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Preface

In recent years, all western industrialized countries, and to a growing extent
even many developed and developing Asian nations, have witnessed a remarkable
growth in numbers of older people [1]. Future projections anticipate continued
increases, particularly in numbers of individuals who are 85 years and older [1].
Although US statistics have indicated recent declines in disability trends [2], over-
all numbers of older individuals living with disability and functional dependence
are likely to increase given projected increases in life expectancy [3]. For example,
average life expectancy for women born today in the United States is nearly 80; for
men, it is nearly 75 [1]. With these considerations in mind, many investigators have
begun to pay increasing attention to identifying factors which may predict the
transition from health and independence to disability and dependence in older
individuals, eventually providing useful targets for interventions [3, 4].

Neurodegenerative disorders such as Alzheimer’s and Parkinson’s diseases
are both common and important causes of cognitive and motor deficits in later
life. Moreover, the presence of cognitive and motor deficits resulting from these
disorders represents a major risk for the development of disability, dependence
and need for institutionalization among older individuals [1]. Thus, it is not at all
surprising that the central nervous system has received far more research atten-
tion than has the peripheral nervous system. Nevertheless, age-related changes
and diseases involving the peripheral nervous system, particularly its autonomic
elements, do frequently play determining roles in late life health and functional
independence.

Homeostasis, the need for the body to maintain a constant internal milieu,
was first defined by Claude Bernard in the mid 19th century [5]. In a 1932 book,

VII



Walter B. Cannon clearly recognized that as the body ages its ability to maintain
normal homeostasis in response to common challenges is altered [6]. In fact,
many of the physiologic parameters discussed by Cannon — temperature, blood
sugar and blood pressure — are all closely regulated by autonomic function and
are discussed in some detail in this book. However, our understanding of auto-
nomic system aging and its role in human health and disability has increased a
great deal since the time of Bernard and Cannon.

Above all, modern clinical investigators typically study autonomic aging in
healthy older individuals and are thus able to dissect the contribution being made
by aging from that caused by disease. Such studies clearly indicate that while
basal sympathetic activity increases with normative aging, there is evidence of
considerable dysregulation in terms of the ability of the aging sympathetic
nervous system to respond to a variety of challenges. Moreover, markers of
elevated sympathetic activity appear to predict increased mortality among ill
[7, 8], as well as community dwelling independent older individuals [9, 10].

Although many questions remain unanswered, recent conceptual and tech-
nological advances have provided both the clinician and investigator with much
new information drawn from clinical, as well as basic research. In the follow-
ing pages, investigators from several different disciplines discuss aging of the
autonomic nervous system from a variety of perspectives. Given the fact that
aging of the parasympathetic elements of the autonomic nervous system is not
nearly as well understood as that of its sympathetic portions, greater emphasis
has been placed on the latter. Some authors are basic scientists, while others are
clinical investigators, yet efforts have been made by all to begin bridging the
barriers between the two perspectives in a fashion that is meaningful to both.

In the first chapter, Dr. Schmidt discusses the major neuropathological and
cellular changes that have been described during autonomic aging in both
animal and human studies. Dr. Ford addresses the impact of physiologic
changes involving the autonomic nervous system, but does so from the point of
view of a clinical pharmacologist and clinician in describing the impact of age-
related changes in autonomic function on responses to common medications. In
Chapter 3, Drs. Attavar and Silverman discuss the impact of autonomic aging
on cardiac performance and the management of common cardiac conditions.
Drs. Bourke and Sowers focus their discussion on autonomic mechanisms
involved in the regulation of blood pressure and the impact of age-related
changes on the management of both hypertension and hypotension in older
individuals. Aging is associated with specific deficits in the body’s capacity to
handle glucose and the role of autonomic aging in these changes is addressed
by Drs. Madden and Meneilly. Many aspects of gastrointestinal function,
particularly motility, are closely influenced by autonomic function. Drs. Pilotto,
Franceschi, Orsitto and Cascavilla discuss the role of autonomic changes on
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gastrointestinal performance in late life. Urinary incontinence is a major cause
of morbidity and disability in older individuals. Drs. Tannenbaum, Zhu, Ritchie
and Kuchel provide an overview of age-related changes in the autonomic
elements that closely regulate bladder performance and discuss their potential
roles in maintaining continence in older women and men. As discussed by
Drs. Beshay, Rehman and Carrier, both reproductive function and sexual
performance decline in advanced age, with autonomic changes providing a
contribution to both. The management of pain is a crucial element in improv-
ing the quality of life older patients and, as discussed by Drs. Lussier and
Cruciani, autonomic changes are among the many important considerations
needed to be brought into the assessment of an older individual in pain. Finally,
the inability of many older individuals to appropriately regulate their body tem-
peratures in response to both high and low extremes of environmental temper-
ature is a major risk factor for death. Drs. McDonald, Gabaldén and Horwitz
provide an excellent overview addressing a number of clinically important
questions by highlighting key clinical and basic research studies.

Clearly, the years since Claude Bernard’s first presentation of the concept
of homeostasis and Cannon’s comments regarding the influence of aging on
these mechanisms have witnessed a tremendous growth in our knowledge. At
the same time, the coming decade should lead to an even better understanding
of this area. This will take place as more ambitious and well-defined clinical
studies are undertaken and as the power of basic research is harnessed, partic-
ularly in terms of using genetically modified animals, with real efforts made to
move or translate knowledge between the two fields.

George A. Kuchel, Farmington, Conn.
Patrick R. Hof, New York, N.Y
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Age-Related Sympathetic Autonomic
Neuropathology

Human Studies and Experimental Animal Models

Robert E. Schmidt

Division of Neuropathology, Department of Pathology and Immunology,
Washington University School of Medicine, Saint Louis, Mo., USA

Autonomic dysfunction is an increasingly recognized complication of
human aging and, as a result of the rising mean age of the human population,
has widespread ramifications for health care. Age-related autonomic neuro-
pathy may produce clinical symptoms directly or result in subclinical disease,
complicate therapeutic intervention in a variety of diseases (e.g., sympa-
tholytic drugs in hypertension, aggressive insulin therapy in diabetes) or
decrease the safety margin upon which superimposition of additional insults
(e.g., diabetes) produce symptomatic disease. Early studies of the function and
neuropathology of the autonomic nervous system in aged human subjects were
largely anecdotal and often contradictory. However, recent systematic studies
by a number of investigators have contributed substantively to the understand-
ing of age-related autonomic dysfunction and its neuropathologic substrate.
The development and use of animal models of human aging have begun to
address pathogenetic mechanisms and intervention strategies in age-related
autonomic dysfunction.

The Aging Human Autonomic Nervous System

Clinical Studies

Clinical studies [reviewed in ref. 1-5] support a role for age-related auto-
nomic dysfunction in: (1) temperature regulation and sudomotor responses [6]
which may lead to life threatening hypo- or hyperthermia; (2) bowel motility
[7, 8], presenting as ‘major gastrointestinal dysfunction’ in 27% of one series of



hospitalized elderly [8, 9]; (3) visual abnormalities [10, 11]; (4) bladder func-
tion; (5) fat metabolism; (6) water and electrolyte regulation; (7) maintenance
of blood pressure [12], and (8) cardiovascular reflexes [4, 10]. Cardiovascular
dysfunction in aging is particularly complex and multifactorial, involving
sympathetic [13] and parasympathetic [14] components as well as super-
imposed endorgan impairment [15-19]. Exposure of the aged sympathetic
nervous system to a variety of controlled experimental stresses may result in
diminished [20] or unchanged [21] responses, or, surprisingly, produce an
abnormally exaggerated [22, 23] (hyperadrenergic) response, observations hard
to reconcile with the simple loss of sympathetic or parasympathetic ganglionic
neurons. Alternatively, age-related autonomic dysfunction may involve inter-
ference with the complex integration of autonomic functions within autonomic
reflex pathways, which may take place in peripheral sympathetic ganglia [24]
or at a number of other sites in the autonomic nervous system.

Neuropathology

The neuronal populations of aged human paravertebral superior cervical
ganglion (SCG, fig. 1) and the prevertebral celiac (CG) and superior mesenteric
(SMG) ganglia, are well preserved in aged human subjects, a result supported
by a large autopsy series [25—27] and previous reports [28—30], although most
human studies to date have not used unbiased stereologic counting techniques.
Neuronal alterations described in aged human ganglia include decreased
catecholamine fluorescence, accumulation of lipopigment and, in some studies
[31], neurofibrillary tangles. The demonstration of perivascular and parenchy-
mal lymphocytic infiltrates in postmortem sympathetic ganglia, widely inter-
preted as evidence of an autoimmune process (e.g., diabetic autonomic
neuropathy, idiopathic orthostatic hypotension), failed to correlate statistically
with age, sex, diabetes or any other disease parameter and may largely reflect
normal lymphocyte trafficking or a common aspect of the perimortem
course [27].

In contrast to the apparent preservation of sympathetic ganglionic neurons,
structural alterations in dendrites, axons and synapses have been consistently
identified in aged human sympathetic ganglia [25-27, 32-36]. The hallmark
pathologic alteration in aged sympathetic ganglia is neuroaxonal dystrophy
(NAD), a distinctive axonopathy characterized by dramatic 5—30 wm axonal
swellings (fig. 2). Dystrophic axons arise from delicate preterminal axons as a
distal axonopathy or ‘synaptic dysplasia’ and displace the perikarya of principal
sympathetic neurons or their primary dendrites [25]. Two types of dystrophic
axons have been identified in aged human SMG [37]: most commonly, dys-
trophic axons contain neurofilamentous aggregates with a specific immuno-
phenotype; and, less frequently, tubulovesicular elements. Quantitative studies
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Fig. 2. Neuroaxonal dystrophy in aged human SMG. A markedly swollen dystrophic
axon (a, arrow) is intimately applied to the perikaryon of a principal sympathetic neuron.
Higher magnification demonstrates skeins of misoriented neurofilaments and a peripheral
rim of dense core granules (b, arrow). a 2,740X; b 8,300X.

[27] have demonstrated a progressive increase in the frequency of NAD as a
function of age (increasing particularly after the age of 60), gender (males had
3-fold more dystrophic axons than females) and diabetes (suggesting a shared
pathogenetic mechanism between diabetes and aging).

Nerve terminals in the prevertebral ganglia represent the contribution of
neurons originating in the spinal cord, dorsal root ganglia, parasympathetic ner-
vous system, other sympathetic ganglia or as intraganglionic sprouts, and from
retrogradely projecting intramural alimentary tract myenteric neurons, many of
which have a distinctive neurotransmitter or neuropeptide signature. Dystrophic
axons in aged human SMG are immunoreactive for tyrosine hydroxylase (TH),
dopamine-3-hydroxylase (DBH) and neuropeptide Y (NPY) as well as trkA and
p75NTR (high-affinity NGF and low-affinity neurotrophin receptors, respec-
tively) but not substance P, GRP/bombesin, CGRP or enkephalins [25, 26, 38,
39]. This immunophenotype is most compatible with an origin of dystrophic
axons from sympathetic neurons, intrinsic or extrinsic to the SMG. The total
number of NPY-containing delicate nondystrophic axons and nerve terminals
and perisomal DBH-containing processes of all sizes actually increased in the
aged SMG, a result which may reflect intraganglionic collateral axonal sprout-
ing as well as axonal regeneration. NPY released by sympathetic nerve
terminals has been shown to inhibit presynaptic release of acetylcholine from
intracardiac parasympathetic nerve terminals [40], a process which, if operative
in sympathetic ganglia, could interfere with integration of nerve impulses
derived from a variety of sources. Age-related loss of preganglionic neurons in
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the intermediolateral nucleus [41] may also contribute to the loss of subpopu-
lations of axon terminals surrounding principal sympathetic neurons [29].

