, and myocardial con-
tractility occurs. It has been suggested that age has been
the dominant variable in the reduced §-adrenergic aug-
mentation in cardiac cells isolated from the failing hu-
man heart (202). The kinetics of myocardial Ca®* eycling
are also altered (286), and many strikingly similar
changes in excitation-contraction mechanisms occur in
the healthy aged and chronically failing heart (see sect.
VIIIBI). Thus the aging heart in health and the chroni-
cally failing heart exhibit many common biochemical
features; nevertheless, in the former, overall cardiac per-
formance is remarkably preserved, while in the latter it
is severely reduced.

VI. AEROBIC CAPACITY AND AGING

The VO, .« achieved during exercise is about nine-
fold greater than the basal level of VO,. In addition to a
four- to fivefold increase in cardiac output, the O, ex-
traction by working tissucs increases and causces the ar-
teriovenous O, difference to increase up to twofold dur-
ing strenuous exercise. This results in part from an in-
crease (up to 15-fold) in the relative proportion of
cardiac output delivered to working muscles (75). The
cardiopulmonary factors that underlie total body Vo, or
aerobic capacity have been traditionally referred to as
“central circulatory,” while local tissue O, delivery, ex-
traction, and utilization are referred to as “peripheral”
factors. ]

It has been well documented that VO, ..., adjusted
for body weight, declines with age (Fig. 9). The extent of
the VO, ... decline with aging varies among studies, and
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this variation relates, in part, to uncontrolled popula-
tion truncation due to cross-sectional sampling, changes
in body weight and composition, and in the fitness levels
among the individuals studied. Longitudinal studies re-
port a more pronounced age-associated decline in
VO, max than do cross-sectional studies (95). Whether the
same factors that regulate VO, are limiting the VO, .,
in individuals of different ages is not known with cer-
tainty (398). The maximum cardiac output may be lower
in older than in younger individuals due to the age-asso-
ciated reduction in maximum heart rate. On the basis of
measurements of maximum heart rate and SV measure-
ments extrapolated from lower treadmill work loads, it
has been speculated that central circulatory function is
the exclusive factor that limits the peak Vo, achieved
during exercise in older individuals (218). The results of
a study employing the acetylene rebreathing method to
assess cardiac output during treadmill exercise (370)
show that the nearly twofold reduction in VO, ., be-
tween the average ages of 26 and 63 yr in sedentary
individuals is accompanied by reductions both in CI, due
not only to the expected age-associated reduction in
heart rate, but also to an age-associated reduction in SV.
A reduction in the in the maximum arteriovenous O,
difference during exercise was also observed. The SV at
maximum exercise normalized to fat-free mass was
lower in women than in men. During upright cycle ergo-
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metry, the lower peak CI achieved in healthy older com-
pared with younger individuals is also attributable in
part to a reduction in the maximum heart rate in older
individuals (Fig. 5D). However, during cycle exercise a
reduction in SVI in healthy older individuals does not
contribute to the reduction in CI (Fig. bB).

Whether, in fact, a measured reduction in cardiac
output (compared with younger individuals) at exhaus-
tion actually limits treadmill exercise capacity and
therefore VO, ., in older individuals is difficult to sort
out. Treadmill exercise is usually limited by dyspnea
(shortness of breath). However, because the maximum
minute ventilation is determined by respiratory muscle
function (a peripheral determinant of V0,), dyspnea
during exercise may relate to peripheral as well as to
central factors. In other words, a reduction in respira-
tory muscle reserve function in older individuals, due to
an age-associated reduced in the number of muscle
fibers or to a reduction in the muscle utilization of O,
per musele unit (due to aging or to a sedentary disposi-
tion), might contribute to the age-associated limitation
of VO, .. A concomitant reduction in cardiac output
would be expected to accompany a reduced work capac-
ity on this basis. Thus a reduction in cardiac output
measured at exhaustion cannot, ipso facto, be impli-
cated as the cause of the reduced work capacity and
VO, ... Indeed, some studies during graded upright cy-
cle exercise have been interpreted to indicate that the
cardiac response for the work performed (Vo, achieved)
in older subjects is as adequate as that in younger sub-
jects (180, 234). It is of note, however, that during cycle
ergometry the peak Vo, in a given individual averages
~80% of that during treadmill exercise (145), and the
factor limiting the duration intensity of the exercise is
usually leg fatigue. Although this difference in peak Vo,
between the two modes of aerobic exercise is not age
related (145), it still may preclude extrapolation of the
maximum cardiac output and VO, measurements during
cycle ergometry to cardiac output and Vo, achieved dur-
ing maximum treadmill exercise in a given individual.

Noncardiac factors leading to a reduction in the
peak arteriovenous VO0,, e.g., age-associated changes in
body composition and muscle mass (43, 58, 148, 166, 167,
309, 410, 519), also appear to be involved in the reduction
in VO, nax With aging. In spite of a decline in the skeletal
muscle mass with aging, total body mass remains con-
stant because of an increase in body fat, not only subcu-
taneous but also intraperitoneal and intramuscular (43,
166, 167). Normalization of peak VO, to an index of mus-
cle mass, creatinine excretion, markedly reduces the
magnitude of the apparent “age-related” decline in Vo,
normalized for total body mass (kg wt), i.e., the routine
normalization procedure utilized in most studies (148).
Changes in strength and work capacity of muscles that
occur with aging in sedentary individuals likely reflect
changes in the number of functional motor units. In 28
healthy subjects aged between 60 and 96 yr, evidence of
extensor digitorium brevis muscle wasting and weak-
ness has been attributed to a loss of functioning motor
units (568). The surviving motor units were often en-
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larged and tended to have relatively slow twitches. In
some subjects the maximum impulse conduction veloci-
ties in motor nerves were reduced; there was also evi-
dence that slowing of impulse conduction can be espe-
cially marked in distal regions of axons. These findings
(58) may indicate the presence of neuromuscular dys-
function in old age. In another study of healthy men
between 15 and 83 yr of age, cross sections of whole vas-
tus lateralis muscle (a thigh muscle) indicate that aging
atrophy can begin as early as around 25 yr of age and
thereafter accelerates and, for this muscle, like that of
the hand muscle noted above, is caused mainly by a loss
of fibers and to a lesser extent by a reduction in fiber
size (310). The metabolism of skeletal muscle (flexer di-
gitorum superficials) in younger and older healthy hu-
mans has been studied in vivo by *P-nuclear magnetic
resonance and, in contrast to these morphological
changes noted above, neither at rest nor during exercise
were age differences noted in intracellular pH or con-
centrations of ATP, phosphocreatine, or inorganic phos-
phate (P,) (508). Thus aging does not affect the meta-
bolic ability of human hand skeletal muscle, at least, to
respond to exercise, and morphological changes found in
superficial hand muscles of the elderly are not accompa-
nied by alterations in energy metabolism (508). Similar
conclusions have been reached from measurements of
mitochondrial volumes and various enzyme activities in
vastus lateralis biopsies from men 22-65 yr of age (374).
Still, a decrease in skeletal muscle mass with aging has
severe functional implications.

VII. EFFECT OF CHRONIC PHYSICAL CONDITIONING
ON AEROBIC CAPACITY IN OLDER HUMANS

In younger individuals, endurance training en-
hances VO, by augmentation in both central and
peripheral mechanisms (75, 86). The maximum cardiac
output is augmented following endurance training in
younger individuals via cardiac dilatation, an increase
in cardiac mass (343), and an enhanced circulating blood
volume (86, 331, 407). Cardiac enlargement occurs at
both end diastole and end systole; the former is greater
than the latter, resulting in an augmentation of SV
(176). Ejection fraction may decrease or remain un-
changed. The increased SVI at rest and during submaxi-
mal exercise is accompanied by a reduced heart rate; the
cardiac output for a given external work load may be
even less in conditioned versus sedentary individuals
due to concomitant augmentation of O, delivery-extrac-
tion-utilization induced by training. In healthy seden-
tary older men a moderate cardiac dilatation, bradycar-
dia, and augmented SVI occur at both end diastole and
end systole in the sitting position at rest and during
exercise (Fig. 5). Thus some of the cardiac adaptations
that are induced by endurance training in younger
adults occur with aging in sedentary individuals.

In an attempt to determine the interaction of physi-
cal conditioning status and age on cardiorespiratory per-
formance, young, middle-aged, and older individuals
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who remain competitive in sports (master athletes)
have often been compared with their sedentary counter-
parts. Master athletes (149, 205, 244, 387) have a lesser
accumulation of subcutaneous fat, a better preservation
of muscle mass, lean tissue, an increased peripheral O,
utilization, a greater work performance at a given tar-
get heart rate, and an aerobic capacity of nearly twice
that of sedentary older individuals (Fig. 9). Master ath-
letes exhibit type I skeletal muscle fiber hypertrophy
and an augmentation of glycolytic and oxidative en-
zymes of gastrocnemius muscle compared with younger
runners (79). While in highly trained middle-aged men
(52-59 yr old) leg blood flow during cycle exercise in-
creased less than in younger men (25-30 yr), equivalent
Vo, occurred in the older men due to a greater increase
in the arteriovenous O, difference (531).

In cross-sectional studies, cardiac status, measured
in older master athletes, has been compared with that in
sedentary controls. Maximum heart rate during cyecle or
treadmill exercise does not differ between the master
athletes and sedentary older individuals (149, 192, 205).
During treadmill exercise, it has been estimated that
the cardiac output (assuming that the SV measured at
submaximum exercise is the same as that at maximum
exercise) is increased in master athletes versus seden-
tary age-matched controls (192). Estimation of the
maximum SV during exercise as the O, pulse, i.e., VO,/
heart rate, also suggests that SV in master athletes is
increased compared with their sedentary counterparts
(205). A contrasting cross-sectional report indicates
that ~85% of the nearly twofold increase in peak Vo,
achieved during upright cycle exercise in master ath-
letes is due to an increase in arteriovenous O, difference
with only modest (statistically insignificant) increases
SV and other central circulatory factors (149). Prelimi-
nary results employing the acetylene rebreathing tech-
nique to measure the SV during treadmill exercise sug-
gest that the nearly twofold greater VO, ., in master
athletes (63 yr of age) than in sedentary age-matched
controls is accompanied by both an increase in cardiac
output, due to an increase in estimated SV, and an in-
crease in maximum arteriovenous O, difference (370).

Longitudinal assessment has been made of the fac-
tors that underlie changesin VO, ... With aging in endur-
ance-trained individuals. In 74 habitually, physically
active men and women over a 21-yr period during which
age increased from 25-33 to 41-54 yr, a 20% decrease in
VO, ... Was accompanied by a 9% reduction in heart
rate. There was no correlation between the decline in
maximum heart rate and the decline in Vo0, ,,, among
given individuals (22). Thus a decrease in the efficiency
of peripheral factors that underlie O, utilization with
aging must have occurred with aging. However, a de-
cline in training status during the course of this and
(most other long-term studies) longitudinal studies con-
founds the interpretation regarding longitudinal reduc-
tions in aerobie capacity. In master athletes who con-
tinue to train during aging, it has been observed that the
maximum aerobic capacity and O, pulse can be main-
tained (387) or decline less (418) over an 8- to 10-yr pe-



April 1993

riod than in sedentary controls or in athletes who de-
crease their training intensity (387). A 10-yr follow-up
period study during which the VO, ., of master athletes
who continued to train during the test interval did not
decline but in whom the expected age-associated decline
in heart rate did occur despite continued training sug-
gests that compensatory cardiac or peripheral adapta-
tions maintained the enhanced aerobic capacity (387).

In another type of longitudinal study design, mea-
surements of factors that determine aerobic capacity
have been made before and after endurance training of
sedentary middle-aged and older individuals. “Middle
aging” in sedentary individuals is accompanied by an
increased body fat, decreased muscle mass, lower maxi-
mal O, uptake, and lower energy intake. In both young
and middle-aged men who complete a training program
at 65-80% maximal O, uptake, changes in body compo-
sition and energy requirements, as well as in aerobic
capacity, are observed with respect to sedentary men
(338). A 7-mo endurance training program in sedentary
middle-aged men (46-51 yr) sufficient to increase
VO3 max 18% (from 35.8 to 40 m1- kg - min™') was accom-
panied by a decrease in cardiac output at rest and during
vigorous exercise for a given O, uptake, indicating more
efficient peripheral O, extraction and utilization (200).
This suggests that the “physical deconditioning” that
accompanies middle aging, or the middle-aging process,
per se, is associated with a decrease in peripheral O,
delivery-transport-utilization mechanisms, which can
be restored by fitness training. The SVI and ventricular
ejection rates are also increased by training during mid-
dle age (200). Additionally, swim training of middle-
aged men equally can increase both peripheral and cen-
tral factors to increase Vo, from 29.2 to 34.7
ml-kg™-min? (332).

Longitudinal studies of the effects of endurance
training have demonstrated that regular exercise condi-
tioning also enhances aerobic capacity in older individ-
uals (100, 119, 139, 190, 193, 244, 398). The magnitude of
the VO, ., augmentation and the underlying mecha-
nisms vary with relative fitness before training, with
intensity and duration of training (119, 244, 398), and
with the experimental paradigm in which performance
is measured (398). It is clear that the reduction in maxi-
mum heart rate in older individuals is not affected by
physical conditioning, regardless of duration or inten-
sity. Changes in both central and peripheral mecha-
nisms have been found to oecur with endurance training
of older individuals (120, 370, 441). After high-intensity
training of older (60-69 yr of age) individuals for 10 mo
to 1 yr, VO,,... increased by ~20% (2564 to 329
ml-kg'-min~"); this was achieved primarily by an in-
crease in peripheral mechanisms during treadmill exer-
cise, manifest by an increase in estimated arteriovenous
0, difference with little increase in estimated maximum
cardiac output (451). The results of a study employing
the acetylene rebreathing method show that SV at peak
treadmill exercise increases by 15% in older (64 yr) men
following 12 mo of endurance training (478). This was
accompanied a 7% increase in arteriovenous O, differ-
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ence. In women, in contrast to men, the training effect to
increase VO, .., Was achieved exclusively by an increase
in exercise arteriovenous O, difference, since neither
peak SV nor maximum heart rate increased (451). In
another study, similarly aged individuals (60-70 yr),
who increased their VOg,,, by ~256% (29.6 to 37.2
ml-kg™!-min!) after training had an 18% increase in
maximum cardiac output during supine cycle exercise
(120). This increase in cardiac output following chronic
endurance training was achieved by an increase in SV,
due to an increase in EDV. After training, a greater
reduction in ESV during exercise augmented the ejec-
tion fraction achieved during exercise. Because arterial
pressure during the supine exercise testing was not af-
fected by conditioning, the enhanced ejection fraction
and reduced ESV after conditioning have been inter-
preted (120) to reflect an increase in myocardial contrac-
tility induced by conditioning. A peculiarity of this
study is that the estimated arteriovenous O, difference
did not increase following exercise, in contrast to obser-
vations in similar training paradigms (451). This may
relate to the supine body position during exercise during,
this more recent study (120). In contrast to the above
study, less intense exercise paradigms in older individ-
uals do not enhance cardiac performance (increased
ejection fraction or reduced ESV) during cycle ergo-
metry (441, see also Fig. 6B).

Marked changes have been observed in skeletal
muscle following endurance training of older individ-
uals (78, 167, 338). Short-term (2 wk) endurance training
at 70% maximum effort, which had no effect on weight
or body composition in either age group, increased
VOy max t0 the same extent (5.5 to 6 ml-kg™-min™) in
both young (23 yr of age) and older (65 yr of age) individ-
uals (334). Before training, older subjects had more adi-
pose tissue and less musele mass than did younger sub-
jeets. Muscle biopsies taken at rest before training
showed that muscle glycogen stores were 61% higher in
the younger subjects. After training, glycogen stores
and muscle O, utilization increased significantly (by 25
and 28%) in older but not in younger individuals. In
another study, a 30% increase in VO, ,,, effected by in-
tense endurance training of older (65 yr) men for 9-12
mo was accompanied by a 50% increase in the number of
type Ila gastroenemius musele fibers, a 13% inerease in
fiber area, a 25% increase in capillary-to-fiber ratio,
and 30-50% increase in succinate dehydrogenase, ci-
trate synthase, and 8-hydroxyacyl-CoA dehydrogenase
activities (78). These skeletal muscle adaptations likely
have a role in augmented peripheral utilization of O,
and in the enhanced work capacity and VO, ., after en-
durance training in older individuals. Strength training
also enhances muscle structure and function in older
individuals (167). Leg strength (isometric) training of
knee extensors in healthy older individuals (60-73 yr of
age) increases the VO, ., of the exercised muscles and is
accompanied by increases in muscle strength, as for en-
durance training (166). It has been observed that after
leg strength training the mean vastus lateralis fiber
area increased in these older individuals by 28% (both
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types 1 and II fibers) and the fiber-to-capillary ratio
increased by 15% and citrate synthase by 38%. In con-
trast, resistance training {one set of 8-12 repetitions on
Nautilus machines) in older individuals has no effect on
cardiovascular responses to submaximal or maximal
treadmill exercise (193).

In summary, it is quite clear that the aerobic capac-
ity of both middle-aged and older individuals can in-
crease following endurance training and that this is me-
diated by adaptations in peripheral, and in some cases,
depending on the intensity of exercise and the baseline
Vo,, by adaptation in cardiac mechanisms. These adap-
tations also explain, in part at least, differences in
VO, max measured in cross-sectional comparisons in
younger and older sedentary individuals and between
master athletes and their sedentary counterparts.

VIII. CARDIOVASCULAR STRUCTURAL AND FUNCTIONAL
CHANGES WITH ADULT AGING IN ANIMALS

A. Cardiac Structure

The vast majority of studies of how the myocar-
dium changes with aging have employed the rat model
(294), the most commonly studied strains being the Wis-
tar, Fischer 344, and Sprague-Dawley. Two-year-old
rats held in cages are commonly referred to as “senes-
cent,” because approximately at that age 50% colony
mortality occurs (294). Similarities and differences with
respect to morphological changes that accompany aging
in these strains have been noted.

The senescent Wistar rat heart exhibits moderate
(256%) LV hypertrophy compared with hearts from
young and middle-aged animals (558, 559). This occurs
in the absence of arterial hypertension (419). This in-
crease in LV mass with aging in the rat differs from that
in humans in that the LV cavity size is enlarged while
the estimated LV wall thickness does not increase (458).
Fluctuations in body weight and composition that occur
with aging in rats make body weight an unreliable refer-
ence for normalizing heart weight for comparisons
across age (as is the case for VO, as noted in sect. Vi). An
alternative index of body size, i.e., tibial length, appears
to be more appropriate for normalization of heart mass
(558). In Wistar rats, the average LV collagen content
doubles between adulthood and senescence (541). The
majority of the increase in cardiac mass with aging in
the Wistar rat, however, is due to myocardial cell en-
largement (as is the case in humans). In individual myo-
cytes isolated from Wistar rats of 2, 6-9, and 24-26 mo of
age, the average myocyte length increases from 133 pm
at 2 mo to 146 um at 6-9 mo to 162 um at 24-25 mo of age,
but the average slack sarcomere length does not change
with age (158). The average volume of individual cells,
measured via Coulter Counter techniques, approxi-
mately doubles between 2 and 24 mo (Fig. 11F). In Wis-
tar-Kyoto rats there is some evidence to indicate that a
reduction in the volume fraction of cardiac myocyes in
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myocardial tissue decreases with age between 6 and 24
mo (124). Myocyte enlargement also occurs with aging
in the Wistar-Kyoto strain. While no prominent
changes in the ultrastructural appearance of the myo-
fibers are observed in the hearts of aging Wistar rats,
an increase in lipofusein occurs (517), as in humans. In
rats older than 19 mo of age, an increased number of
residual bodies among the mitochondria in the nuclear
pole zone and in the mitochondrial rows separating the
myofilament masses have also been observed, as have
signs of increased lysosomal activity, particularly prom-
inent in the mitochondrial regions (517). The functional
significance of such changes, however, is unknown.

In hearts of male Fischer 344 rats, LV collagen in-
creases from 5.5% of total protein at 1-4 mo to ~12-
16% at 22 and 26 mo (16, 118); in the right ventricle
(RV), collagen increases from 7-8% at 1 mo to ~19.5-
22% at 22-26 mo (16, 118). Collagen accumulates in in-
trinsic collagenous structures including perimysial
weaves, coiled perimysial fibers, and struts, where the
preexisting fibers are thickened and more extensive.
Regions of fibrosis also increase in size and volume in
older animals, with predominant subendocardial local-
ization (16, 118). Papillary muscles of the LV become
fibrosed to a greater extent than in the RV of Fischer
rats with advancing age (17). In Fischer 344 rats an ap-
parent (19%) reduction in the number of cardiac myo-
cytes (reminiscent of the case in some skeletal muscle)
has been estimated to occur in both ventricles between 4
and 12 mo of age (16). While at 20 mo this reduction in
cell number persists in the LV, it is reversed in the RV.
Moreover, from 20-29 mo, an apparent 59% increase in
the number of cells has been inferred to occur in the RV
with only a 3% increase estimated in the LV (16). While
this has been interpreted to indicate cardiac myocyte
hyperplasia, i.e., an increase in the number of cardiac
myocytes, more direct evidence of cell hyperplasia
seems to be required to substantiate this provocative
notion.