The neurofilaments (NF) which accumulate in dystrophic sympathetic
nerve terminals of aged human SMG consist almost exclusively of extensively
phosphorylated 200-kD NF-H epitopes [42]. Antisera directed against NF-L,
NF-M and nonphosphorylated epitopes of 200-kD NF-H preferentially label
sympathetic neuronal perikarya and principal dendrites and do not label
dystrophic axons, evidence against the origin of NAD from principal dendrites
or proximal perisomal portions of axons. Simultaneous immunolabeling of
phosphorylated NF-H proteins (dystrophic axons) and MAP-2 protein (a marker
for dendrites and cell bodies) also failed to demonstrate colocalization.
Peripherin, a 58-kD cytoskeletal element distinct from any NF subunit, colocal-
ized with phosphorylated NF-H immunoreactivity in many dystrophic elements
in aged sympathetic prevertebral ganglia, a result which suggests a shared defect
in a degradative mechanism or the accumulation of a possible hybrid filament.
Recent work on cytoskeletal changes in diabetic somatic sensory neuropathy
have identified a similar hyperphosphorylation of NF protein, thought to reflect
increased activity of several MAP kinases [43].

The Autonomic Nervous System of Aged Experimental Animals

A variety of animal models have been developed in an attempt to determine
the pathogenetic mechanisms underlying age-related autonomic neuropathy.

Pathophysiological and Biochemical Studies

Heart rate and arterial blood pressure are abnormal in aged rats [44], a
finding thought to reflect age-related degeneration of cardiac noradrenergic
innervation [45], altered norepinephrine turnover [46], or loss of functioning
Ca?* channels [47]. Thermoregulative abnormalities are a function of increased
sympathetic nerve traffic to brown fat in the presence of defective postreceptor
signal transduction [48]. Increased colonic transit time [48] in aged rats may
reflect dysfunction of local reflexes underlying effective peristaltic activity,
which are dependent on connections integrated in sympathetic prevertebral
ganglia. Abnormal bladder function in aged rats may reflect reduced afferent
input [49]. The sympathetic response of aged rats to a variety of experimental
stressors (e.g., reserpine, fasting, heating, immobilization stress) may reveal
pathology not present at their unstressed baseline [50-56].

Norepinephrine content (a coarse measure of sympathetic ganglionic
health) has been reported to be decreased in aged rat CG, SMG and hypogas-
tric ganglia [57, 58], although the activities of catecholamine synthetic enzymes
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Fig. 3. Neuroaxonal dystrophy in aged rat SMG. A dystrophic axon (arrow, a)
containing a variety of subcellular organelles (seen at higher magnification in 2b) is adja-
cent to a principal sympathetic neuron and enveloped in a satellite cell process. a 4,310X;
b 18,210X.

TH and DBH are not decreased [54, 59]. Choline acetyltransferase, an enzyme
marker predominantly located in presynaptic cholinergic elements, is variously
reported as unchanged or increased in aged rat SCG [54, 59]. Decreased activ-
ity of succinate dehydrogenase [60], an important enzyme involved in oxidative
phosphorylation, has been reported in aged rat SCG and CG/SMG and may
represent increased glycolytic pathway activity intended to compensate for
decreased oxidative metabolism; however, more recent studies have not found
an expected change in baseline cytochrome oxidase activity [61].

The sympathetic nervous system does not operate in a vacuum and its
alteration may interplay with the age-related changes in the parasympathetic
nervous system (e.g., cardiac-vagal chemoreflex hyperresponse and baroreflex
hypofunction [62]) which is understudied in aged experimental animals.

Neuropathology

The pathologic alterations of aged rat neurons of the sympathetic inter-
mediolateral column prominently involved their dendritic structure [63, 64] rather
than neuron loss. The neuronal complement of the sympathetic ganglia and
hypogastric ganglia (a mixed sympathetic and parasympathetic ganglion) of
aged rodents is well preserved [65—69] as is the preganglionic trunk to the SCG
[70], evidence of preservation of the preganglionic sympathetic neurons.

As in humans, NAD represents a consistent hallmark of the aged sympa-
thetic nervous system in rats [71] (fig. 3a, b), Chinese hamsters [72], and mice
[73, 74]. Sympathetic ganglia of aged rodents are valid models of aging in
human sympathetic ganglia. Both aged rodents and man: (1) develop NAD, but
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not substantive neuron loss, involving preterminal axons and synapses in aged
sympathetic ganglia; (2) demonstrate a selectivity of NAD for prevertebral SMG
and CG relative to paravertebral SCG and stellate ganglia; (3) develop neuro-
pathologic changes ultrastructurally, immunohistochemically and anatomically
identical to those in diabetics, and (4) demonstrate a predilection for NAD to
target some subpopulations of nerve terminals while completely sparing others.
In addition to NAD, there also may be concomitant alterations in the numbers of
normal intraganglionic nerve terminals [75], either increased or decreased
numbers, admixed with NAD. The dendritic arborization of intracellularly
labeled CG/SMG neurons of young adult mice was significantly more complex
and extensive than that of the SCG, and aged animals showed a relatively well-
preserved CG/SMG dendritic apparatus [73]. Aged mouse SCG neurons, how-
ever, appeared significantly smaller with regard to total dendritic length and
branching, in comparison to those of young animals, and exhibited short, stunted
dendritic processes, results which have also been reported in aged rat SCG [76].
Studies of the aged rat hypogastric ganglion, which is composed of an unusual
admixture of sympathetic and parasympathetic neuronal cell bodies, showed
decreased numbers of synapsin-immunoreactive nerve terminals in relation to
individual sympathetic neurons but normal numbers of nerve endings on para-
sympathetic neurons [75]. A detailed study of the sympathetic/parasympathetic
composite major pelvic ganglion and preganglionic elements in aged male rats
similarly identified reduction in the number of sympathetic preganglionic
neurons, alterations in their dendritic structure and complexity, and reduced
glutaminergic (but not glycinergic or GABA-immunoreactive) synaptic contact
nerve endings on sympathetic preganglionic neurons but not on parasympathetic
preganglionic neurons [77]. Serotonin- and TRH-immunoreactive nerve termi-
nals were decreased on sympathetic preganglionic neurons innervating aged rat
major pelvic ganglion but not on parasympathetic spinal nuclei [77].

Recent studies in aged mice [73, 74] have demonstrated a novel,
pathologically distinct, marked dilatation of neurites (involving mostly axons but
including dendrites as well) by numerous vacuoles which has been designated
‘vacuolar neuritic dystrophy’ (VND) and is essentially confined to the aged
mouse SCG. Although the cervical sympathetic trunk (the preganglionic projec-
tion to the SCG) distant from the SCG never contained VND lesions, the major-
ity of VND lesions in the aged SCG were lost following surgical interruption of
the cervical sympathetic trunk, a result which is consistent with a distal process
directed selectively against terminal axons and synapses. Intraneuronal injection
experiments also demonstrated loss of dendritic arborization and focal dendritic
swellings in the aged mouse SCG [73]. Sequential sectioning of ganglia and
ultrastructural demonstration of dendritic characteristics of some dystrophic
elements, suggested that VND in aged mouse SCG was not confined to axons
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and presynaptic elements. Rarely, VND arose from principal dendrites or from
aberrant spine-like processes directly from the neuronal perikarya. VND was
30- to 100-fold more frequent in the aged mouse paravertebral SCG than in the
prevertebral CG/SMG sympathetic ganglia of the same animals, again suggest-
ing that the response of the sympathetic nervous system to age-related insults is
heterogeneous. Sequential sections of aged ganglia heavily involved by VND
demonstrated that most principal sympathetic neurons were contacted at some
point by NAD, that the majority of dystrophic lesions arose from preterminal
axons of essentially normal caliber and that multiple dystrophic elements often
arose from a single axon and surrounded individual neurons as a basket. The
ultrastructural appearance of individual VND lesions was identical in young and
aged mice, differing only in frequency. Surprisingly, the frequency of VND in
22- to 27-month-old NIA-supplied mice was strain dependent, varying as much
as 30-fold between DBA and C57BL6 strains, which represent the most and
least VND-involved strains, respectively. VND exhibited a prominent gender
effect (males had 3-fold more severe VND than females of a comparable age).
Caloric restriction in mice, which significantly extends lifespan, presumably as
a function of decreased oxidative stress, resulted in 70% fewer VND lesions than
in age- and sex-matched controls fed ad libitum [74].

In addition to dystrophic alterations involving axon terminals contacting
prevertebral principal sympathetic neurons, investigators have also reported an
apparent decrease in distal postganglionic sympathetic noradrenergic axons and
nerve terminals in a variety of target tissues including the rat heart, middle
cerebral artery, ileum, kidney, bladder, pineal gland, spleen, mystacial pad and
the cholinergic sympathetic innervation of sweat glands but not the iris or
submandibular gland [45, 65, 78-86]. Interestingly, the loss of norepinephrine
and serotonin innervation of aged guinea pig vasculature was accompanied by
an increase in the vasodilator neurotransmitters VIP and CGRP [87], suggesting
that attempting to correlate functional consequences of the loss of populations
of sympathetic axons in isolation may be problematic. A recent study of age-
related alterations in the innervation of gastrointestinal sphincters shows an
increase in the density of excitatory neurotransmitters norepinephrine and sub-
stance P as well as a decreased density of inhibitory substances VIP and CGRP
[88]. Other studies of aged rats demonstrated dendritic atrophy of the SCG
neurons innervating the middle cerebral artery — which was reversed by local
application of NGF [89] —, but not of those neurons innervating the iris [90].
A similar pattern of decreased NF gene expression has also been demonstrated
for SCG neurons projecting to the middle cerebral artery but not those distri-
buted to the iris [90]. There is, therefore, no compelling evidence that sympa-
thetic autonomic aging in rats is uniform, resulting in a global loss of peripheral
sympathetic endorgan innervation.

Schmidt 8



Alimentary dysfunction in aged rats may also reflect loss of enteric
neurons [91], which may vary in degree from one level of the gut to another
[92]. In addition, multiple subpopulations of enteric neurons may be differen-
tially targeted by the aging process. In aged rats, significant loss in calbindin-
immunoreactive neurons, which may represent intrinsic neurons with a sensory
function, contrasts with the relative preservation of serotonin-immunoreactive
myenteric neurons [93].

Postulated Mechanisms of Autonomic Nervous System
Damage with Age

There is little evidence for the wholesale loss of significant numbers of
neurons in aged autonomic ganglia. Instead, reproducible significant ganglionic
pathology involves dendritic alterations, changes in synapse number or structure
and NAD. Ganglionic pathology may be further complicated by the superimpo-
sition of significant losses of postganglionic sympathetic axonal projections or
synapse-selective processes, which may vary from one endorgan to another.

Although NAD is characteristic of age-related changes in sympathetic
ganglia, its distinctive pathology is not confined to aged sympathetic ganglia,
and may be found in a variety of other age-related (gracile nucleus), toxic
(bromophenylacetylurea, zinc pyridinethione intoxications), degenerative
(Alzheimer’s disease), genetic (infantile neuroaxonal dystrophy, Hallervorden-
Spatz disease), metabolic (vitamin E deficiency) and neurotraumatic disorders
involving the central and peripheral nervous system of man and experimental
animals [94]. Mechanisms relevant to the pathogenesis of NAD in the relatively
simple aging peripheral nervous system may be extrapolated to a variety of
more complex disease processes in the central nervous system.

The mechanisms underlying age-related damage to the peripheral nervous
system remain largely unknown; however, several hypotheses have been
advanced [32].

Oxidative Injury

Oxidative stress results from a variety of physiologic and pathophysiologic
pathways (e.g., mitochondrial function, catecholamine metabolism, ischemia,
formation of glycated proteins) that may generate increased amounts of reactive
oxygen species in aged animals, particularly in nerve terminals. Coupled with a
reduction in antioxidant defenses (e.g., decreased levels of reduced glutathione,
glutathione peroxidase and superoxide dismutase activities) increased amounts
of reactive oxygen species are thought to contribute to a variety of age-related
insults to the nervous system. Experimental lipid peroxidation of rat brain
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synaptosomes results in alterations in membrane fluidity, lipid composition and
Na*-K*ATPase activity, similar to changes produced by aging itself, which
result in greater susceptibility of aged synaptic membranes to additional in vitro
lipid peroxidation [95]. Oxidative stress may directly damage the mitochondrial
genome resulting in dysfunctional mitochondria that produce increased amounts
of free radicals which leak into the surrounding cytoplasm or produce further
mitochondrial damage [4, 96, 97]. In support of this, reactive oxygen species
have been reported to produce oxidized proteins which accumulate in synaptic
mitochondria in old mice [98]. Increased indices of oxidative stress (tissue levels
of malondialdehyde, 4-hydroxynonenal (4-HNE), protein carbonyls and
decreased levels of GSH) have also been reported in the diabetic rat peripheral
nervous system [99] which develops ganglionic pathology similar to that in aged
ganglia. In a normal state, superoxide is degraded by superoxide dismutase;
however, if the amount of superoxide produced overwhelms this capacity, super-
oxide is converted to hydroxyl radical, a potent oxidant which targets a variety
of intracellular macromolecules, chief among them polyunsaturated fatty acids
resulting in the generation of 4-hydroxynonenal (4-HNE) [100, 101]. 4-HNE
binds to several amino acids in a variety of intracellular proteins, interfering with
their function. In addition, treatment of cultures with 4-HNE has been reported
to interfere with the function of proteosomes, nonlysosomal cytosomes that
function in the degradation of abnormal proteins [102], which may represent a
link between oxidative damage and accumulation of intra-axonal organelles that
represents a conspicuous characteristic of NAD.