In the Sprague-Dawley rat strain, an age-asso-
ciated increase in the extent of myocardial fibrosis, in-
volving 60% of rats at the time of spontaneous death,
has been observed in the L'V (543). This fibrosis is dis-
persed rather widely within the myocardium, with
greater concentrations occurring in the subendocardial
and subepicardial regions. In male Sprague-Dawley rats
between 3 and 10-12 mo of age, the mean myocyte cell
volume per nucleus increases 53 and 26% in the LV and
RV, respectively. The total number of myocyte nuclei
remains constant in both ventricles. By 19-20 mo, a fur-
ther (39% ) cellular hypertrophy of the LV occurs in asso-
ciation with an apparent 18% loss of cell number. Left
ventricular cell loss is accompanied by discrete areas of
interstitial and replacement fibrosis in the subendocar-
dium (15). In contrast to the LV, no focal myocardial
damage is observed in the RV, and the measured 35%
additional enlargement of RV myocytes occurs without
an apparent change in cell number. Thus the aged LV of
this rat strain, similar to that of the Fischer 344, ap-
pears to be composed of a smaller number of hypertro-
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phied cells. The cellular changes with aging in this rat
strain occur in the absence of increase in the heart
weight to body weight. Because the Sprague-Dawley
strain, like the Wistar strain discussed above, does not
become hypertensive with aging, the stimulus for cell
loss and hypertrophy of remaining cells with aging is
not presently known. In the Sprague-Dawley strain, the
myofibers of senescent hearts appear irregular and of-
ten small with tapering projections, and foci of dense
mitochondrial accumulation are observed (515). This
contrasts with other species and other types of muscle,
in which there is an apparent decrease in mitochondrial
density with aging. Older Sprague-Dawley hearts also
contained autophagic vacuoles that are rarely noted in
the myocardium of young animals.

In summary, in the normotensive rat, cardiac fibro-
sis increases with aging, the number of myocytes de-
creases, and the myocyte size increases. Variable de-
grees of LV hypertrophy occur, depending on strain, and
this is due to ventricular dilatation with presevation of
a normal ventricular wall thickness.

B. Regulation of Cardiac Contraction

1. Excitation-contraction coupling mechanisms

A brief summary of the mechanisms that underlie
the coupling of cardiac excitation, myofilament Ca®" ac-
tivation, and contraction is useful for an integrated in-
terpretation of studies that have examined the impact
of age on the regulation of the cardiac contraction. The
heart beat represents the synchronized contractions of
myocardial cells. Such cell contractions result from cel-
lular Ca?* oscillations. For an organized Ca2* oscillation
to occur within and among myocardial cells, several cel-
lular mechanisms must act in concert. The cardiac cycle
is initiated as Ca®" influx, via voltage-gated sarcolem-
mal Ca®* channels that become activated by membrane
depolarization during an action potential (AP), and
triggers Ca%" release from the SR (Fig. 10). This causes
the [Ca?'] of the cytosol and myofibrillar space to in-
crease from ~80-140 nM to ~0.5-1.0 uM, depending on
the contractile state. Following its abrupt increase after
excitation, the[Ca®]in the myoplasm is then reduced, in
large measure via SR pumping and in part via Na-Ca
exchange. In the steady state, the Ca®?" influx into myo-
cytes that occurs with depolarization is balanced by
Ca?* extrusion via a Na-Ca exchanger and via an ATP-
dependent Ca%* pump; otherwise, heart cells would even-
tually turn to “cement.” After each cycle some of the
excitation-contraction coupling mechanisms, e.g., sar-
colemmal ionic conductances and SR Ca?* recycling, re-
quire a restitution time for optimal operation following
a subsequent excitation.

The myofilaments (actin, myosin, troponin, tropo-
myosin) within each myofibril are arranged in serial
units referred to as sarcomeres, which can vary in
length from ~1.9 to 2.4 um in the unstimulated state to
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~1.6-2.2 um after excitation. Ca®* binding to troponin C
following excitation results in actin-myosin interaction
(formation of “cross bridges”) followed by stiffening of
the myofilament lattice (force production) and displace-
ment of actin relative to myosin (sarcomere shorten-
ing). The instantaneous sarcomere length, and thus the
sarcomere’s “contractile behavior” following excitation,
depends, in part, on its length before contraction, which
is determined by the extent of stretch placed on the cell,
and by how much shortening occurs following Ca?* acti-
vation. The extent and duration of Ca®" binding to tro-
ponin C is a major determinant of the velocity and ex-
tent of sarcomere shortening following excitation. The
extent of Ca?" binding to troponin C following excitation
depends on the magnitude of the Ca?" release from the
SR and on the resting myofilament or sarcomere length
(229, 230). The extent to which Ca®*' remains bound dur-
ing contraction depends, in part, on the velocity and ex-
tent of sarcomere shortening during a given contraction
(278). Thus the duration of Ca?" myofilament activation
is regulated by the length of sarcomeres before excita-
tion and by the shortening characteristics of sarcomeres
during “contraction.” The precise molecular mecha-
nisms of this length dependence of Ca?* binding remain
to be elucidated (see Ref. 287 for review).

In addition to the extent of Ca?* activation of myo-
filaments, the rate and extent of sarcomere shortening
following excitation and the resultant increases in myo-
filament, cellular and myocardial stiffness, and force
production are dependent on the ambient forces present
within the tissue, sometimes referred to as the “load”
borne by these structures. The sarcomere load depends
in part on the length of the sarcomeres and other cyto-
skeletal structures to which sarcomeres are attached
within cells and on fibrous connections of myocytes to
matrix collagen. A mechanically unloaded cardiac cell,
i.e., one that is unstretched and not stimulated to con-
tract, maintains a sarcomere length of ~1.85 um (229);
this is referred to as the “slack” sarcomere length. Thus,
after a contraction in an unstretched nonexternally
loaded cardiac cell, sarcomeres relax or are restored to
this length; the intracellular forces (the precise nature
of which remains to be elucidated) that cause this re-
lengthening are referred to as “restoring” forces. Dur-
ing contractions in which sarecomere length drops below
the slack length, these intracellular restoring forces op-
pose the shortening of sarcomeres (sarcomere shorten-
ing causes a compressive force). The sarcomere preload
is determined by the extent to which the sarcomeres are
stretched before excitation; the afterload is, in part, de-
termined by the extent to which sarcomeres shorten fol-
lowing excitation. The range of sarcomere lengths over
which this shortening occurs is determined by internal
restoring forces (if the sarcomeres shorten to less than
slack length, the restoring force becomes a component
of afterload), and by whatever external load is present
during the contraction. Thus, when sarcomeres shorten
during contraction, their myofilament Ca?* activation,
length, and load are each important determinants of the
cardiac contraction; these factors are highly interde-
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FIG. 10. Simplified schematic of
excitation-contraction coupling mecha-
nisms in cardiac muscle is shown. Ca®*
influx (fg,) via L-type sarcolemmal
Ca?* channels, activated by depolariza-
tion during an action potential, trig-
gers release of Ca** from the sarcoplas-
mie reticulum to increase the eytosolic
[Ca?*]. Binding of Ca®*' to troponin
(trop) enables actomyosin (A-M) inter-
action resulting in myofilament force
production and shortening. MITO, mi-
tochondria cytoplasmic [Ca?'] is then
lowered and relaxation ensues. See Fig-
ure 7B for timing relationship of
current and cytosolic Ca?* and contrac-
tion.

pendent and cannot be considered to be completely inde-
pendent of each other (287). Additional factors that de-
termine the sarcomere dynamics following excitation
are the myosin heavy chain (MHC) isoform composition,
the extent of phosphorylation of myofilament compo-
nents, e.g., as determined by receptor-mediated second
messengers, and the local concentrations of ATP, ADP,
P;, H*, and Mg?". Sarcomere relengthening and relax-
ation of force in addition to having a dependence on the
removal of Ca®* from troponin C also depend on the me-
chanical loading factors previously discussed.

2. Cardiac muscle and myocyte changes with adult aging

Cardiac muscle function has been studied with re-
spect to aging in thin trabeculae, papillary muscles, or
isolated cardiac myocytes that have been removed from
the heart and superfused in physiological saline. Several
of the steps in the excitation-contraction cascade dis-
cussed above differ in cardiac muscle or cells isolated
from senescent rat hearts versus those from younger
adult hearts. In general, the kinetics of many of these
steps discussed above are reduced in the senescent ver-
sus the younger adult muscle (Fig. 11).

I) ACTION POTENTIAL AND MEMBRANE CURRENTS.
In isolated muscle preparations the cardiac “systole” is
simulated as a twitch contraction elicited by an AP that
occurs in response to external electrical stimulation.
Representative examples of AP, contraction, and the
transient in myoplasmic Ca®* (Ca,) of muscles isolated
from adult and senescent male rats are illustrated in
Figure 11, A-C. While the resting membrane potential is
unaltered with adult aging (59, 533, 539, 551), the repo-
larization of the AP in senescent muscle is strikingly,
i.e., about twofold, prolonged (Fig. 114). This has been
observed in separate studies using different rat strains
(Wistar and Fischer 344) in “pseudoisometric” (auxo-
tonic) RV (5639) and LV (59) papillary muscles and in
isolated LV myocytes (533). An “age-related” increase
in the AP duration of isolated human atrial fibers has

been reported (127); however, the ages compared were 10
mo and 55 yr. The AP amplitude above 0 mV (“over-
shoot”) in rat cardiac muscle is Ca?* dependent; in the
Wistar strain, the AP amplitude is greater in senescent
than in adult muscle in both high and low Ca** loading
conditions (539). The dramatic prolongation of the AP
observed in isometric contractions in the senescent
heart depicted in Figure 15 has not been observed to
occur in nonworking intact heart preparations (289),
suggesting that the age differences observed in the AP
in working myocardial tissue, in part, involve an age
difference in response to stretch. However, recent evi-
dence indicates that the AP is prolonged in unloaded
single (and thus unstretched) LV myocytes isclated
from senescent hearts compared with that in cells from
younger hearts (533).

Recent studies have begun to address the ionic basis
of the AP prolongation with aging. The peak L-type Ca®*
current (measured via the whole cell patch clamp) nor-
malized for cell capacitative area does not change with
aging, suggesting that the density of this Ca?" channel is
not markedly altered in myocytes from older hearts
(533). However, a reduction in the inactivation rate of
the Ca?* current has been observed (533). This, and an
age-associated decrease in the magnitude of I, an out-
wardly directed K current, contribute to the prolonged
AP with aging (534). The magnitude of the “inward-go-
ing rectifier” K current does not change with age (534).
The prolongation of the AP duration with aging may
also relate to a prolonged Ca; transient, since Ca®* ex-
trusion via the Na-Ca exchanger during the AP repolar-
ization produces an inward current and prolongs AP du-
ration of rat cells (112).

II) CYTOSOLIC CALCIUM CONCENTRATION, CONTRAC-
TION, AND RELAXATION. The Ca; transient that follows
sarcolemmal depolarization in isolated cardiac muscle
has been monitored by injecting the chemiluminescent
protein aequorin into multiple cells of that tissue and
measuring the light transient that ensues following the
AP (373). The amplitude of the aequorin luminescence
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transient triggered by excitation is not altered by age
when the[Ca®*]in the superfusate is in the physiological
range and the rate of stimulation is low (Fig. 11). Stud-
ies in which cell and organelle membranes within thin
papillary muscle have been solubilized by detergent
(Triton X-100) treatment to permit the buffering of
[Ca?*] within the myofilament space indicate that nei-
ther the maximum force nor the shape of the relation-
ship between force and [Ca®?'] differs with age (37)
(Fig. 11D).

The peak contraction amplitude of isolated isomet-
ric (auxotonic) cardiac muscle at relatively low rates of
stimulation (6-48 min~') does not differ with age (Fig.
11B) when measured across a broad range of bathing
[Ca%*] or resting lengths, i.e., preloads (9, 59, 162, 186,
288, 289, 294, 539). [It need be noted that these relatively
low rates of stimulation, and usually low temperatures,
required for studies in isolated cardiac muscle (30°C) do
not permit assessment of the extent of Ca*" release at
cyeling rates approaching those in the rat in vivo, e.g., 5
Hz and above.] More recent studies show that the twitch
contraction amplitude in single cardiac myocytes
(which in some ways is analogous to the extent of short-
ening in the isotonic muscle) when normalized to myo-

COUPLING INTERVAL (ms)

cyte length during stimulation at either 0.5 or 1.0 Hz at
either 29 or 37°C does not differ with age (158, 428, 551).

Increasing the stimulation rate or varying the stim-
ulation pattern places a stress on excitation-contraction
mechanisms. In rat muscles bathed in physiological
[Ca%*] in the absence of drugs, the amplitude of the
twitch force and Ca, transient decline as the stimulation
frequency is increased, but the magnitude of this decline
does not differ with age (373). In contrast, in higher
bathing [CaZ?*], muscles from younger adults are able to
maintain the amplitude of twitch force and of Ca; tran-
sient as the stimulation frequency increases, but senes-
cent muscles cannot (373). The post-extrasystolic poten-
tiation of contraction amplitude during continual
paired stimulation at low rates is also preserved in se-
nescent muscles bathed in a medium of low [Ca?*] and
stimulated at 24 pairs/min (173). However, when the
coupling interval of paired stimuli is decreased from 200
to 100 ms, senescent, butl not adult, muscles fail to gener-
ate a twitch response to the second stimulus (Fig. 11E).
Additionally, muscles from senescent rats show a
greater likelihood to exhibit contractions of alternating
amplitude at high frequencies of stimulation (165).
Thus, under the experimental stress of altered stimula-
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tion patterns during which the restitution time is de-
creased, the reduced kinetics of ionic channel restitution
or of Ca®" cycling in the senescent myocardium produce
contractions of smaller amplitude.

The time courses of both the Ca, transient and the
simultaneously measured 1sometric contraction are
prolonged with advancing age (Fig. 11, B and (). At
times during the contraction when foree is still inereas-
ing and Ca; is decreasing (see Fig. 11C, inset), the latter
remains higher in senescent than in younger adult mus-
cles. This may result in a relative increase in the Ca®*-
myofilament interaction in senescent muscles at later
times following excitation; this would be expected to
prolong the time course of active stiffness and force-
bearing capacity of the muscle. Stated alternatively, the
prolonged Ca, transient is a cause of the prolonged relax-
ation of force of cardiac muscle of the older heart. Recall
that isovolumic relaxation period is prolonged in human
heart with aging; the basis for this prolongation could
be prolonged contractile protein activation due to a pro-
longed Ca, transient. While the rate of the reduction of
cytosolic [Ca?*] during contraction decreases with aging,
there are no data to indicate that the diastolic cytosolic
[Ca?*] changes with age. (The Ca?* indicator aequorin is
not sufficiently sensitive to report changes in Ca, at the
diastolic level.)

The load-dependent aspects of relaxation of poste-
rior papillary muscles from the LV and RV of Fischer
and Sprague-Dawley rats have been studied at 4, 10, and
20 mo of age (61). In the Fischer 344 strain, the RV mus-
cle was found completely load independent, whereas the
LV muscle was fully load- dependent at all physiological
afterloads. Aging reduced the load independence of the
RV and the load dependence of the LV in Fischer rats. In
other words, the role of Ca?" in modulating relaxation of
LV relative to that of mechanical load increased with
age. In contrast, no aging effect on the properties of
afterloaded isotonic relaxation was observed in muscle
from Sprague-Dawley rats (61).

III) SARCOPLASMIC RETICULUM FUNCTION. Al-
though any mechanism that can alter the flux of Ca®"
into or out of the myoplasmic space might affect the
duration of the Ca; transient, its decay is thought to
largely depend on the rate of Ca%' removal by the SR
Ca® pump (373). The prolongation of the Ca; transient
in senescent muscle, as noted above, may be related, in
part, to a diminished SR Ca?" pumping rate. Early stud-
ies (Fig. 124) have demonstrated that the rate of CaZ*
uptake into SR vesicles isolated from senescent Wistar
rat hearts is less than that from vesicles from younger
adult hearts (162). The net CaZ* uptake in studies of this
sort depends on the Ca*" pumped into vesicles and any
Ca?* eflux that may occur during the experiment. The
latter can result form a passive nonspecific leak, or from
an efflux via Ca®* channels (ryanodine receptors)
through which Ca?* release is thought to occur following
excitation. The passive leaking of Ca?* of cardiac homog-
enate membrane preparations has been found not to
differ with age (356). The rate of SR Ca®" pumping into
the SR depends on the cytosolic [Ca?*] (or in isolated
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FIG. 12. A: effect of age on Ca?* accumulation velocity by sarco-
plasmic reticulum (SR) isolated from senescent and adult Wistar rat
hearts. {From Froehlich et al. (162).] B: effect of age on SR isolated
from adult and senescent Fischer 344 rat hearts. Left, maximum activ-
ity (V,.,.) for Ca?*-ATPase activity in isolated SR vesicles; middle,
formation of SR phosphoenzyme (EP) product; right, concentration of
SR Ca®* pump protein. [From Tate et al. (506).] Effect of age on steady-
state mRNA levels for SR Ca%*-ATPase (C) and calsequestrin (D) in
adult senescent Wistar rat hearts is shown. [From Lompre et al. (317),
reproduced with permission. Copyright 1991 American Heart Associa-

tion.]

vesicles, on the [Ca®"] of the medium bathing the vesi-
cles, Fig. 12A4). The reduction in the SR Ca2* uptake rate
with aging applies to the entire range of Ca, that occurs
in cardiac cells from diastole to systole (Fig. 124). More
recent studies in SR isolated from other rat strains
(Fischer 344 and Sprague-Dawley) have produced very
similar results (210, 356, 506) to those in the Wistar
strain depicted in Figure 12A. In the Fischer 344 strain,
the diminished SR Ca?' uptake rate persisted in the
presence of calmodulin (210). A decrease in constitutive
levels of phosphorylation of phospholamban, a SR pro-
tein membrane that modulates the Ca®* pump activity,
has also been reported in native cardiac microsomes ob-
tained from senescent rats (254). Because unphosphory-
lated phospholamban inhibits Ca®" uptake by the Ca?*-
adenosinetriphosphatase (ATPase) pump of the cardiac
SR, it is possible that lower levels of phosphorylated
phospholamban are a factor in the decreased rate of
Ca?" uptake by cardiac SR from older animals observed
in the absence of cAMP-dependent stimulation in the
above studies (162, 235, 356, 504, 506). In one study in
isolated membrane preparations from senescent
Fischer 344 rats, although the Ca?' uptake rate was
found to be depressed, Ca%"-induced stimulation of SR
pump enzyme (i.e., the SR Ca?*-ATPase) was not found
to be reduced by aging (356). Accordingly, it was sug-
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gested that there is an age difference in the efficiency of
coupling between ATP splitting and Ca®" pumping (356).
In contrast, another study in SR isolated from Fischer
344 rat hearts (504) did observe about a 25% age-asso-
ciated reduction in the maximum rate of SR Ca*"-ATP-
ase activity (Fig. 12B), accompanied reductions of simi-
lar magnitude in the formation of acylphosphate forma-
tion, and in Ca®" uptake and SR vesicles from the
senescent versus younger adult heart (504). Thus the
reduction in the rate of Ca?* pumped into the SR is likely
due to a reduction in the total SR pump protein
(Ca?*-ATPase) activity. The diminished Ca*"-ATPase
activity and rate at which the SR from senescent hearts
pumps Ca®* may be related to a reduction in mRNA
coding for the SR Ca?*-ATPase (Fig. 12C) observed in
some (317, 324) but not all (54) studies, possibly reflect-
ing a decrease in the relative density of SR pump sites
with aging (Fig. 13C). This conclusion is further sup-
ported by the observations that gel electrophoresis
shows a 40% reduction in the SR Ca**-ATPase protein
(Fig. 12B) without a concomitant reduction in calse-
questrin, a Ca?* binding protein within the SR (504). The
mRNA levels for calsequestrin (Fig. 13D) do not decline
with adult aging (317).