Oxidative stress is closely associated with the development of NAD in
several clinical and experimental conditions. Deficiency of the antioxidant
vitamin E results in the premature and exaggerated development of NAD in
aged human and rat primary sensory axon medullary terminals [103], which is
sensitive to antioxidants and free radical scavengers. Studies in diabetic rats,
which develop NAD identical in ganglionic distribution and ultrastructural
appearance to that in aged rats, have provided additional support for oxidative
stress in the pathogenesis and treatment of diabetic neuropathy. Recent studies
[104] of diabetic autonomic neuropathy in rats have demonstrated that inhibitors
of selected portions of the polyol pathway result in substantially decreased
NAD (aldose reductase inhibitors) or significant worsening of NAD (sorbitol
dehydrogenase inhibitors), a result which parallels the known effect of these
agents to diminish or increase, respectively, markers of oxidative stress [105,
106]. Restriction of caloric intake (known to decrease oxidative damage in
rodents) [107], significantly decreases dystrophic synaptic pathology in aged
mouse SCG [74]. We have shown that increased sympathetic NAD in diabetic
rats is nearly eliminated by IGF-I treatment in doses too small to significantly
affect blood glucose levels [108], a result consistent with, although not limited
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to, the antioxidant effect of IGF-1. IGF-I has also been reported to protect dorsal
root ganglion neurons from glucose-induced injury, a mechanism also known
to involve oxidative stress [109].

Deficiency of Neurotrophic Substances and Aging in the

Peripheral Nervous System

It has been proposed that the trophic support of endorgans on their inner-
vating neurons may decline in old age due to decreased availability of target-
derived neurotrophic substances [110—114] or alterations in receptor expression.
Transplantation of aged or young endorgan targets into the anterior eye chamber
of aged or young rats has demonstrated both target [109, 115]- and neuron-
derived defects [116]. Other studies have reported deficient sympathetic sprout-
ing into aged hippocampus [117] or sweat glands [115]. Exogenous treatment
with NGF increased the sympathetic innervation density on both young and old
targets, although not to the same degree [116, 118]. SCG neurons giving rise to
the noradrenergic innervation of the middle cerebral artery, which decreases its
total innervation by half with age, are reported to show NGF-reversible dendritic
atrophy [119] in the absence of a decrease in NGF protein levels in the circle of
Willis [120]. NGF content of blood vessels, pineal gland, submandibular glands
and iris is not generally reduced in aged animals and age-related changes in
endorgan nerve density do not correlate accurately with endorgan NGF content
[114, 115, 120, 121]. Reinnervation of transplanted blood vessels by aged
neurons is increased by exogenously administered NGF, but to a lesser extent
than with young host neurons [116], which may reflect age-related decreased
neuronal plasticity. The aged sympathetic nervous system may show an impaired
response to low doses of NGF [114], although other studies suggest little decline
in the capability of aged neurons to respond to intraventricular NGF [122].
Exposure of sympathetic neurons to anti-NGF is reported to produce atrophy of
aged but not mature neurons, suggesting a decreased ability to scavenge NGF
with age [123]. Decreased levels of p75NTR (the low-affinity neurotrophin recep-
tor) as well as mRNA for p75N™® and trkA, the high-affinity receptor respond-
ing primarily to NGF [112, 124] have been reported in aged sympathetic
ganglia. Other studies of aged rats have demonstrated dendritic atrophy and
decreased NF gene expression of the SCG neurons innervating the middle cere-
bral artery (reversed by local application of NGF) [89], but not of those neurons
innervating the iris [89, 90]. Neurons which innervate blood vessels are smaller
and exhibit lower levels of NGF uptake (which declines with age) in contrast to
iris-projecting neurons which are larger and take up greater amounts of NGF
(a process which does not decline with age) [125].

Some of the apparent discrepancies between experiments identifying a
target- or endorgan-derived defect in aged animals may reflect the differences
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between impaired collateral reinnervation in old animals [116], a process which
is neurotrophin sensitive [126], and the retained capacity for axonal regenera-
tion in aged rats [127], a neurotrophin-insensitive process [111, 128]. Animals
with deficiency of sensory collateral sprouting (but not axonal regeneration),
result from the administration of a course of anti-NGF into neonatal rats or by
targeted disruption of p75NTR in mice [129]. Septal lesion-induced collateral
sprouting of sympathetic axons into the aged rat hippocampus is also reduced
in the presence of diminished hippocampal NGF upregulation [113, 130].
A physiologic defect in sprouting of uninjured noradrenergic fibers within the
pineal gland following extirpation of one SCG has been reported in aged in
comparison to young rats [131]. Cycles of synaptic degeneration and regenera-
tion may have more in common with collateral sprouting than long distance
regeneration in terms of neurotrophin sensitivity, particularly if turnover involves
replacement of degenerated terminals with adjacent axonal sprouts. Synaptic
maintenance, plasticity, turnover, and collateral sprouting of axons may make
use of shared basic processes which are differentially sensitive to a variety of
neurotrophic substances.

Insulin and the insulin-like growth factors support the development and
growth of sympathetic neurons in culture [132]. Insulin-like growth factor I
(IGF-I) is thought to contribute to synaptic development, axonal sprouting and
regeneration [133—136]. Administration of exogenous IGF-I to diabetic rats
with established NAD in the SMG resulted in nearly complete reversal of NAD
after 2 months [108] in the absence of a salutary effect on the severity of
diabetes. The injury-induced increase in IGF-I content in the distal stump of
axotomized sciatic nerve is reportedly blunted in aging [137]. IGF-I deficien-
cies identified in both aging and diabetes [138, 139] could contribute to
abnormal synaptic turnover and the development of ganglionic NAD in both
conditions. Significantly, IGF-I is also known to protect DRG neurons against
oxidative insult by reactive oxygen species in vitro [109]. However, recent work
[reviewed in ref. 140] has suggested that the relationship of aging insults to
decreased signaling by IGFs may be more complex since reduced signaling by
insulin-like peptides has been shown to increase the life span of a number of
experimental species.

Neurotrophic Substances in Excess as a Pathogenetic

Mechanism for NAD

Alternatively, excessive amounts of neurotrophic substances may induce
uncontrolled neuritic growth. This mechanism has been suggested to explain the
neuritic swellings and apparent axonal sprouts in senile plaques of Alzheimer’s
disease which are rich in fibroblast growth factor (FGF) [141]. Neonatal sym-
pathetic ganglia treated with 6-hydroxydopamine and high doses of NGF in vivo
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Fig. 4. Association of NAD and regenerative axonal sprouts in aged rat SMG. A mas-
sively swollen dystrophic axon (arrow, a) is associated with regenerative axonal sprouts
(arrowheads, a), seen better at higher magnification in 3b (arrowheads). These delicate
(0.1-0.2 wm) structures, similar those which originate from an axotomized parent axon in
peripheral nerve regeneration, presumably subserve a similar function within sympathetic
ganglia, although perhaps without the orientation supplied by Schwann cell tubes of regener-
ating peripheral nerve axons. a 4,950X; b 32,420X.

develop large intraganglionic swellings containing a variety of subcellular
organelles which are reminiscent of NAD and suggest a pathogenetic role for
coupled peripheral injury and increased ganglionic NGF [142]. Studies of auto-
nomic neuropathy in diabetic rats have demonstrated that NAD identical to that
found in aged rat ganglia develops prematurely and with increased severity in the
diabetic prevertebral SMG and CG but not SCG [143]. Measurement of endo-
genous ganglionic NGF by ELISA [144] showed a doubling of NGF content in the
diabetic CG and SMG but no consistent effect in the SCG, a distribution which
parallels the development of ganglionic NAD. Systemic administration of
exogenous NGF to adult control rats for 3 months has been shown to produce a
doubling of NAD in the SMG [145]. Axonopathy may interfere with the retro-
grade transport of neurotrophic substances further contributing to a local excess
in endorgans and the development of a self-perpetuating cycle. Increased NGF
and other neurotrophins have also been shown to potentiate free radical-
mediated neuronal death in some experimental paradigms [146—148].

Regenerative Mechanisms (Axonal Regeneration, Collateral Axonal

Sprouting, Synaptic Plasticity)

The ultrastructural resemblance of some dystrophic axons to growth cones
[94], the terminal motile tips of developing and regenerating axons, the frequent
association of NAD with regenerative axonal sprouts [149, 150] (fig. 4) and its
induction by frustration of peripheral axonal regeneration [151] suggest a rela-
tionship of NAD to abnormal axonal regeneration/collateral sprouting.
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Synaptic turnover, a continuous normal process which may represent the struc-
tural equivalent of synaptic remodeling or ‘plasticity’ [152, 153], may share
mechanisms with collateral sprouting (i.e., neurotrophin-sensitive sprouting of
uninjured axons into denervated targets) and axonal regeneration (neurotrophin-
insensitive regrowth of previously injured axons) [128]. Axonal regeneration
and, particularly, collateral sprouting are deficient in various organs of aged
animals [117, 126, 131, 154, 155]. Synaptic turnover in autonomic ganglia may
be further complicated in pathologic states by superimposed postganglionic
axotomy, which itself results in the detachment, swelling and retraction of
presynaptic elements, a process which may represent an exaggerated form of
normal synaptic turnover and may represent the substrate from which NAD
develops. Finally, regeneration of nerve terminals must eventually cease (i.e.,
initiate a ‘stop’ program) to reform a stable nerve terminal. The inhibition of the
stop program has been reported to result in swollen nerve terminals, reminis-
cent of NAD [156].

Synaptic Degradation of Organelles

NF undergo orthograde transport to the nerve terminal but are not returned
intact and, instead, undergo degradation by calcium-activated neutral proteases
(calpains). Postsynthetic modification of NF by glycosylation resulting in the
formation of advanced glycosylation endproducts [157, 158], a process which
is thought to operate in both aging and diabetes, or by excessive phosphoryla-
tion may change the sensitivity of NF to calpains and other proteases, which
could result in their excessive accumulation in axonal terminals.

Extracellular Matrix

Detailed studies [159] of the normal process of removal of supernumerary
neuromuscular junctions suggest a seminal role for alterations in the matrix and
postsynaptic elements in the loss of presynaptic nerve terminals. Neural cell
adhesion molecule (NCAM) may promote or inhibit synaptic plasticity or
stability as the result of alternative splicing or postranslational polysialation
[160]. Cultured aged SCG neurons exhibit diminished responsiveness to laminin
in the presence of NGF [161, 162] and reduced laminin immunoreactivity is
reported to correlate with decreased innervation (possibly due to a defect in
collateral sprouting) of middle cerebral artery walls of aging rats in vivo [163,
164]. Age-related alterations in the extracellular matrix are, thus, also capable of
affecting nerve terminal structure, function and plasticity. Conversely, sympa-
thetic neurons cultured on an aged or young central nervous system frozen
section substrate (an environment with extracellular matrix and possible bound
neurotrophic substances) show region-specific but not age-related differ-
ences [165].
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Abnormal Calcium Dynamics

Norepinephrine release and abnormal calcium handling by aged SCG
neurons in culture and the noradrenergic innervation of the aged rat tail
vasculature are thought to reflect an age-related decline in Ca?* uptake by
smooth endoplasmic reticulum and increased reliance on mitochondrial calcium
buffering [166, 167]. A decline in Ca?*ATPase activity in the smooth endo-
plasmic reticulum of aged rat SCG neurons may result in increased stimulation-
evoked release of norepinephrine in older adrenergic nerves [168]. Several
recent studies of aged rat sympathetic pelvic ganglion neurons show a decrease
in calbindin and neurocalcin immunoreactivity, alterations which may also
contribute to impaired intracellular Ca’?* buffering and Ca?*-dependent
signaling [169, 170]. The precise control of intracellular Ca?* concentration is
important for a variety of critical cellular processes including degradative
calpain-mediated cytoskeletal turnover.

In summary, age-related sympathetic dysfunction is not thought to result
from a generalized and progressive loss of neurons in human sympathetic
ganglia; rather, alterations in the number, subtype and structure of presynaptic
elements are poised to interfere with integration of visceral reflexes.
Comparable damage to the distalmost portions of the postganglionic sympa-
thetic innervation of endorgans may further amplify the dysfunction wrought
by intraganglionic pathology, although quantitative studies of age-related dam-
age to sympathetic endorgan innervation are rare. Recent studies of the sympa-
thetic nervous system of human subjects and development of valid animal
models have contributed to our understanding of the pathogenesis and possible
treatment of autonomic dysfunction in aging. Pathologic processes targeting the
synapse interrupt the most precarious site for neuronal transmission of the
nerve impulse and may have significant consequences far more substantial than
a modest degree of neuron loss, particularly for integrated nervous functions.
Aging may selectively target plasticity-related synaptic remodeling.
Abnormalities of synaptic turnover, therefore, may affect the most complex and
critical processes in the peripheral and central nervous systems. Studies of the
pathogenesis of NAD and synaptic dysplasia in the relatively simple peripheral
nervous system may provide more general insight into the mechanisms which
underlie more complex CNS processes (e.g., neurotrauma, neurodegenerative
and inherited diseases) in which similarities in pathology may reflect shared
mechanisms. NAD, synaptic loss and dendritic alterations are the neuropatho-
logic hallmarks of aging in the human and rodent sympathetic nervous system.
Although dystrophic changes in intraganglionic terminal axons and synapses
are a robust, unequivocal and consistent neuropathologic finding in the aged
sympathetic nervous system of man and animals, they may only represent the
most visible residua of a more insidious synapse-directed process. The fidelity
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of animal models to the neuropathology of aged humans suggests that similar
pathogenic mechanisms may be involved in both and that therapeutic advances
in animal studies may presage human application.
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Autonomic regulation of the involuntary functions of various organs and
tissues is subject to significant changes in old age. Given the extensive changes
that occur in the autonomic nervous system with aging and the physiological
challenges faced by many older individuals, it is perhaps surprising how well
the autonomic nervous system functions in maintaining the internal environment
in the majority of older people.

Prescribing of drugs to older people has increased substantially in recent
years due to changes in aging demographics. In the UK, older people now
receive more than 50% all prescribed drug therapy, and this is likely to continue
to increase, as increasing evidence of the benefits of drug treatment becomes
available [1]. The response of older people to drug therapy is frequently altered
due to both pharmacokinetic and pharmacodynamic changes [2]. Age-associated
alterations in pharmacodynamics are less well described than pharmacokinetic
changes in part because of the difficulties in studying pharmacodynamics.
However, significant advances in understanding of age-associated alterations in
pharmacodynamics have occurred in the last 25 years and many of these changes
involve the autonomic nervous system.

This chapter will review the effect of aging changes in autonomic function
on clinical problems and therapeutics in older people. Treatment of cardiovascu-
lar disorders will be the primary focus for discussion since these agents account
for the largest proportion of prescribed drugs, and aging changes in the human
cardiovascular autonomic nervous system have been well studied compared to
other organ systems. The main age-associated changes in autonomic nervous
system function and the clinical consequences are listed in table 1.



Table 1. Main age-associated changes in cardiovascular autonomic
function and clinical consequences

Reduced B-adrenergic responsiveness
Reduced maximal heart rate, stroke volume and exercise capacity
Reduced bronchodilator response to inhaled 3-agonists
Reduced awareness hypoglycemia

Increased SNS activity
Hypertension!

Decreased baroreflex sensitivity
Increased incidence orthostatic hypotension, vasovagal syndrome

Increased BP variability (as a consequence of baroreflex changes)
Increased incidence syncope and falls
Increased risk of cerebrovascular events'

ICausal association not proven.

Aging Changes in 3-Adrenoceptor Responsiveness

The reduction in B-adrenoceptor responsiveness with age has been described
in many but not all tissues. Although this finding was reported more than 30 years
ago in humans, and confirmed in many animal models, there is still some
controversy as to the extent of the reduction in cardiac (3-adrenoceptor respon-
siveness that occurs with aging [3-5]. The consequences of this reduced
responsiveness appear less than would be anticipated, perhaps because of the
increase in sympathetic nervous system activity which provides a higher ‘drive’
to the receptors under both resting conditions and in situations where the
sympathetic nervous system is activated. Indeed the age-associated reduction in
B-adrenoceptor activity may be an adaptive response to the increased sympa-
thetic nervous system activity. The age-associated reduction in maximal heart
rate appears to be due to reduced cardiac chronotropic responsiveness of
cardiac 3-adrenoceptors to cardiac norepinephrine release during exercise [6].
The ability to increase cardiac output is more dependent on enhancing stroke
volume, which is maintained in healthy older subjects due to an increase in left
ventricular end diastolic volume. However, cardiac inotropic responsiveness is
also reduced and the ability to increase cardiac output is diminished in many
older subjects particularly when ischemic heart disease interacts with these age-
associated changes.

The age-associated reduction in vascular 3-adrenoceptor responsiveness can
be modulated by salt restriction and exercise, which have both been reported to
increase [3-adrenoceptor responsiveness [7]. This effect may partially contribute
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to the blood pressure-lowering effects of these interventions in an older popula-
tion. A causal association is supported by recent studies demonstrating correction
of impaired (B-adrenergic vasodilatation in hypertensive rats by [,-adrenergic
receptor gene delivery to the endothelium [8].

Reduced B-adrenoceptor responsiveness of bronchial smooth muscle would
be expected to impair responsiveness of older individuals with obstructive
pulmonary disease to inhaled 3,-adrenoceptor agonists, and a progressive age-
associated reduction in response to inhaled B-adrenoceptor agonists has been
reported [9]. In contrast, airway responsiveness to the antimuscarinic antagonist
bronchodilators is unaffected by age.

Some evidence suggests that older subjects are less sensitive to
B-adrenoceptor antagonists although comparing responses, such as falls in
blood pressure between young and older patients, is methodologically prob-
lematic, and aging difference in responsiveness to 3-blockers has been studied
far less than in (3-agonists [9]. There is no reason why diminished responsive-
ness to [-agonists would necessarily result in reduced responsiveness to
B-blockers. However, the B-blocker atenolol is less effective than losartan in
preventing stroke in middle- and older-aged hypertensives with left ventricular
hypertrophy despite virtually identical falls in blood pressure [10]. Previous
studies have also suggested (3-blockers are less effective agents for prevention
of stroke in treatment of hypertension [11].

A further consequence of the reduced (-adrenergic responsiveness is
reduced awareness of older subjects of hypoglycemia. Although older subjects
with diabetes mount a similar counter-regulatory hormone response to hypo-
glycemia they experience lower symptoms in response to this, due to reduced
tachycardia and sweating in response to sympathetic nervous system activity. In
contrast, cognitive deterioration when assessed by changes in visual reaction
time and digit symbol substitution was similarly impaired in young and older
subjects with diabetes experiencing hypoglycemia [12].

Aging Changes in Baroreflex Sensitivity

Reduced baroreflex sensitivity was one of the first alterations in autonomic
function described with aging in humans and has important clinical implications
[13, 14]. Reduced baroreflex sensitivity results in impaired ability of older
people to maintain blood pressure within a narrow range, resulting in increased
blood pressure variability and an increased likelihood of orthostatic hypotension.
Other hypotensive disorders, such as vagovagal syncope and vasodepressor
carotid sinus hypersensitivity are more common in the elderly, and also appear
to be mediated through altered baroreflex sensitivity. Recent evidence indicates
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that aerobic exercise attenuates the age-associated decline in cardiac baroreflex
sensitivity and can enhance sensitivity in previously sedentary middle-aged and
older healthy men, which may account for benefits of aerobic exercise in lower-
ing blood pressure [15, 16].

The reduction in baroreflex sensitivity leads to a greater likelihood of
orthostatic hypotension in older people with blood pressure-lowering
drugs [17]. Anecdotal evidence suggests this is especially problematic with
a-adrenoceptor antagonists, particularly after the first dose because of the high
prevalence of orthostatic hypotension with these agents [18]. Good comparative
studies comparing prevalence of orthostatic hypotension with different classes
of blood pressure-lowering agents in older people are lacking, although the
angiotensin Il receptor antagonists appear to be very well tolerated by
older subjects with few withdrawals in clinical studies due to orthostatic
hypotension [19].

The increase in blood pressure variability and failure of nocturnal dipping
of blood pressure appear to be consequences of altered baroreflex function.
Emerging evidence indicates that increased blood pressure variability is associ-
ated with an increased risk of myocardial infarction and stroke. Increased office
diastolic blood pressure variability was higher in patients who had experienced
myocardial infarction [20], and patients with lacunar cerebral infarcts due to
small vessel disease were found to have a reduced nighttime fall in systolic
blood pressure [21]. Prospective studies following the outcome of patients with
increased blood pressure variability are needed to determine whether this
relationship is causal. However both hypotension and hypertension could
potentially precipitate cerebral infarction, particularly in small vessels. The
ability to maintain systemic blood pressure and cerebral perfusion appears to be
of key importance in protecting the older brain from cerebrovascular disease.
Orthostatic hypotension was found to be an independent risk factor for stroke
and coronary artery disease in a middle-aged population [22, 23]. In a small
MRI study of 30 patients with orthostatic hypotension or carotid sinus hyper-
sensitivity, the severity of MRI hyperintensities in deep white matter and basal
ganglia was greater in patients with a blood pressure fall more than 30 mm Hg
during provocation [24]. In a detailed study of hypertensive older subjects
where magnetic resonance brain imaging studies were used to define cere-
brovascular disease, orthostatic hypotension and orthostatic hypertension were
both found to be associated with cerebrovascular disease [25]. Both orthostatic
hypotension and orthostatic hypertension were associated with increased
systolic blood pressure variability on ambulatory monitoring. Further work is
needed to determine whether increased blood pressure variability is a cause or
a consequence of cerebrovascular disease, although it seems likely that both
mechanisms occur in older subjects. Clarifying the extent to which increased
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blood pressure variability is a cause of cerebrovascular disease would have
important implications for optimal treatment of hypertension and hypotensive
disorders in older people.

A key advance in clinical geriatrics has been the recognition that syncope
and many falls in older people are frequently secondary to hypotensive dis-
orders that arise secondary to autonomic dysfunction — a group of disorders
including orthostatic hypotension, carotid sinus hypersensitivity, and vasovagal
syndrome described as neurally mediated syncope [26-28]. Vasovagal
syndrome and orthostatic hypotension are associated with reduced baroreflex
sensitivity, which may account for their high prevalence in the older population
[29]. Paradoxically, carotid sinus hypersensitivity, the other major cause of
hypotension in older people is associated with increased baroreflex sensitivity,
which is not consistent with the known blunting effects of aging on baroreflex
sensitivity [30]. The cause of this increased sensitivity is unclear, but appears to
be due to altered central responsiveness to nonphysiologic stimuli of the carotid
sinus [31]. O’Mahony [30] has suggested a model in which upregulation of
central a,-adrenoceptors occurs secondary to reduced afferent impulse traffic
to the baroreflex pathway. Such declines in afferent firing would, in turn, result
from baroreflex postsynaptic hypersensitivity caused by reduced carotid sinus
compliance due to hypertension and atherosclerosis [30]. As a result, stimula-
tion of the carotid sinus could produce overshoot of efferent baroreflex
responses with profound hypotension and bradycardia [30]. Further research is
needed to understand the pathophysiology of hypotensive disorders in older
people to inform the development of therapeutic interventions to improve blood
pressure homeostasis in these patients.