IV) SODIUM REGULATION. The cytosolic [Na*] regu-

% Relative Load

lates the cell Ca®* load by affecting Ca®*' flux through
the Na-Ca exchanger. It has been suggested that the
Na-Ca exchanger is more active in ejecting Ca** from
cells of older versus younger hearts during diastole (209,
356). Cytosolic [Na']is primarily regulated by the Na-K
pump. While Na*-K*-ATPase activity has been reported
to decrease with aging, the cytosolic [Na*] measured via
Na*-selective microelectrodes does not appear to change
with age, either at rest or during rapid stimulation
(422). In this regard, it is of interest to note that an
age-associated decline in the contractile response to digi-
talis glycosides, which act via Na-K pump inhibition,
occurs in the absence of an age difference in the relative
extent of glycoside induced Na*-K*-ATPase inhibition
in both the rat and beagle dog model (173, 187).

V) SPONTANEOUS SARCOPLASMIC RETICULUM CAL-
CIUM OSCILLATIONS AND THEIR FUNCTIONAL SEQUELAE.
As noted, the heartbeat is essentially an organized cy-
cling of Ca®* from the SR to the cytosol and back to the
SR. For normal pump function, Ca*" oscillations must
arise and subside uniformly within each cell, and rela-
tively synchronously among cells. In a “machine” of this
design, the potential for spontaneous Ca?* oscillations is
ever present. A substantial body of evidence from a vari-
ety of mammalian cardiac preparations indicates that
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the probability of spontaneous Ca?* oscillations varies
with the extent to which the cytosol and SR become CaZ*
loaded (283). Aggregate alterations in cytosolic Ca®*,
Na-Ca exchanger, Na-K pump, and SR Ca?' pump, possi-
bly in conjunction with nonspecific changes in sarco-
lemmal membrane ionic permeabilities, may predispose
myocardium to altered cell Ca?* homeostasis. Spontane-
ous SR Ca?* release, unlike that triggered by an AP,
occurs focally and sporadically within cardiac cells and
asynchronously among cells comprising myocardial tis-
sue. At a given instant, one or multiple loci of increases
in Ca; due to spontaneous CaZ* oscillations can be pres-
ent within a cell. The local increase of cytosoliec Ca?*
concentration due to spontaneous Ca®" oscillations can
be as high as that triggered by an AP during systole.
When spontaneous Ca?" oscillation release originates
nearly simultaneously from two or more foci, the resul-
tant contractile activity and depolarization summate (283).

Recent experimental results indicate that acute
perturbations that result in spontaneous Ca®* oscilla-
tion occurrence can produce the triad of manifestations
common to chronic heart failure of various etiologies,
i.e., abnormal diastolic tonus, limited systolic function,
and a high probability of arrhythmias (283). Intrigu-
ingly, the aged myocardium and that chronically ex-
posed to pressure overload are more susceptible to Ca%*
overload and spontaneous Ca?' oscillations (197, 285).
When cell Ca** loading is enhanced, the myocardium of
such hearts demonstrates diastolic afterdepolariza-
tions. The threshold for ventricular fibrillation, which
is preceded by an increase in spontaneous Ca?* oscilla-
tions, is reduced during Ca?* overload in the senescent
heart (197).

VI) MYOFILAMENT PROTEINS. In addition to the ex-
tent of Ca®* binding to troponin C, the “ATPase activ-
ity” of myofilament proteins is a determinant of contrac-
tion characteristics. The myofibrillar ATPase activity,
in preparations prepared using detergents, exhibits the
identical Ca?* dependence [Michaelis constant (K,,), 0.6
uM; Hill coefficient, ~4.5] as does force (see Fig. 11D)
(37). Although the Ca®" sensitivity of myofibrillar ATP-
ase activity does not change with adult age, the maxi-
mum ATPase activity declines during maturation and
then remains stable from 6 mo of age through sene-
scence (37, 294). The Ca?*-activated ATPase activity in
actomyosin preparations (i.e., actin plus myosin in the
absence of troponin and tropomyosin) declines during
maturation but also shows a further decline with age
(60, 69, 132).

The Ca®*-activated ATPase activity of purified iso-
lated myosin preparations (Fig. 13C) declines progres-
sively, in the rat, throughout the entire age range of
1-24 mo (36, 60, 117, 506). This ATPase activity is modu-
lated, in part, by the muscle MHC isoform composition
(215). The content of the a-MHC isoform (often referred
to as the V, isoform), which has a rapid ATPase activity,
decreases progressively with age (Fig. 13B). The lower
level of the o-MHC protein in preparations isolated
from senescent hearts (54, 60, 117, 132, 446) appears to
be a major factor that underlies the decreased myosin
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ATPase activity. The mRNA coding for o-MHC also de-
clines with age in the myocardium of Wistar (Fig. 134)
and Fischer 344 rats (54, 372, 446), and the diminished
expression of this gene with aging may account, in large
part, for the reduction in the a-MHC content with aging
(Fig. 13B). Conversely, with aging, the mRNA coding for
the B-MHC isoform (sometimes referred to as the V,
isoform and which has a lower ATPase activity than the
«-MHC) exhibits a severalfold increase (54, 372, 446)
with aging (Fig. 134) and is the apparent mechanism
for an increase in the 8-MHC protein with aging (Fig.
13B). Thus the pattern of expression of MHC genes in
the senescent heart resembles that which occurs around
the time of birth (372). In this regard, a marked increase
in mRNA coding for atrial natriuretic factor occurs in
the LV with advancing adult age (40). In contrast, the
expression of genes coding for actin isoforms (i.e., car-
diac and skeletal) does not shift with aging (Fig. 13E)
and thus does not resemble the fetal pattern (64).

The switching of the MHC genes with advancing
adult age may, in part, underlie the decline in the veloc-
ity of shortening in lightly loaded isotonic contractions
(Fig. 13D) with aging (9, 60) and may also be reiated to
the prolongation of time to peak tension in isometric
contractions (Fig. 11) and prolonged time to peak short-
ening in isotonic contractions in cardiac muscie from
adult versus older animals (59, 60). 1t is noteworthy that
the 8-MHC or V; isoform is energy efficient in that a
given level of tension development in hearts with pre-
dominately the 8-MHC (V,) iseform produces less heat
than in hearts with mixed or predominately «-MHC (V,)
1soform (10).

In summary, coordinated changes in several keys
step of excitation-contraction coupling occur with ag-
ing. These changes, which are at the biochemical, bio-
physical, and molecular levels, result in a prolonged
Ca?" transient and a prolonged contraction. The resul-
tant altered Ca?* homeostasis renders the older heart
more prone to spontaneous Ca®" oscillations and Ca?*-
dependent arrhythmias.

VII) MYOCARDIAL STIFFNESS. A) Passive stiffness.
Data arising from studies in animal models are often
cited as being indicative of a change in “passive” me-
chanical myocardial properties with advancing age.
Passive mechanical properties of myocardial cells and
tissue, i.e., those properties that are determined by the
amount and composition of matrix (interstitial) pro-
teins, e.g., collagen and cytoskeletal proteins, affect the
contraction amplitude and relaxation of cardiac muscie
and the filling properties of the cardiac ventricle. One
way of assessing passive muscle properties is to examine
the passive length-tension curve. However, it is difficult
to directly compare the results of different studies that
examined the length-tension relationship as a function
of age (see Ref. 294 for review). An estimation of the
elastic or viscoelastic modulus is a more meaningful
method of assessing passive muscle properties than are
measurements of the passive length-tension curve (345).
In isolated unstimulated rat trabecular carneae, using
small sinusoidal length perturbations across a range of
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muscle lengths, several studies have failed to demon-
strate an age-associated alteration in the passive visco-
elastic stiffness modulus (481, 482, 559). In contrast, no
generalization can be made from studies of the intact
isolated heart, since the passive viscoelastic modulus
was found to increase in the beagle dog (510), not change
in the hamster (237), and decrease in the rat (228) with
aging.

In addition to the variable results of different stud-
ies, more fundamental considerations underlie the ambi-
guity of the effect of age on passive myocardial proper-
ties, among which is the assumption of classic muscle
mechanics that Ca?' activation of myofilaments does
not contribute to passive force, i.e., force measured in
the absence of electrical stimulation. In the rat, in which
most aging studies have been performed, the passive
force in the isolated heart and cardiac muscle may in-
deed be influenced by asynehronous spontaneous Ca*
oscillations among myocardial cells that occur when the
bathing milieu contains Ca?* in the range of 2.5 mM or
less, i.e., over the range where most mechanical mea-
surements have been made (263, 291, 487). Furthermore,
in isolated cardiac cells from rats, and from other spe-
cies as well, a tonic Ca?"-dependent myofilament inter-
action is also present at rest and modulates the slack
cell length (564).

B) Active stiffness. “Active dynamic” stiffness, i.e.,
the force change in response to sinusoidal changes in
muscle length made during Ca?* activation of the myofil-
aments during the contraction, has been experimentally
found to increase as force increases with time during
cardiac muscle contraction; active stiffness is a linear
function of the force. In muscle from senescent rat
hearts, the slope coefficient of the linear active stiffness
versus force relationship during contraction increases,
but the intercept of the relationship does not change,
relative to measurements in muscles from younger rats
(481, 482, 559). The time to peak stiffness and to half-re-
laxation of peak stiffness are also prolonged in senes-
cent versus younger adult cardiac muscle (481, 482, 559).
As noted above, age differences in passive viscoelastic
properties do not affect stiffness as measured by this
technique (481, 482, 559) and thus cannot account for the
increased dynamic stiffness during the contraction in
senescent muscles. Rather, the prolongation of the force
transient (Fig. 11B) and prolonged time course of active
stiffness in senescent muscle appear, in part at least, to
result from the prolonged myoplasmic Ca?* transient
with aging (Fig. 110).

3. Coronary flow, oxygen conswmption,
and oxidative metabolism

I) CORONARY FLOW. Excitation, contraction, and re-
laxation mechanisms of cardiac muscle, which deter-
mine myocardial performance, require ATP to maintain
[Na*]and{Ca®]at levels far removed from their thermo-
dynamic equilibria, to maintain ionic homeostasis, and
to permit Ca; transients and eyelic Ca®* actomyosin in-
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teractions. Thus an understanding of how aging affects
cardiac contractile regulation requires not only specific
studies of the effects of intrinsic function of myofila-
ments, cell organelles, or ion pumps, but also a delinea-
tion of whether O, delivery (coronary flow) and energy
metabolism change with aging.