Increased Sympathetic Nervous System Activity

Increased sympathetic nervous system activity is a well described feature
of aging. By increasing peripheral resistance, this may be a contributory cause
to the increased prevalence of hypertension in older people, although the
progressive rise in systolic blood pressure also appears to be related to the
development of increasing vascular stiffness [32]. Increases in total peripheral
resistance with age are also mediated by a change in the balance of vaso-
constrictor (maintained a-adrenergic and endothelin activity) as opposed to
vasodilator (reduced nitric oxide release, reduced [3,-activity) influences. Aerobic
exercise training and a low salt diet, in addition to enhancing (3-adrenergic
responsiveness also reduces resting sympathetic nervous system activity, which
may be beneficial in management of hypertension and heart failure in older
people [33].
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Autonomic Dysfunction in Association with Central
Nervous System Disease

Parkinson’s disease and Alzheimer’s disease have significant effects on
autonomic nervous system physiology in older people, which further impair
cardiovascular control. Reduced baroreflex sensitivity has been described in
patients with Parkinson’s or Alzheimer’s disease [34] and abnormalities in
parasympathetic function have been reported in patients with Alzheimer’s
disease [35]. Cardiac sympathetic denervation occurs in Parkinson’s disease
contributing to impaired autonomic control of blood pressure during postural
changes [36]. The combined effects of aging and Parkinson’s disease on baro-
reflex sensitivity result in a high prevalence of orthostatic hypotension when
dopamine agonists are prescribed, frequently not recognized by patients or their
doctors unless systematically examined for [37]. The high prevalence of
hypotensive disorders likely contributes to the high prevalence of falls, and hip
fracture, reported in these groups of patients.

Summary

Age-associated changes in autonomic physiology have profound effects on cardiovas-
cular regulation, which may have secondary consequences in increasing risk of cerebrovas-
cular disease. Changes in response to drug therapy, most notably B-adrenoceptor agonists
and antagonists, need to be considered when prescribing to older people, but alterations in
pharmacodynamic responsiveness to many drugs acting on the autonomic nervous system
have not been well studied in detail for many drug groups. Degenerative dementias, and
Parkinson’s disease have further major effects on autonomic regulation and drug responsive-
ness, which need to be considered in prescribing cardiovascular drugs. Further research
is needed to determine the effect of interventional strategies, such as exercise training and
diet in maintaining autonomic function in old age, and the implications of altered autonomic
function, in particular blood pressure regulation, to maintenance of health and risk of vascu-
lar disease and dementia in old age.
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The effects of aging on the autonomic nervous system are multiple and vary
between and within both sympathetic and parasympathetic portions. Normal
human aging is associated with changes in autonomic control of several bodily
functions, particularly those served by cardiovascular and thermoregulatory
systems (table 1). Because the autonomic nervous system facilitates adaptation
to physiologic stress, autonomic insufficiency in the elderly may not reveal itself
under ‘normal’ resting conditions, yet may occur in response to changes in
homeostasis. Common clinical manifestations of autonomic dysfunction in
elderly patients, such as postural or postprandial hypotension, hypothermia and
stroke, seldom occur in healthy individuals under the usual demands of daily
life, but may become manifest during exposure to a variety of external influ-
ences, such as medications, changes in fluid intake, or environmental tempera-
ture changes.

Normal Changes in Cardiovascular Function

Heart Rate

Resting heart rate decreases with increasing age [1, 2]. Although heart rate
is under combined sympathetic and parasympathetic control [3], parasympa-
thetic influences predominate in human subjects under resting conditions.
Electrophysiologic studies have demonstrated a progressive decline in both
sinoatrial conduction and sinus node recovery time with aging. In the sinus
node, the number of cells declines continuously; by 75 years of age, only 10%



Table 1. Age-related neurohumoral changes in the elderly

Increased sympathetic nerve activity

Impaired parasympathetic nerve activity

Decreased baroreflex sensitivity

Increase in plasma catecholamine (noradrenaline) levels

Impaired B-adrenergic receptor response to sympathetic stimulation

of the cells (approximately) that were present at 20 years of age remain [4]. The
concomitant decline in heart rate variability with aging [5] is most likely due to
reduced tone [6, 7]. Reliable noninvasive cardiovascular reflex tests of auto-
nomic function, including heart rate responses to the Valsalva maneuver [8],
deep breathing, and standing, all regress linearly with increasing age. Attenuated
respiratory sinus arrhythmia with advancing age suggests a decrease in para-
sympathetic influence on sinus node function [9]. Blunted baroreceptor reflex
response, which has been observed in animal models [10, 11] may contribute to
sinus node depression, carotid sinus syndrome and syncope in the elderly.

Blood Pressure

Normal human aging is associated with several changes in autonomic
regulation of blood pressure. Blood pressure is the product of heart rate, stroke
volume, and systemic vascular resistance, all of which are regulated on a beat-
to-beat basis by baroreflexes in both sympathetic and parasympathetic limbs of
the autonomic nervous system. Age-related increases in both catecholamine
plasma concentrations [12] and in the basal rate of sympathetic neural firing
[13] reflect increased sympathetic nerve activity and suggest that blunted
sinoaortic baroreflex sensitivity reduces the restraint on sympathetic outflow.
Preservation of the sympathetic limb of the baroreflex with advancing age in
turn suggests reduced tonic baroreceptor function (i.e. less inhibitory afferent
signals at a given arterial pressure) but maintained gain during arterial pressure
perturbations. In contrast, the heart rate reflex response to alterations in arterial
pressure is clearly impaired with advancing age [14].

Normal human aging is associated with a reduction in baroreflex sensitiv-
ity (table 2). It has been suggested that the decrease in arterial distensibility that
accompanies aging [15] and hypertension results in diminished baroreceptor
center activity, and increased sympathetic outflow. Increased sympathetic out-
flow results in increased circulating noradrenaline, which in turn may result in
further vasoconstriction, blood pressure elevation, and baroreflex impairment
[16]. Age-related autonomic and baroreflex dysfunction may compromise arte-
rial pressure homeostasis in response to diuretic therapy, altered fluid intake
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Table 2. Physiologic and pathological mechanisms of hypotension in the elderly

Decreased baroreflex sensitivity

Impaired relaxation abnormality resulting in decreased early cardiac filling
Impaired regulation of intravascular volume status

Impaired B-adrenergic receptor response of inotropy and chronotropy
Impaired noradrenaline response to posture

Impaired a-adrenergic vascular response

and postural stress [17, 18]. Evidence suggests that basal plasma noradrenaline
levels increase with age [19], while plasma adrenaline levels remain unaffected.
The persistently blunted heart rate response that occurs in elderly subjects
during hypotensive stress in the setting of prolonged and elevated plasma nor-
adrenaline levels suggests that aging results in impaired [3-adrenergic receptor
responses to sympathetic activation [20, 21]. Maintenance of normal blood
pressure also depends on the ability to generate an adequate cardiac output.
Cardiac output at rest had been reported to decrease with normal aging [22, 23],
while other studies using different selection or study criteria discovered little or
no change in resting cardiac output or index with aging [23]. In contrast, the
ability of older individuals to increase cardiac output and index in response to
exercise is often diminished [24]. This decline is due not only to a reduction in
heart rate response to (3-adrenergic stimulation, but also to changes in systolic
and diastolic cardiac performance that influence stroke volume [25].

Systolic Function

While myocardial contractile strength is preserved with advancing age, left-
ventricular ejection fraction decreases in response to exertion [26]. This seem-
ingly paradoxical response is due to a simultaneous reduction in 3-adrenergic
reactivity and an increase in afterload. Afterload increases progressively because
of increased stiffening of the ascending aorta and narrowing of the peripheral
vasculature. These changes result in increased systolic blood pressure and
decreased maximum cardiac output during exercise. During exercise, one
observes a striking decrease in heart rate and contractile response, as reflected
by decreases in peak heart rate and peak ejection fraction, and by a progressively
blunted exercise-induced decrease in end-systolic volume [27]. Stroke volume is
preserved largely as the result of enhancement of the Frank-Starling mechanism;
peak end-diastolic volume during exercise increases progressively with advanc-
ing age and is considerably larger in old than in young individuals. This aug-
mentation of end-diastolic volume maintains stroke volume but attenuates the
increase in ejection fraction.
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Table 3. Hemodynamic response to exercise

Parameter Young Old
Heart rate T d
Ejection fraction T d
Cardiac output T N
Stroke volume T T
Left-ventricular size l T
Left-ventricular end-

diastolic volume l T
Left-ventricular end-

systolic volume A2 T
Systemic vascular resistance l T
Systolic blood pressure T T
Myocardial contractility T 2

The age-associated decline in maximal heart rate and left-ventricular
contractility during vigorous exercise probably reflects diminished 3-adrenergic
modulation of contractility, chronotropy and vasomotor tone (table 3). A simi-
lar mechanism can be demonstrated in young subjects in the presence
of B-adrenergic blockade, suggesting that the age effect is due to reduced
B-adrenergic responsiveness. This finding supports the hypothesis that blunted
B-adrenergic receptor responsiveness underlies the attenuated increases in heart
rate and myocardial contractility, and the cardiac dilation that occurs during
exhaustive exercise in older individuals [25].

The clinical implications of blunted [3-adrenergic receptor responsiveness
with advancing age are considerable. The young respond to increased
flow demands primarily with sympathoadrenergic activation, followed by
B-adrenergic receptor-mediated modulation of cardiovascular performance.
Such a mechanism maintains heart size despite increases in heart rate, venous
return and systolic arterial pressure. As preload reserve is preserved, additional
flow demands can be met by activation of the Frank-Starling mechanism, i.e.
by increasing end-diastolic volume. In contrast, in the elderly, the increased
peripheral flow demand is met primarily by activation of the preload reserve.
As no further compensatory mechanism exists, additional flow demands may
result in cardiovascular insufficiency. Such reduced cardiovascular reserve
capacity may explain in part the higher incidence of acute and chronic heart
failure in the elderly. The cardiovascular response to exercise in the elderly is
comparable to disease states such as congestive heart failure, and emphasizes
the importance of peripheral vasodilatation.
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Diastolic Function

As a result of several structural and functional changes in the myocardium,
the aging heart stiffens [28]. The resulting impairment in early diastolic ven-
tricular filling results in prolongation of ventricular relaxation time, elevated
end-diastolic volume, and higher cardiac filling pressures [29]. The age-related
impairment in early ventricular filling makes the heart dependent on adequate
preload to fill the ventricle, and in particular upon atrial contraction during late
diastole to maintain stroke volume. Thus, orthostatic hypotension and syncope
occur commonly in older people as a result of volume contraction or venous
pooling (which reduce preload), or at the onset of atrial fibrillation when the
atrial contribution to ventricular filling is suddenly lost.

An adequate blood pressure also depends on the maintenance of intra-
vascular volume. Aging is associated with a progressive decline in plasma
renin, angiotensin, and aldosterone levels [30]. These changes combined with
elevations in atrial natriuretic peptide levels tend to promote salt wasting by
the kidneys [30]. Any sodium depletion may impair the Frank-Starling
mechanism on which the elderly depend to maintain cardiac output and
arterial pressure during various forms of cardiovascular challenge. Thus,
dehydration and hypotension may develop rapidly during conditions such as
an acute illness, preparation of medical procedure, exposure to warm climate,
when insensible fluid losses are increased and when patients are on diuretics.
The interaction between volume contraction and impaired diastolic function
may decrease cardiac output and result in hypotension, organ ischemia and
syncope.

Diagnosis and Management for Specific Cardiovascular
Diseases Related to Autonomic Dysfunction

Therapy for autonomic-related cardiac dysfunction in elderly patients
should focus upon stabilization of symptoms, improvement in quality of life,
practicality of administration, and established efficacy. The geriatric physician
constantly wrestles with the paradox that most medical therapies are tested in
middle-aged or ‘young old’ patients, and that treatment efficacy is then extra-
polated to populations whose baseline characteristics differ markedly from
enrolled subjects. Response to therapy, in terms of pharmacokinetics, efficacy,
and adverse effects, however, is heterogeneous, and direct transfer of treatment
principles derived from nonequivalent groups of patients confers its own set of
hazards. Furthermore, improved survival, the classic outcome variable by
which therapeutics are commonly judged, may have less applicability in older
patients approaching a maximum lifespan.
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Autonomic dysfunction in elderly patients is usually multifactorial in
etiology, and may be the product of the intersection of both natural aging and
disease states that alter normal autonomic nervous system function, such as
diabetes induced peripheral neuropathy, intrinsic conduction system disease,
and heart failure. Loss of any part of the normal reflexes that control basic
cardiovascular functions such as reaction to change in posture and response to
exercise produce a variety of symptoms that may defy ready categorization and
straightforward management.