Myocardial cell enlargement (Fig. 11F), interstitial
fibrosis (sect. viIA4), and chronic changes in myocardial
function that have been noted in the isolated working
heart from rats of advanced age (5, 161, 304, 484, 485)
may affect the adequacy of coronary flow. In senescent
hearts in vitro, coronary blood flow, per gram heart, is
diminished versus that of the adult heart, and the mag-
nitude of this decrement is ~15% (5, 542). In unre-
strained male Fischer 344 rats of 4, 12, and 20 mo of age,
maximal coronary blood flow per 100 g tissue decreases
by 43% in the LV at both 12 and 20 mo, respectively,
versus 4 mo, and by 44 and 47% in RV at the same time
intervals (191). The minimal coronary vascular resis-
tance per 100 g of myocardium (measured after maxi-
mal vasodilation) inereased with aging by 56 and 36% in
the LV and by 48 and 44% in the RV at and 20 mo,
respectively. Maximal coronary blood flow to the endo-
cardium was depressed more than epicardial flow at 20
mo. In isolated working Wistar-Kyoto rat hearts, coro-
nary flow varied threefold (depending on the prevailing
afterload); at any given afterload, coronary flow was
25% less in hearts from 19-mo-old rats versus their 4-
mo-old counterparts (161). In isolated Wistar rat hearts,
maximum coronary flow, i.e., elicited by hypoxia, was
found to be ~70-80 ml/g dry wt in the mature adult and
~65 ml/g dry wt in the senescent rat. (542). Thus coro-
nary flow per unit heart mass decreases with aging in
three different rat strains.

These changes in coronary flow associated with
maturation and aging are comparable to those seen in
pressure overload hypertrophy in younger rats and may
predispose to an increased vulnerability of the myocar-
dium to ischemic episodes during stress, particularly of
the subendocardial region of the LV. Because macro-
scopic structural alterations in the large, medium, or
small coronary vessels are not present in these hearts,
the age-associated reduction in coronary flow reserve
and myocardial Vo, may result from a change in vascu-
lar reactivity, or from a failure of the coronary bed to
enlarge commensurate with the increase in heart mass
that occurs with senescence. Earlier studies have docu-
mented a decrcase in the number of capillaries in 26- to
27-mo-old compared with 4-mo-o0ld rat hearts and an
increase in fiber-to-capillary ratio (395, 513). This dimi-
nution in coronary blood flow and capillary density
might be interpreted to indicate that the aged heart is
chronically hypoxic. However, it need be emphasized
that the capillary density in the aged heart is not fixed
but can be enhanced by chronic exercise (513, 514). Thus
it appears unlikely that chronic anoxia has any signifi-
cant role in whatever anatomic or functional alterations
may occur in the senescent rat heart. In contrast, the
reduction in coronary flow with aging, in conjunction
with the marked shift in MHC isoform toward the g-
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MHC type may “downregulate” (hibernate) myocardial
function and thus energy consumption in aged hearts.

II) OXYGEN CONSUMPTION AND OXIDATIVE METABO-
LISM. Whereas the most instructive studies of excita-
tion-contraction mechanisms with aging have been im-
plemented in isolated cardiac muscle or cardiac cells,
similar studies of energy metabolism have been con-
ducted in intact hearts and isolated mitochondria. The
maximum myocardial substrate oxidation rates in work-
ing heart preparations from Sprague-Dawley decline
~20% from adulthood to senescence (5). However, the
energy production rates are appropriate for the reduced
work performed by the older hearts (for reviews, see
Refs. 199 and 294). More recent studies in isolated work-
ing hearts from Fischer 344 rats found cardiac work and
efficiency to decline with age, particularly at high aortic
pressures (484, 485). This latter study, in which the work
load on the heart was twofold greater than in prior stud-
ies (B), clearly shows that the capacity for energy pro-
duction in the heart of the Fischer 344 rat does not de-
cline from adulthood to advanced old age (485). This is
indicated by the lack of an age-associated decline in
maximum activities of rate-limiting enzymes in both
the glycolytic pathway and tricarboxylic acid cycle, or in
the concentrations of cytochromes in the mitochondrial
respiratory chain. In this study (485), appropriate mea-
surements that allowed for the calculation of the free
energy of hydrolysis of ATP (AG,rp) indicated that
AG ,1p was not affected by aging under conditions where
heart pumping performance had declined strongly. This
suggests that the capacity of the aged heart to pump
blood is not limited by bioenergetic factors (485). An
additional observation of this study was that although
chronic exercise conditioning did not affect the maxi-
mum aerobic energy production capacity, it did enhance
other performance measurements of the isolated hearts
of aged animals (484, 485).

In contrast to the aforementioned studies in intact
hearts, those in isolated mitochondria have observed
that oxidation of certain substrates is diminished in se-
nescent versus adult rat hearts (67, 198, 199). Adenosine
diphosphate-stimulated (state 3) respiration of myocar-
dial mitochondria was found to be diminished in Fischer
344 rats aged 20-24 mo versus that in 12-16 mo when
glutamate-pyruvate, glutamate-malate, and palmityl-
carnitine were used as substrates. However, no age-as-
sociated differences were observed when succinate and
ascorbate were employed as substrates (67). In mito-
chondria isolated from hearts of Wistar rats, a 40% de-
cline in palmitylcarnitine oxidation was also observed
between 6 and 24 mo of age (198); further studies showed
that the mitochondria from aged hearts retained less
carnitine than did young ones and that this limited the
rate of translocation, and thus the rate of oxidation of
palmitate in the senesceat mitochondria. In addition to
these findings, it was observed that, as in the study of
the intact working heart of the Fischer 344 rat (5), tissue
concentrations of both carnitine and acetylcarnitine are
reduced in the senescent versus the adult myocardium
(198). However, why isolated mitochondria show de-
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clines in oxidation rates with aging whereas isolated
heart preparations do not remains an enigma. An expla-
nation usually offered by “mitochondriacs” to explain
this enigma is that the maximum energy demand of iso-
lated cardiac preparations is insufficient to stress the
maximum energy production rates in situ. However, al-
ternative interpretations are plausible!

4. Simalar effects of aging and experimental pressure
overload on cardiac regulatory mechanisms

I) EXCITATION-CONTRACTION MECHANISMS. The
multiple changes in cardiac excitation, myofilament ac-
tivation, and contraction mechanisms that occur with
aging (F'igs. 11-13) are interrelated. Many of these
changes can be interpreted as adaptive in nature, since
they also occur in the hypertrophied myocardium of
younger animals, which has adapted to experimentally
induced chronic hypertension (59, 225, 282, 302, 354, 503,
553) (Table 4). During the stable adapted stage of experi-
mental chronic pressure loading in rodent, due either to
renal hypertension or aortic banding, the isometric
foree and rate of force development are preserved, but
contraction and relaxation times are prolonged (60, 225,
302), as is the case with aging in normotensive rats. Over
the range of Ca; encountered in the intact cell during
contraction, neither the maximum force nor the shape
of the steady-state force-Ca2* relationship is altered in
experimental pressure overloading in rodents, guinea
pigs, or rabbits (116, 208, 225, 334, 525), as is the case
with normotensive aging. The AP is prolonged in all
models of adapted pressure-induced cardiac hyper-
trophy in which it has been examined. However, the
mechanisms of the prolongation may differ among mod-
els (cf. Ref. 285 for review). The Ca, transient, measured

TABLE 4. Chronic alterations in excitation-contraction
coupling mechanisms in various models

Experimental LV Normotensive

Functional Pressure Loading Aging
Measure (Rodent) (Rodent)

Twitch duraton T T
Myosin isozyme

composition LV, 1V, LV 1V,
SR Ca?* pumping

rate ! !
Ca; transient duration 1 (Ferret) T
Myofilament Ca%*

sensitivity > >
Action potential

repolarization time 1 T
B-Adrenergic intropic

response 1 1
Cardiac glycoside

response 1 !
Threshold for Ca**

overload L 1

LV, left ventricular; SR, sarcoplasmiec reticulum; Ca;, myoplas-
mic Ca?*.
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as the change in aequorin luminescence following exci-
tation of ferret cardiac muscle isolated from hearts hy-
pertrophied by pulmonary artery banding, is not re-
duced in amplitude but is prolonged in duration (188).
Preliminary data in isolated myocytes from pressure-
overloaded cats and guinea pigs, and cardiac function in
older spontaneous hypertensive rats, also indicate a
prolongation of the Ca, transient compared with that in
control cells (38, 104, 465).

Relaxation changes are a common feature of all ex-
perimental pressure-loaded models (60, 225, 303) and in
cardiaec muscle from older spontaneous hypertensive rat
hearts (38). As observed with aging in normotensive an-
imals, in the rat aortic constriction model the rates of
oxalate-supported Ca?* uptake by isolated SR (97, 260)
and formation of Ca%*-dependent phosphoenzyme mea-
sured in crude cell homogenates are decreased com-
pared with those in preparations from sham-operated
animals (97). The SR pump protein (Ca?'-ATPase)
mRNA (97, 260) and the pump density (measured via a
specific monoclonal antibody) are both reduced in the
hypertrophied rat heart 30 days after aortic constric-
tion (97, 260). In rabbits, aortic constriction is also asso-
ciated with a significant reduction in microsomal (SR
enriched) Ca?" uptake and Ca?*-stimulated ATPase ac-
tivity (295). Additionally, heat production in cardiac
muscle from pulmonary artery-banded rabbits in which
contraction had been blocked is diminished compared
with that of control muscle, a finding also interpreted to
reflect a reduction in the rate of SR Ca®' pumping (8).
As in the rat aortic constriction model, the SR
Ca?*-ATPase protein and mRNA for the SR Ca*"-ATP-
ase in the rabbit pulmonary artery-banded model are
reduced to 34% of control (354). Thus a reduced density
of SR pump sites may explain the reduced rate of Ca?*
sequestration observed in pressure-overload hyper-
trophy. The mRNA coding for phospholamban was also
found to be depressed by the same amount as that for
Ca?*-ATPase in the rabbit pressure-overload model
(354). In addition to Ca?"-dependent factors, non-Ca®"-
dependent mechanical factors confer a load dependence
to relaxation, and this can modulate the contraction du-
ration (303). In pressure-overload models, these relax-
ation “abnormalities” can be construed as adaptive in
nature, since they permit prolonged force-bearing capac-
ity required to eject blood into a stiff arterial system,
which, due to early reflected pulse waves (377), would
otherwise tend to abbreviate the ejection time, increase
ESV, and reduce the ejection fraction (see Fig. 4).