Syncope

The most obvious clinical problem in this arena is syncope. While cardio-
genic syncope remains the most common and most life-threatening form of this
disorder, noncardiogenic syncope produces substantial disability for patients
and ongoing frustration for clinicians. Once again, determining the difference
between a normal aging response and true pathology remains a formidable
challenge in the work-up of this problem. Traditionally, investigation of
syncope has focused upon identification of a dysrhythmic cause, including
malignant ventricular tachycardia supraventricular tachycardia, or symptomatic
bradycardia (fig. 1).

A thorough history in the determination of an etiology of syncope is
critically important if a timely and accurate diagnosis is to be made. The diffi-
culty of determining whether or not true syncope has occurred represents a for-
midable challenge for any clinician. Often the circumstances surrounding the
episode (time of day, posture, level of activity) will provide as much informa-
tion as any account of the event itself. Time course from onset of symptoms to
actual loss of consciousness is perhaps the most critical historical detail, since
most forms of neurocardiogenic syncope are preceded by at least some degree
of premonition or have a positional component, while arrhythmogenic syncope
classically presents as a sudden, unanticipated event. Precipitating factors, such
as change in position, sudden emotion, or pain all suggest an autonomic com-
ponent, while physical exertion preceding syncope can herald either ischemic-
induced arrhythmia or left-ventricular outflow obstruction if symptoms ensue
shortly after cessation of exercise. The value of a witnessed account cannot be
overemphasized, since patients suffering from syncope may provide little or no
account of the event, and will often be unable to provide any information
regarding the length of the episode. The experience of witnesses must be con-
sidered in evaluating their account, as trained professionals, such as nurses, law
enforcement officers, or paramedics, can generally be expected to provide more
accurate information. Distinguishing between transient seizure activity related
to hypoxia and true seizures requires attention to accompanying signs such as
tongue biting, postictal state, incontinence, and lactic acidosis.
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Fig. 1. Evaluation of syncope.

Physical exam plays a crucial role in developing a differential diagnosis, as
it provides a rationale for further testing, and guides choices for therapy [31].
Fundamental elements of the cardiovascular exam that deserve emphasis include
vital signs (especially orthostatic heart rate and blood pressure) palpation of the
carotid pulse (parvus et tardus in aortic stenosis), direct observation of the neck
veins (elevated in cor pulmonale or heart failure), cardiac auscultation (for the
systolic ejection murmur of aortic stenosis or hypertrophic obstructive cardio-
myopathy), examination of the extremities (for evidence of peripheral neuro-
pathy or vascular insufficiency), and selected neurological exam including
evidence of gait, strength, or abnormalities of balance.
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Further testing should proceed with an evaluation of cardiac function,
preferably by transthoracic (surface) echocardiography. The preponderance of
data suggest that underlying left-ventricular function plays such an important
role in determination of prognosis in the setting of syncope that it provides the
first logical step in any evaluation of the syncopal or presyncopal patient.
Mechanical causes of syncope, including aortic stenosis, hypertrophic obstruc-
tive cardiomyopathy, and severe pulmonary hypertension, are readily established
or excluded by echocardiography [32]. The presence of focal wall motion
abnormalities establishes the diagnosis of ischemic heart disease in the absence
of any previous documentation of myocardial infarction or angina, and readily
categorizes the syncopal patient as high risk for malignant ventricular arrhyth-
mia [33]. The likelihood of recurrent syncopal episodes in such patients is
markedly increased compared to those with normal left-ventricular function or
minor abnormalities.

Although 24-hour Holter monitoring remains a frequently ordered test in
patients with syncope, the limitations of Holter monitoring have become increas-
ingly appreciated as the heterogeneous nature of syncope became clearer. The
best available data suggest that Holter monitoring provides limited sensitivity for
identification of either malignant ventricular arrhythmia or bradycardia, in part
because of the frequency of unrelated rhythm disturbances in the elderly [34]. For
patients with a high index of suspicion for malignant arrhythmia, programmed
electrical stimulation has largely replaced holter monitoring as the diagnostic
procedure of choice for identification and characterization of the abnormal
rhythm. The combination of coronary artery disease, inducible ventricular tachy-
cardia, and decreased left-ventricular systolic function produces a subset of
patients at high risk for recurrent events and sudden cardiac death [35]. Events
and mortality in such patients defined by these characteristics are significantly
reduced by the placement of an automatic implantable cardioverter-defibrillator,
and such device placement has become the standard of care for cardiac syncope
when inducibility and/or high risk substrate is established [36].

Bradycardic causes of syncope include high degree carotid sinus hyper-
sensitivity, atrioventricular block, asystole, or sick sinus syndrome. When
bradycardic syncope is suspected in the absence of documentation, event mon-
itoring using a portable device may provide a diagnosis. Provocative carotid
sinus massage can yield the diagnosis of carotid hypersensitivity in selected
cased. In some patients, invasive recording of sinus node function including
sinus node recovery time may also yield a diagnosis. For patients with symp-
tomatic, documented bradycardia, pacemaker therapy is curative, and further
management revolves around choice of pacing mode (dual vs. single chamber,
with or without activity response, with or without mode switching). While
indications for pacemaker placement are long established, the ever-increasing

Normal and Pathologic Changes in Cardiovascular Autonomic Function with Age 39



array of pacing technologies presents an often-bewildering surfeit of choices
once the decision for pacemaker placement has been made. Reasonable atten-
tion may be paid to the incremental value of added technology and the
cost/benefit ratio thereof. Patients with combined tachycardia-bradycardia
may require a combination of atrioventricular nodal blocking agents including
B-blockers, a calcium channel blockers, as well as digoxin for control of their
supraventricular arrhythmia and pacing for suppression of the resultant hyper-
sensitivity to these agents.

For patients in whom the presence of malignant arrhythmia or a mechani-
cal cause has been excluded, the value of tilt table testing in older patients is the
subject of ongoing controversy. Neurocardiogenic syncope had been previously
thought to be a diagnosis largely restricted to younger patients, but more recent
data suggest that tilt testing produces a surprisingly high yield in appropriately
selected patients. In a series of 176 patients age >65 (with 43 patients
age >80), 34% of patients had a positive tilt table test using a standard protocol
(45 min of upright tilt followed by 15 min of isoproterenol infusion), compared
to 45% of patients <65 years old [37].

Despite advances in diagnosis, treatment of neurocardiogenic syncope
depends upon an empiric approach based upon interruption of the one or more
portions of the enhanced autonomic response that promotes the syndrome.
Various modalities may produce symptom improvement, including (3-adrenergic
receptor antagonists and mineralocorticoids. Therapy should be administered
stepwise, with careful monitoring for symptom improvement and adverse
effects. Patients with documented carotid hypersensitivity should avoid poten-
tial stimuli such as tight collars.

Heart Failure and Altered Neurohumoral Response

The last 20 years have produced a revolution in our understanding of heart
failure and in its management. Previously believed to be a hemodynamic issue
primarily related to inadequate cardiac output, heart failure is now recognized as
a ‘misguided’ neurohumoral response to the stimuli that inadequate cardiac
output produces. The normally adaptive response to hemorrhage includes
a-adrenergic induced peripheral vasoconstriction, [3-adrenergic induced
contractility with increased chronotropy, angiotensin-induced renal vasocon-
striction, plus aldosterone and antidiuretic hormone-induced salt and water
retention. These responses preserve circulatory volume and are life-saving when
the patient is bleeding, but in the setting of heart failure provide short-term
improvement while accelerating long-term deterioration and hastening death.
The descending spiral of vasoconstriction, increased salt and water retention,
consequent edema and pulmonary congestion results in a worsening of symp-
toms [38]. Increased catecholamine levels, well documented in heart failure [39]
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improve short-term function at the expense of excessive energy expenditure,
enhanced cell destruction [40], and potentially fatal proarrhthymia [41].

Many elderly patients suffer from multiple conditions that produce
symptoms similar to those caused by heart failure, or exacerbate heart failure
symptoms that are already present. In particular, a careful effort should be made
to identify concomitant pulmonary disease, especially if the diagnosis of heart
failure remains uncertain. While the clinical diagnosis of heart failure is estab-
lished via history, physical exam, and chest X-ray, baseline assessment of ejection
fraction represents a critical next step prior to or simultaneous with clinical
management. Radionucleotide ventriculography (RVG) and echocardiography
represent competing technologies that offer assessment of ventricular architecture
and function; the chief advantage of RVG is its routine quantitation of ejection,
echocardiography by comparison offers a detailed assessment that often leads to
identification of the underlying abnormality. Regional wall motion abnormalities
consistent with ischemic heart disease, valvular abnormalities consistent with
stenosis and/or regurgitation, and hypertrophy, consistent with abnormal relax-
ation, are all readily identifiable by routine echocardiographs.

Diastolic dysfunction continues to be an underappreciated cause of heart
failure. The presence of documented pulmonary congestion in the absence of
systolic dysfunction has been proposed as a new clinical definition of diastolic
heart failure [42], but even this classification would not exclude less common
causes of abnormal relaxation such as restrictive cardiomyopathy. Multiple
echocardiographic signs of diastolic dysfunction have been reported, but echocar-
diography remains a problematic tool for making the diagnosis, since many
echocardiographic findings that suggest diastolic dysfunction in younger patients,
such as abnormal mitral inflow patterns, are universally altered in the elderly.

Therapy should begin with appropriate lifestyle intervention including dietary
modification of salt intake, careful daily monitoring of weight for accelerating
fluid elimination, and modest regular exercise whenever possible. Underlying
causes for myopathy such as hemochromatosis and thyroid disease should be
considered if the cause of heart failure is not otherwise obvious. Correction of any
underlying structural abnormalities that will substantially improve or resolve the
underlying heart failure should be carefully considered for some patients. Aortic
valve replacement, for instance is definitive therapy for patients with symptomatic
critical aortic stenosis. Patients with evidence for viable but nonfunctional regions
of the left ventricle (‘hibernating” myocardium) should be carefully evaluated as
revascularization can, in some patients, lead to dramatic improvement. Ischemic
heart disease should be treated with appropriate lifestyle modification and, where
appropriate, risk factor intervention including lipid, glucose, and blood pressure
control. Smoking cessation should be encouraged in the strongest possible terms,
and all available therapies for smoking cessation should be explored.
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Drug therapy centers on interruption of the neurohumoral response. Initial
therapy in the setting of decompensated heart failure begins with relief of
pulmonary congestion and edema via loop diuretics administered intravenously,
along with oxygen and short-acting nitrates when appropriate. Angiotensin-
converting enzyme inhibitors represent the bedrock of therapy, and should be
initiated as soon as the diagnosis is confirmed. Despite their efficacy, 3-blockers
require stabilization of heart failure before they may be initiated, and careful
dose titration is required. Spironolactone represents an important new advance
in heart failure therapy, and should be considered standard adjunctive therapy.
Despite its null effect upon survival, digoxin provides measurable symptom
relief for selected patients with advanced symptoms. Long-term anticoagula-
tion may reduce thromboembolic risk in patients whose Heart failure occurs in
the setting of left-ventricular dilatation.

The paradox that most appropriately treated heart failure patients die
arrhythmic deaths, while most antiarrhythmics dramatically shorten survival,
remains a sobering lesson. Because of their complex and hazardous effects,
only an expert should prescribe antiarrhythmic drugs. In general, benign ventric-
ular ectopy, including ventricular premature systoles, bigeminy, or even couplets,
has limited prognostic significance and should not be suppressed. When ectopy
is complex, amiodarone can be given with reasonable safety, but routine safety
monitoring for pulmonary, thyroid and hepatic toxicity is required. In patients
with ischemic heart disease with malignant, symptomatic ventricular ectopy, or
with reproducible ventricular tachycardia in the setting of systolic dysfunction,
implantable carioverter-defibrillators have been shown to prevent sudden death
and improve survival.