In the rat aortic constriction model, an adaptation
to pressure overload includes a resurgence of neonatal
forms of the Na"-K*-ATPase (66, 375). This 1s asso-
ciated with a four- to fivefold decrease in the high- and
low-affinity ouabain binding (66). The relationship of
these changes to cell Na* in the pressure-loaded heart is
presently unclear, however, since this has not been
quantified. In the cat pressure-overload model, the elec-
trogenic activity of the Na-K pump becomes reduced
(219). In the rat aortic stenosis model, Na*-dependent
Ca?" influx and efflux via the Na-Ca exchanger in iso-
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lated sarcolemmal vesicles have been interpreted to be
markedly depressed (196): a 13-fold reduction in the sen-
sitivity to Ca?* was also measured (K, = 15 uM). In
itself, this should lead to a marked net reduction of Ca?"
efflux via Na-Ca exchange and cause gross myocardial
cell Ca?* overload. Because this does not occur at least
under “basal” conditions, it is likely that either other
adaptations in cell Ca?* homeostasis offset these
changes in the Na-Ca exchanger or that the overall con-
ditions in studies of isolated vesicular preparations do
not reflect the in situ state.

As is the case with aging (Fig. 13D), the isotonic
shortening velocity measured during low mechanical
loads has been found to decrease in most models of pres-
sure overload regardless of species (60, 302, 303, 457, 545)
and leads to a shift in the force-velocity relation. The
rate of ATP hydrolysis in various contractile protein
preparations isolated from the myocardium of pres-
sure-hypertrophied animals (7, 11, 208, 225, 438) de-
creases compared with that of controls. The MHC iso-
form profile in pressure-induced hypertrophy in ro-
dents shifts, as with aging, from the predominantly
a-MHC (V,) to the predominantly 8-MHC (V,) isoform
(60, 116, 207, 318, 334, 337, 423, 438, 525). This shift is due,
in part at least, to a selective increase and decrease,
respectively, in the expression of 3-MHC and o-MHC
genes (54, 302, 448). The reduction in the isotonic short-
ening velocity in the pressure-overloaded rat cardiac
muscle has been attributed to the shift in the content of
MHC isoforms and the concomitant reduction in ATP-
ase activity (302, 503).

In the rat aortic constriction model, the inotropic
responsiveness of $-AR stimulation to (-adrenergic
stimuli in perfused hearts is depressed (70), similar to
what has been observed with aging (186, 294). Radioli-
gand binding assays (iodopindalol) indicate a decreased
B-receptor density and a normal overall affinity, but a
reduction in high-affinity sites in pressure-hypertro-
phied hearts (70, 329). The contractile response to fors-
kolin, which directly activates adenylate cyclase, is also
depressed in these hearts (70), suggesting that, at least
in part, changes in mechanisms distal to the 8-AR also
occur in this model. As with aging, the contractile re-
sponse to changes in extracellular [Ca%*]in cardiac mus-
cle from pressure-overloaded young rat hearts is not
altered (335). In cardiac cells isolated from aortic-con-
stricted rats, the B-AR-stimulated increase in Ca®*
current is less than that in cells from control hearts, and
this difference is abolished by inclusion of cAMP within
the patch electrode {(429). Deficits in receptor density,
adenylate cyclase activity, or the myocardial contractile
response to S-adrenergic stimulation have also been ob-
served in the rodent deoxycorticosterone acetate-salt
and renovascular hypertension models (28, 170, 548).

As is the case with the aging heart, cardiac muscle
of pressure-loaded hearts manifests the electrical mani-
festation of spontaneous Ca®" oscillations, i.e., diastolic
afterdepolarizations, under conditions in which normal
myocardium of younger rats does not (19, 206). A predis-
position to pacing-induced ventricular arrhythmias in
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aortic-banded cats has also been reported (456). Hyper-
trophied hearts due to renal hypertension also show an
enhanced likelihood for the occurrence of voltage oscil-
lations on the AP plateau. In contrast to diastolic mem-
brane potential oscillations, these early afterdepolari-
zations on the AP plateau appear to be due to the re-
moval of inactivation of Ca®" channels during the long
AP plateau (227), and the resultant eytosolic Ca*" tran-
sients are driven by the oscillations in Ca®' current
(480). The greater likelihood for plateau oscillations to
occur likely leads to an enhanced susceptibility for ar-
rhythmias to ocecur under some circumstances in the
pressure hypertrophied heart.

The extracellular matrix is also remodeled in the
hypertrophied heart; fibrocytes increase in number, and
mRNA levels for collagen types I and IIT exhibit tran-
sient increases within 1-3 days (448). This is followed by
increases in hypertrophy stimulus in collagen produc-
tion, which may be heterogeneous in distribution. These
changes within the extracellular matrix may alter the
mechanical properties, e.g., stiffness, of hypertrophied
tissue and may impact on force production as well as
filling properties of the heart. Additionally, “signals”
from matrix proteins and cells may modulate the struc-
ture and function of heart cells.

II) TRANSDUCTION MECHANISMS OF PRESSURE
LOADING AND AGING. Because similar reductions in the
cellular RNA concentration and in the rate of protein
synthesis have been observed with aging and chronic
myocardial overload in the rat model, it has been sug-
gested that the latter (which is usually accompanied by
myocardial hypertrophy) represents accelerated aging
(336). The myocardial hypertrophy in pressure overload
is a manifestation of an enhanced net protein synthesis
due to enlargement of a relatively constant number of
cardiac myocytes and reflects global activation of car-
diacgenes at the translational and posttranslational lev-
els (448).

There is evidence that one signal involved in the
transduction of the stress of an enhanced pressure load
is mechanical, i.c., stretch or tension (30, 81, 250, 259,
328, 350, 462, 537, 553). In this regard, the relationship of
an increase in protein syntheis and force (both systolic
and diastolic) is described by a single linear function
(81). This tension effect may, in part, be mediated by
enhanced coronary flow (30) or hormonal stimulation
(242, 349, 462, 463, 529, 537). Interactions occur between
stretch and cell surface receptor-mediated intracellular
signal transduction mechanisms, e.g., increases in
¢AMP or in protein kinase C activity (242, 349, 463, 529,
537), or changes in ion flux, e.g., Nat (250) or Ca?", possi-
bly related to stretch-induced activation of ionic chan-
nels (85). Reorganization of intracellular matrix pro-
teins, e.g., desmin and tubulin, may also mediate the
stretch response (536). Additionally, stretch of extracel-
lular matrix and ventricular and cardiac endothelium
may lead to the production of growth factors that can
initiate protein synthesis and regulate gene expres-
sion (440).

The initial events in response to increased aortic
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pressure occur rapidly (within 30 min) and mimic the
normal stress and growth responses, which include the
transient induction of heat shock proteins (98, 195, 463),
protooncogenes (224, 351, 356, 464), and other early
growth response genes (72). There is also an induction of
proteins that are usually present in ventricular myocar-
dium during the fetal period, e.g., a-skeletal actin (224)
and S-tropomyosin (224), or of proteins that are usually
presentonly in the atria of adult hearts, e.g., atrial natri-
uretic factor (93, 452). Subsequently, shifts in the ex-
pression of genes coding myofilament, channel, or pump
proteins occur. Initially, at least, substantial spatiotem-
poral heterogeneity exists in the increase in mRNA en-
coding these various proteins (396, 439). This could, in
part, be due to a heterogeneity of the specific factors
stimulating the initial growth response. The phenotype
of the stable, adapted hypertensive heart, in some cases,
is due to differential expression of multigene families of
contractile proteins, e.g., the shift of the MHC isoform,
and in other instances involves differential activation of
single genes, e.g., the coding for the SR Ca?"-ATPase
protein.

Table 5 summarizes the changes in specific gene
expression that oceur in the pressure-overloaded myo-
cardium and aging. Note that a similar pattern occurs in
both hypertension in young animals and aging in nor-
motensive animals, and in neonatal heart cells exposed
to growth factors. It is tempting to speculate that, be-
cause a nearly identical pattern of change in cell mecha-
nisms occurs both in experimental pressure overload
and aging, and after growth factors in neonatal heart
cells, this pattern may reflect a “logic” within the ge-
nome, i.e., that a common set of transcription factors
regulates the expression of multiple genes resulting in
cellular adaptation. This particular constellation of
shifts in gene expression appears to be adaptive, in that
it allows for an energy-efficient and prolonged contrac-
tion. In the hypertensive rodent heart, it can be inferred
that these changes in gene expression permit functional
adaptations in response to an increased vascular after-
load. If these changes depicted in Figures 11-13 and Ta-
bles 4 and 5 were to occur in normal human myocardium
with aging, they could easily be construed as adapta-
tions to the stiffer arterial system and to an increase in
arterial pressure and impedance. However, with aging
in the normotensive rat, whether the similar changes
that oceur with hypertension in younger rats are adap-
tive or degenerative is uncertain because the stimulus
for these changes with normotensive aging remain to be
identified. There is presently no data to indicate that
arterial stiffening or enhanced arterial impedance oc-
curs with aging in rats. Although peripheral resistance
increases with age in rats, it appears to plateau at 10-12
mo and cannot directly be related to the changes in Fig-
ures 11-13 that are progressive with advancing age
(528). Additionally, as noted above, the changes depicted
in Figures 11-13 and Tables 4 and 5 have been described
in two strains of rats that do not become hypertensive
with aging.

Unlike the hypertensive heart, the increased LV
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TABLE 5. Altered myocardial gene expression in
advanced age, hypertension, heart failure, or after
growth factors

Growth Factors

FGF

Rodent Rodent

Aging Hypertension TGF-8 Acidic Basic
SR Ca?*-ATPase ! ! 1 | 1
Calsequestrin o o
Phospholamban 1 (Rabbit)
«-MHC i i 1 !
8-MHC T T 1 1

T*
T 1 1 1
T T T 1

B-Tropomyosin
«-Skeletal actin
ANF
Proenkephalin

—_ o = = =

Altered myocardial gene expression after growth factors was
evaluated in neonatal cultured cardiocytes. *Only transient
changes occur in situ following cardiac pressure loading. TGF-8,
transforming growth factor-3; FGF, fibroblast growth factor; SR,
sarcoplasmic reticulum; MHC, myosin heavy chain; ANF, atrial natri-
uretic factor.

mass that occurs in the Wistar rat strain with aging is
largely due to an increase in LV cavity size, i.e., the wall
thickness appears to remain normal with aging (458).
However, as is the case in the young hypertensive ro-
dent, cardiac myocytes become enlarged in the senes-
cent heart. It may be argued that mechanical or hor-
monal stimuli that initiate and maintain the cardiac
hypertrophic response in the hypertensive heart are
also present within the aging heart. It has been hypoth-
esized that the apparent “dropout” of some myocardial
cells with aging (15, 16) leads to augmented stretch upon
the remaining cells, this being the stimulus of cellular
hypertrophy and of the accompanying changes in gene
expression and biophysical mechanisms that lead to a
prolonged contraction. On the other hand, prolonged
contraction in older hearts persists when these hearts
are transplanted, mechanically unloaded, or atrophied
(261). Also, the prolonged AP, Ca; transient, and contrac-
tion occeur with aging in RV muscle (481, 539) in which
ventricular myocyte number may not be reduced in sen-
escence (15). Additionally, unlike the LV, the RV does
not hypertrophy with age in the Wistar rat strain (558).

Alterations of thyroid status can produce alter-
ations in the variables depicted in Figures 11-13 and
Tables 4 and 5. In this regard the changes observed in
the aging heart mimie, to some extent, those observed in
the hypothyroid state (8, 63, 215, 216, 223, 446). Whether
a relative hypothyroid state accompanies aging is un-
certain. An age-associated decline in plasma levels of
thyroid hormones[3,5,3-triiodothyronine (T,) or thyrox-
ine (T,)] oceurs in at least two rat strains (45, 54, 63, 117,
324), but the magnitude of the decline is small. Still, it
has been reported that replacement of sufficient T; to
restore plasma levels in older rats to those levels occur-
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ring in younger rats can abolish the age-associated de-
cline in myosin ATPase activity (63); however, complete
reversal of the MHC isoform profile did not occur with
small doses of T, (63). Very high doses of T, adminis-
tered for a short period of time have been noted increase
the myosin a-MHC (V, isoform) content of senescent
hearts, but do not fully restore this level to that in the
younger heart (117). Administration of T, or T, to senes-
cent rats also decreases the 3-MHC protein content (117,
446) and S-MHC mRNA levels (446). Still, a failure of
myocardial cells to response to thyroxine (e.g., due to
deficits in nuclear thyroid receptors or changes of the
binding properties of thyroid regulatory elements on
the MHC, and on other genes) may occur with aging and,
in part, underlie the pattern of change depicted in Fig-
ures 11-13 and Tables 4 and 5.

Glucose intolerance has been observed to occur in
aged rats (399) and could possibly relate to some of the
changes noted above. In insulin-deficient diabetic rats,
marked shifts occur in the MHC isoform pattern (in-
creases in 3-MHC or V, isoform) and in myofilament
ATPase activities (102, 326). Additionally, the SR
Ca%*-ATPase activity and Ca* uptake of isolated SR are
depressed in insulin-deficient diabetic hearts (168, 320,
381), and the contraction time is prolonged (135). In
noninsulin-dependent diabetes, the type more typically
associated with aging, the SR Ca?' pumping rate and
ATPase activity are also reduced (437), and a shift to the
B-MHC isoform occurs. A diminished §-adrenergic re-
sponse also occurs in this form of diabetes (436).

Finally, a reduction of physical activity occurs with
aging even in rats in captivity (880, 563). Because many
of the changes in cardiac mechanisms depicted in Fig-
ures 11-13 and Tables 4 and 5 can be modulated by physi-
cal conditioning, which in older animals has indeed been
shown to modify some of these changes, physical decon-
ditioning with aging (or captivity) may have a role in
effecting some of these changes.

III) RESPONSE OF THE OLDER RAT HEART TO
CHRONIC HEMODYNAMIC OVERLOAD. The extent to
which MHC isoform composition, the myosin ATPase
activity, and AP and contraction durations become al-
tered following pressure overload appears to be corre-
lated with the extent of hypertrophy, regardless of age
(60). The response to mechanical stresses that evoke
substantial myocardial hypertrophy, e.g., pressure or
volume overload, appears, in some instances, to be re-
duced in the senescent heart. For example, the extent of
ventricular hypertrophy following aortic (222) or pulmo-
nary artery banding (276), volume overload (222), or the
creation of renal hypertension (60) in senescent rats is
reduced versus that in rats of younger age. Although in
the latter study the significance of this is unclear, be-
cause of four age groups tested, one younger age group
also showed a reduction in the extent of hypertrophy.
Additionally, a subsequent study utilizing the same
pressure loading model in the same rat strain observed
that the hypertrophic response of senescent heart was
not decreased (54). The induction of “early response”
genes (protooncogenes) following aortic banding be-
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comes blunted with age (505). The hypertrophic re-
sponse to chronic AV block, which causes a 50% reduc-
tion in heart rate, decreases with age and is accompa-
nied by reduced functional adaptations in isolated
cardiac muscle (532). Furthermore, the contractile re-
sponse to stressful conditions (high pacing rate and high
bathing Ca?' concentration) is reduced in senescent
hearts that had responded to mild aortic banding with
an appropriate degree of hypertrophy (41). Thus it may
be argued that the adaptive reserve capacity, i.e., an in-
crease in cardiac mass or cardiac muscle function, may
become diminished with advancing age. This may indi-
cate that some cardiac adaptations, e.g., an increase in
myocyte or heart size, become utilized during normal
aging and that a further utilization of these adaptations
cannot occur in response to these experimental stresses.
In other words, the reserve capacity of the aged heart to
respond to these stressful situations appears to be di-
minished. This could, in part, be related to cardiac myo-
cyte cell death and fibrosis that may occur, e.g., due to
an excessive increase in myocyte cell size, relative isch-
emia, or inadequacy of cell ionic homeostasis or of en-
ergy balance for reasons not related to blood flow. In a
spontaneously hypertensive rat strain, advanced age
and chronic hypertension are accompanied by deteriora-
tion of hemodynamic function (384) and evidence for
impaired myocardial force production, increases in
myocardial collagen, and clinical signs of severe conges-
tive heart failure (38).

eo—e senescent control
o - - 0 senescent exercised
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5. Physical conditioning effects on cardiac muscle
of senescent rats

Chronic exercise in senescent rats abolishes pro-
longed isometric contraction (Fig. 144) in isolated LV
trabeculae measured across a range of [Ca?"] and re-
duces the active dynamic stiffness (481). This chronic (5
mo duration) mild wheel exercise protocol was insuffi-
cient to alter the body or heart weight in adult (6-9 mo)
and senescent (24-26 mo) rats at the time of death and
did not alter the twitch amplitude at any age. In the
younger animalg, this exercise protocol was ineffective
in altering the duration of contraction (Fig. 144) or dy-
namic stiffness measured during contraction in mus-
cles. The reduction in both the slope stiffness coefficient
and duration of contraction (Fig. 144) would be consis-
tent with an effect of exercise to reduce the duration of
the Ca, transient. Indeed, subsequent studies show that
the duration of the Ca; transient in senescent cardiac
muscle is reduced following chronic exercise (189). The
AP prolongation in isolated muscle of senescent hearts
is not reversed by exercise, however (189). The reduced
rate of SR Ca?" sequestration (Fig. 14B) and SR
Ca?*-ATPase and mRNA levels in the senescent heart
(504, 506) can also be reversed by chronic physical condi-
tioning. The progressive decline in myocardial Ca®*-ac-
tivated actomyosin ATPase activity, which begins dur-
ing maturation (after 1 mo in the rat) and progresses
with advancing adult age, can be retarded by a chronie

FIG. 14. Chronic exercise training increases iso-
1 metric contraction duration (CD) in isolated right

30 ventricular papillary muscles of Wistar rats (4) and
increases velocity of Ca®* accumulation in sarcoplas-
mic reticulum isolated from Fischer 344 rats (B). In
contrast, chronic exercise alters neither age-asso-
ciated decreases in the myosin heavy chain isoform
content (C) nor age-associated changes in myosin
ATPase activity (D). {A from Spurgeon et al. (481); B
and D from Tate et al. (506); C from Farrar et al.
(132).]
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(3 mo) period of exercise, but the beneficial effects of
exercise, however, are relatively small throughout 12-15
mo (68). Moreover, in older animals that began exercise
at 17-22 mo and were killed at 20-25 mo, a decline in
actomyosin ATPase occurred (68). The altered MHC iso-
form profile with aging (Fig. 14C) or myosin or myosin
ATPase activities (Fig. 14D) in the senescent heart are
not affected by chronic physical conditioning (132, 506).

A greater relative effect of chronic exercise on
aspects of cardiac biochemistry that relate to metabo-
lism has also been observed in senescent compared with
that of young adult rat myocardium. Although chronic
exercise does not usually augment cytochrome-c oxidase
activity in cardiac muscle of younger animals as it does
in skeletal muscle (378), a modest augmentation of this
enzyme has been observed in hearts of senescent ani-
mals (378, 506). This is accompanied by exercise-induced
increased rates of glutamate, palmitylcarnitine, and suc-
cinate oxidation in isolated mitochondria (378). Thus
exercise can partially reverse the decline in the oxida-
tion rates of these substrates and in cytochrome ¢ activ-
ity that occur with aging in rats (484). In mice, the
marked age-associated declines in cardiac aldolase and
superoxide dismutase activities that occur between 9
and 27 mo are also prevented by chronic exercise begun
at 6 mo of age and continued into old age (486). Finally,
the response of senescent cardiac muscle to reoxygena-
tion following hypoxia (311, 538) and the insulin resis-
tance of the aging rat are also ameliorated by chronic
exercise (399).

In summary, chronic exercise in older animals re-
verses some of the alterations in cardiac function (pro-
longed contraection, reduced SR function) that occur
with aging. Other aspects of cardiac function that
change with aging (prolonged AP, altered myosin iso-
form expression) are not affected by chronic exercise.

IX. POSTSCRIPT

In both humans and in animal models, changes oc-
cur in cardiac and arterial structure and function that
are due to aging in the absence of disease and physical
deconditioning. Upon reflection of these diverse, and
sometimes marked, age-associated changes in cardiovas-
cular regulation as reviewed herein, it becomes appar-
ent that studies that attempt to define the principles of
cardiovascular funetion, but limit their investigation to
asingle age, are somewhat shortsighted. It is also appar-
ent upon reflection of the material reviewed that age-
associated changes in cardiovascular regulatory func-
tion are not limited to the classical domain of the physi-
ologist. Rather, many functional changes that have been
identified can be linked to altered structural, biophysi-
cal, biochemical, pharmacological, and molecular me-
chamisms. While these fields have not traditionally
been the bailiwick of the physiology researcher, the mod-
ern physiologist is challenged to widen his or her hori-
zons to encompass the variety of approaches employed
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in these other disciplines. While this integrative task is
a formidable one, it is a necessary one for modern physi-
ology to find its new identity as the “big picture” disci-
pline. Certainly, this approach is required to address the
issue of how cardiovascular regulatory mechanisms
change with advancing age.
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