In conclusion, normal autonomic function plays a critical role in the
maintenance of cardiovascular health. At the same time, autonomic dysfunc-
tion contributes substantially to the development and progression of cardiovas-
cular disease in old age. Remembering that autonomic dysfunction most
commonly reveals itself during periods of stress may be crucial in making the
distinction between ‘normal’ decline in cardiovascular autonomic function and
pathologic deterioration. Treatment ‘norms’ established in younger populations
must often be modified when selecting the threshold for intervention. Finally,
attention to quality as much as duration of life should remain a fundamental
goal of therapy.
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Autonomic nervous system (ANS) function may be altered by advancing
age, as well as by age-associated disease. Such changes may all contribute to
impaired hemodynamic homeostasis in late life and may also influence the
presentation and the management of specific diseases common in late life. For
example, in contrast to younger subjects, hypertension in the elderly is often
characterized hemodynamically by a low plasma volume and cardiac output in
the setting of elevated total peripheral resistance. Additionally, the elderly have
relatively increased adiposity and lesser skeletal muscle mass. The resultant
insulin resistance/hyperinsulinemia then indirectly increases ANS function. The
elderly are also more prone to orthostatic hypotension. Multiple factors contribute
to an increased risk of orthostatic hypotension in the older individual including
reductions in baroreceptor sensitivity, cardiac output and intravascular volume.
Finally, aging is associated with alterations in the circadian control of a number
of functions including sleep and ANS function. Thus, it is important to review
both normal age-associated changes in the ANS, as well as changes in ANS func-
tion resulting from diseases that are more prevalent among the elderly.

Autonomic Nervous System Physiology

Norepinephrine (NE), epinephrine and dopamine are released by postgan-
glionic sympathetic nerve terminals and the adrenal medulla. They then interact
with cell surface receptor molecules in many diverse target organs including the
cardiovascular tissues [1-7]. All three catecholamines are synthesized by a series



of enzymatic steps, beginning with conversion of the amino acid tyrosine to
dehydroxyphenylalanine (L-dopa) by the enzyme tyrosine hydroxylase through
what is generally the rate-limiting step in catecholamine biosynthesis. The
second and third steps in catecholamine biosynthesis are catalyzed by dopa-
decarboxylase and dopamine 3-hydroxylase (DBH), respectively. Phenylethanol-
amine N-methyltransferase, the final enzyme involved in catecholamine
biosynthesis converts NE to epinephrine. Activities of these enzymes are subject
to both short- and long-term regulation by neural and by hormonal mechanisms.
Catecholamines are released by exocytosis during stimulation of sympathetic
nerves and chromaffin cells. A number of substances are released simultaneously
with catecholamines during exocytosis. These include chromogranins, a family of
proteins which localize to secretory granules in neuroendocrine cells, adenosine
triphosphate (ATP) and DBH. Both circulating DBH and chromogranin, as well
as NE, have been used as indirect indices of ANS activity. Neurotransmitter
actions of catecholamines are terminated principally by neuronal reuptake.

Neuronally released NE undergoes one of three fates within the neuronal
synapse: neuronal reuptake accounting for 80% of the released NE; uptake
and metabolism by postsynaptic tissues with the consequent release of
O-methylated metabolites in plasma and urine; or diffusion (spillover) from the
synaptic cleft into the extracellular fluid. As potential differences exist among
these three processes in persons with differing pathophysiologic states,
NE spillover has been suggested as a more accurate index of ANS activity than
measurement of plasma NE. Direct sympathetic neuronal recording (micro-
neurographic measurements) is an even more precise measurement of ANS
activity and has been increasingly used. Nevertheless, it appears that measure-
ment of plasma NE levels is a relatively accurate index of ASN activity.

NE and epinephrine interact with cell surface adrenergic receptors divided
into two classes: a- and B-receptors. These receptors mediate their effects via
interaction with guanosine nucleotide-binding regulatory proteins (G proteins).
These G proteins are coupled directly to ion channels or linked to a second mes-
senger system (i.e., phosphoinositide hydrolysis and/or protein phosphorylation).
Identification of their molecular structure and gene control has led to the identifi-
cation of receptors in three families (o apc, ®yapc and By, 3). o-adrenergic recep-
tors are autoreceptors localized on postganglionic nerve terminals that synthesize
NE. When activated by catecholamines, a,-receptors inhibit further NE release.
Activation of brain a,-receptors reduces systemic sympathetic output. Activation
of B,-adrenergic receptors stimulates the rate and strength of cardiac contraction,
lipolysis in fat cells, and renal renin production. The (3,-adrenergic receptor relaxes
smooth muscle cells in the vasculature. The 3,-adrenergic receptor is downreg-
ulated with aging, by several possible mechanisms. One process that decreases
B-adrenergic signaling involves phosphorylation of agonist-occupied receptors,
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Table 1. Alterations in the cardiovascular hemodynamics of the elderly

. Enhanced sympathetic nervous system activity

. Decreased baroreceptor sensitivity

. Increased peripheral vascular resistance

. Tendency to lowered cardiac output

. Tendency to contracted intravascular volume

. Suppressed plasma renin activity

. Decreased vascular endothelium production of nitric oxide
. Increased blood pressure variability

. Tendency to reduced renal blood flow

O 0 1 N DN B W —

uncoupling of the receptors from G proteins, and internalization of receptors
from the membrane into the cytoplasm. Regardless of the mechanism, downregu-
lation of the B,-adrenergic receptor with aging results in decreased [3,-adrenergic
effects on the heart (reduced chrono- and inotrophic effects) on the juxta-
glomerular cells (reduced renin production) and the vasculature (relatively unop-
posed a-adrenergic activity and increased vascular resistance) [8—10] (table 1).

Both sinoaortic high pressure and cardiopulmonary low pressure baro-
receptors play an integral role in the regulation of ANS activity via regulation
of the rostral ventrolateral reticular nucleus (RVL) sympathetic discharge
[11-15]. The RVL neurons are the major source of tonic excitation of spinal
preganglionic sympathetic neurons. Electrophysiologically, these neurons are
spontaneously active and discharge with a rhythm tracking with the heart rate.
The cardiac rhythmicity is imposed by their phasic inhibition by baroreceptor
stimulation. Conversely, baroreceptor withdrawal activates these neurons.
Baroreflexes are initiated in response to stimulation of pressure/stretch sensi-
tive carotid and aortic and stretch sensitive cardiopulmonary baroreceptors.
Baroreflex stimulation causes inhibition of sympathetic nerve activity, resulting
in vasodilation, a fall of blood pressure, and a slowing of heart rate, the latter
of which results from cardiovagal excitation and cardiosympathetic inhibition.
Similarly, reduction or interruption of baroreceptor input elevates blood pres-
sure by ‘disinhibiting” RVL neurons and, in turn, increasing their excitation.
Decreased baroreceptor sensitivity, as exists in hypertension and aging, leads to
an increased variability of blood pressure as well as an altered circadian rhythm
of blood pressure [10-14], as is often seen in the elderly (table 1).

Aging and the Autonomic Nervous System

In evaluating the status of the ANS in aging, one must consider the pres-
ence of multiple confounders that impact on ANS activity. With aging there is
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a propensity to a relatively increased fat to muscle ratio [16—18]. Increased
relative obesity and hypertension are strongly positively associated at all ages.
Increased insulin resistance and the consequent hyperinsulinemia may directly
elevate sympathetic nervous system activity in the aging individual [16-18].
Thus, increased relative adiposity, hyperinsulinemia, hyperleptinemia and
consequent hyperadrenergic state appear to be a critical link to age-related
increase in blood pressure (table 1).

A number of investigations have shown that there is an age-associated
increase in plasma NE levels [19-21] (table 1). Data from studies of tracer NE
kinetics indicate that the primary determinant of the increase in plasma NE is
an increase in the rate of NE spillover into the circulation, coupled with a
decrease in the rate of NE clearance from the circulation [22, 23]. Results from
studies of muscle sympathetic nerve activity of the peritoneal nerve have
demonstrated an increase in muscle sympathetic nerve activity with aging [24].
When tracer NE kinetic studies have been performed to assess regional, organ
specific ANS activity in older persons an age-associated increase in the rate of
cardiac, but not renal, NE spillover has been observed.

Increased peripheral vascular resistance, the hallmark of hypertension
associated with aging, reflects increased catecholamine exposure and altered
tissue sensitivity. Indeed, relatively increased a-adrenoreceptor-mediated
contraction versus [3-mediated dilatation occurs with aging. Studies have
demonstrated an age-related decline in isoproterenol-mediated dilatation
of the brachial artery and hand veins. Cardiac responses to (-adrenergic
receptor stimulation are impaired to the chronotrophic and contractility
response to (3-agonists. Indeed, there appears to be functional uncoupling of
the (B-adrenergic receptor from the catalytic unit of adenyl cyclase, with a
decrease in the proportion of B-receptors in the high-affinity agonist-binding
state [25]. The importance of the ANS in the pathophysiology of hypertension
in the elderly is indicated by the strong association between plasma NE and
systemic vascular resistance in aging persons. In the Normative Aging
Studies, there was also a strong age-independent relationship between urinary
NE excretion and blood pressure [26]. Finally, plasma epinephrine has also
been reported to remain elevated in hypertensives beyond age 60 years, sug-
gesting an age-related role of this catecholamine in sustaining inappropriately
high ANS activity [27].

Increased relative adiposity and insulin resistance/hyperinsulinemia
appear to be a driving force for enhanced ANS with advancing age [16—19].
Regulation of body fat stores is achieved through several mechanisms that form
a negative feedback ‘lipostat’; changes in adipose tissue mass are signaled to
central nervous system (CNS) centers that regulate both appetite and energy
expenditure. Leptin is a major factor produced by adipose tissue that acts in
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the CNS to regulate appetite and increase energy expenditure, in part, by
increasing sympathetic nervous system activity [28, 29]. Aging in westernized,
industrialized societies is often associated with a loss of lean body mass and an
increase in adipose tissue, especially visceral fat [30-32]. This age-related
increase in total body fat and central adiposity is greater in women than men
[32]. Reductions in weight and body fat are associated with parallel reductions
in ANS activity [16]. Further, regularly performed endurance exercise partially
protects, but does not abolish, the increase in relative body fat with advancing
age [33-35]. Further, exercise intervention studies [33, 35] have demonstrated
that endurance training reduces central body fat, a parameter that is linked to
insulin resistance and hyperinsulinemia. Thus, aerobic exercise may partly
abolish the age-related increase in ANS activity through reductions in insulin
and leptin as well as other mechanisms [36].

The elderly are more likely to experience orthostatic hypotension than their
younger counterparts [36, 37]. The reasons for this propensity are multiple. For
example, there is relative downregulation of [-adrenoreceptors, decreased
cardiac output and decreased intravascular plasma volume [8—10]. There is also
a diminution in baroreflex sensitivity, particularly that of the low-pressure cardio-
pulmonary stretch receptors, which are very important in minute-to-minute
regulation cardiovascular modulatory responses to change in posture [11-14].
Their reduction in sensitivity appears to be related to alteration in the afferent
and central components of this reflex arc [13, 14]. This reduction in baroreflex
sensitivity is especially relevant with respect to diminished ability of the elderly
to maintain blood pressure homeostasis in response to volume depletion
(i.e., with dehydration, bleeding or diuretic therapy) and in the face of vasodila-
tory blood pressure medications (i.e., a-blockers and dihydropyridine calcium
channel blockers) [36—39].

With advancing age, there is a propensity to greater fluctuations in blood
pressures, especially systolic blood pressure. This is likely due, in part, to
reductions in baroreflex sensitivity [40, 41]. There is also a propensity for a
reduction of the degree of blood pressure reduction (dipping) at night time
[40, 41]. This reduction in nocturnal blood pressure dipping is probably related
to reduced baroreceptor sensitivity, alterations in sleep and altered renal
afferent sympathetic input to the CNS [40, 41]. This is especially relevant for
cardiovascular disease risk and stroke which have their highest frequency in the
early hours of the morning prior to awakening. The practical caveats of these
observations regarding greater variability of blood pressure, and loss of normal
‘dipping’ of blood pressure are inherently apparent. First, more blood pressure
measurements are necessary to evaluate the most representative pressure, and
the office blood pressures often underestimate the 24-hour pressure load to
which cardiovascular, renal and cerebral vasculature systems are exposed.
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The above observations regarding age-related alterations in ANS function
have a number of practical ramifications in caring for the elderly. First, one
should be aware that cardiac output and intravascular volume are reduced, thus
making the elderly much more susceptible to orthostatic hypotension.
Accordingly, therapies that further reduce cardiac output or intravascular
volume should be administered very carefully in older subjects [37-39]. Blood
pressures should be checked in the upright as well as supine position. Falls due
to orthostatic hypotension lead to tremendous disability in the elderly [39].
Because of the greater variability of blood pressure, especially systolic blood
pressure, more measurements are needed to ascertain the most representative
blood pressures. Finally, because of enhanced ANS activity and reduced
B-adrenoreceptor responses, enhanced peripheral vascular resistance is the
hallmark of hypertension in the elderly [36—41].
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Aging, Carbohydrate Metabolism and
the Autonomic Nervous System

Kenneth M. Madden, Graydon S. Meneilly

Department of Geriatric Medicine, University of British Columbia,
Vancouver, B.C., Canada

Diseases of impaired carbohydrate metabolism, like diabetes mellitus, are
highly prevalent in the aged population [1]. This has stimulated interest in how
interactions between aging, carbohydrate metabolism and the autonomic nerv-
ous system contribute to impaired glucose tolerance in the older population.
A documented upregulation of the adrenergic response with aging has suggested
that the increased counter-regulatory influence of the sympathetic response
may explain changes in carbohydrate handling in the elderly. This review will
examine the changes in glucose homeostasis that occur with aging, and how the
upregulation of the adrenergic response relates to these changes. In addition,
the effect of aging on the adrenergic response to hypoglycemia and acute inges-
tion of carbohydrates will be explored.

Effect of Aging on Carbohydrate Metabolism

It has long been noted that an increase in a person’s age is associated with
progressive glucose intolerance [1]. Early studies involving unselected subjects
found major age-related changes in glucose metabolism. Several years ago, it
was recognized that age-related diseases may have had a role to play in the dra-
matic age-associated alteration in carbohydrate metabolism. Subsequently,
investigators studied glucose metabolism in carefully selected healthy elderly
subjects free from underlying disease. These investigators reported more mod-
est changes in carbohydrate metabolism. Whether these changes were due to
the process of aging itself, or due to a host of other age-associated lifestyle fac-
tors (such as increased obesity, lower physical activity, and poorer diet) is still
a subject of debate. Aging has been shown to be strongly correlated with an



increase in percent adipose tissue, body mass index, skinfold thickness and
waist-to-hip ratio, and a decrease in VO, ,,,, [2]. Changes in all of these param-
eters have been associated with alterations in glucose metabolism in younger
patient populations. Recently, investigators have looked for evidence of a purely
age-associated decline in the metabolism of carbohydrates by studying fasting
blood glucose levels, glycosylated hemoglobin, and oral glucose tolerance in
healthy elderly subjects who have been carefully characterized in regard to the
lifestyle factors noted above.

In these elderly subjects, it has been reported that there is an age-associated
rise in fasting blood glucose of approximately 1mg/dl [3] per decade. An
elevation in the proportion of glycosylated hemoglobin concentration of approx-
imately 0.11-0.15% per year [4] has been reported by some authors, but other
studies have shown a more modest effect of age once adjustments are made for
measures of obesity [5]. Finally, numerous studies have examined the correlation
between changes in oral glucose tolerance and aging. Large studies in carefully
selected subjects have found that normal aging is associated with a modest but
progressive impairment in oral glucose tolerance when other confounding
variables are considered [2, 6]. In summary, the bulk of the evidence suggests that
normal aging is characterized by a modest but progressive impairment in glucose
tolerance. Unfortunately, the methods described above do not indicate the
mechanisms underlying the age-related changes in glucose tolerance. This has led
to the development of newer experimental techniques that allow researchers to
examine directly the processes that control plasma glucose in both elderly and
young populations.

Potential Mechanisms to Explain Impaired Carbohydrate
Metabolism with Aging

Numerous mechanisms have been postulated to explain the aging-associated
impairment in carbohydrate metabolism. Using variants of the glucose clamp
technique, investigators have examined the effect of aging on hepatic produc-
tion of glucose, insulin secretion, insulin-mediated glucose disposal, and non-
insulin-mediated glucose uptake (fig. 1). The role of lifestyle factors in the
age-related changes has also been carefully assessed (table 1).

Although basal hepatic glucose production is unchanged with age, hepatic
glucose output is suppressed more slowly in an aged population, in response to
an oral glucose challenge [7]. Basal insulin levels have been found to be both
normal and increased in aged subjects [8, 9]. Hyperglycemic clamp studies
have found no age effect on the overall insulin responses to glucose [9], except
at very high glucose levels, suggesting that under normal conditions insulin

Madden/Meneilly 54



Liver Pancreas

Reduced post-prandial
suppression of
glucose

Altered pulsatile

insulin
secretion

production

v

T [Glucoselgrym

Reduced insulin-mediated

vasodilatation Insulin

Blood vessel
Reduced Reduced
NIMGU IMGU (?)

¥

Peripheral glucose uptake

Fig. 1. This figure shows the various mechanisms by which the various components of
carbohydrate metabolism (hepatic glucose production, insulin secretion, insulin-mediated
glucose uptake, and non-insulin-mediated glucose uptake) interact with the normal aging
process.

Table 1. Possible sites of aging-related changes in
carbohydrate metabolism

1. Reduced hepatic production
2. Impaired insulin secretion

3. Insulin receptor (insulin-mediated glucose uptake)
Reduction in receptor number/receptor defect
(decreased sensitivity)
Postreceptor defect (decreased responsiveness)

4. Impaired peripheral uptake of glucose
(non-insulin-mediated glucose uptake)
Change in body composition
Impaired blood flow to skeletal muscle

5. Confounding factors
Diet
Degree of physical exercise
Presence of disease
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responses to a glucose load are unaltered. However, there appear to be more
subtle alterations in insulin release with age. Several groups have demonstrated
that the pulsatile production of insulin is altered with normal aging, both
during fasting [10, 11] and in response to hyperglycemia [11].

It has been hypothesized that aging results in a decreased ability of insulin
to stimulate glucose uptake into cells [8]. Numerous studies have evaluated
insulin-mediated glucose disposal in the elderly. Although most studies have
found a decline in insulin-mediated glucose uptake with age, it has been diffi-
cult to demonstrate a reduction in insulin-mediated glucose uptake with normal
aging once potential confounding factors including diet, body composition and
physical activity are taken into account. Two large studies examined insulin-
mediated glucose uptake in carefully characterized elderly subjects. Elahi et al.
[12] performed glucose clamp studies on subjects from the Baltimore longitudi-
nal study of aging and found a modest decline in insulin-mediated glucose
uptake with age. The European Group of the Study of Insulin Resistance (EGIR)
demonstrated decreased insulin sensitivity during hyperinsulinemic euglycemic
clamp studies of 1,146 subjects aged 18-85 but this was not significant once
adjustments were made for body mass index [13]. Thus, it is uncertain whether
normal aging has an effect on insulin-mediated glucose disposal.

In addition to stimulating glucose uptake, insulin also acts as a vasodilator
and increases muscle blood flow. Although it is not certain whether normal aging
is associated with resistance to insulin-mediated glucose uptake, the elderly
clearly have a reduced vasodilatory response to insulin [14]. This could result in
less blood flow to skeletal muscle, which is the primary glucose sink for the
body. The potential importance of alterations in insulin-mediated blood flow in
the age-related changes in glucose metabolism have yet to be determined.

Other than as indirectly affected by insulin secretion or resistance, it has
been suggested that there may be an age-related change in the ability of glucose
to stimulate its own uptake in the absence of insulin, otherwise known as non-
insulin-mediated glucose disposal. During fasting, most non-insulin-mediated
glucose uptake occurs in the central nervous system. A greater proportion of
non-insulin-mediated glucose uptake occurs in muscle, splanchnic organs and
adipose tissue during hyperglycemia. Studies suggest that normal aging is asso-
ciated with alterations in non-insulin-mediated glucose uptake during fasting
but not hyperglycemia, implying a decrease in central nervous system glucose
uptake with age [15].

In summary, it appears that the glucose intolerance of aging is caused by
subtle alterations in insulin secretion, altered postprandial regulation of hepatic
glucose production and impaired non-insulin-mediated glucose uptake. The role
of alterations in insulin-mediated glucose uptake in the glucose intolerance of
aging remains uncertain.
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Age-Related Changes of the Autonomic Nervous
System - A Possible Explanation?

Given its diverse effects on carbohydrate metabolism [16], many
researchers have turned to the autonomic nervous system as a possible explana-
tion for these age-related changes in carbohydrate metabolism. The cate-
cholamine response to stress acts through norepinephrine (which stimulates
a- and B,-receptors) and epinephrine (which stimulates all a- and -receptors).
As we age, a process of adrenergic upregulation occurs. This causes sympathetic
neural norepinephrine release and basal levels of norepinephrine to increase with
age [17]. Young et al. [18] and Blandini et al. [19] showed that basal levels of
norepinephrine are increased in an aged population, while epinephrine and
dopamine levels are unchanged. As well, the norepinephrine response to tilt table
testing [18, 19], cold pressor test, and insulin tolerance test is also increased in
an elderly population [19]. Given that the adrenergic response can act in a
counter-regulatory fashion to glucose metabolism, this increased sympathetic
responsiveness might explain impaired carbohydrate tolerance in the elderly.

Stress-Induced Hyperglycemia in the Aged Population

A hyperglycemic response to stress-induced sympathetic activation has been
frequently documented [16]. Small doses of epinephrine similar to those observed
during mild viral illness (75-80pg/ml) given in the laboratory were shown to
increase serum levels of glucose by 1.65-3.30mmol/l in normal young subjects
[20]. It seems logical, therefore that the increased sympathetic responsiveness
shown in the elderly population may be a cause of elevations in blood glucose seen
in a variety of clinical conditions. For example, stress-induced hyperglycemia has
been documented in elderly patients in a poststroke setting [21, 22].

However, it is unclear whether age-related changes in the autonomic nervous
system play a role in the day-to-day alterations in glucose metabolism which
occur in the elderly. A study by Chen et al. [23] found that the basal level of nor-
epinephrine, as well as the increase in norepinephrine with an oral glucose load
did not correlate at all with glucose tolerance in both young and old subjects. This
study, however, did not show an enhanced norepinephrine response to a glucose
load with increasing age, which is inconsistent with the known increased adre-
nergic response in the elderly to other stimuli (tilt table, mental stress, cold pres-
sor test) [18, 19] and with studies that have shown an enhanced adrenergic
response to a glucose load in the elderly [18, 24]. Since no enhanced stress
response was elicited by Chen et al. [23], it is difficult to argue that age-associated
adrenergic hyperreactivity has no impact on glucose tolerance. Perhaps other
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gastrointestinal factors, such as an age-associated reduction in motility or absorp-
tion resulted in the elderly subjects receiving an effectively reduced post-prandial
stimulus. An enhanced post-prandial catecholamine response still remains a pos-
sible explanation for impaired glucose metabolism in the elderly.

Aging and the Autonomic Response to Carbohydrate Intake

Investigators have tried to examine the relationship between aging-
associated adrenergic changes and carbohydrate metabolism by examining the
adrenergic response to acute and chronic carbohydrate ingestion. An acute oral
carbohydrate load has been shown to result in an increase in norepinephrine levels
in young and older subjects [18, 23]. Interestingly, Chen et al. [23] also demon-
strated that there is a drop in epinephrine with an acute oral glucose load in both
young and old subjects, indicating that one cannot always assume that the adrenal
and the sympathetic nervous components of the adrenergic response operate in the
same fashion. It has been suggested that the adrenergic response is purely due to
gastrointestinal stimulation [25]. However, when the acute oral glucose response
was compared with the response to an oral control drink, there was a significantly
larger increase seen in norepinephrine levels in the older subjects [18, 24]. Given
the effects of the sympathetic nervous system on carbohydrate metabolism dis-
cussed above, an enhanced postprandial adrenergic response is an ideal potential
mechanism to explain impaired carbohydrate tolerance in the elderly.

With this in mind, Chen et al. [23] attempted to influence the adrenergic
response to an oral carbohydrate load by imposing 3-day high and low carbo-
hydrate diets. Both young and older (mean age 69) normal, screened subjects
were given 3 days of a low (20-30% carbohydrate) and a high (85% carbo-
hydrate) diet. Although the higher ingestion of carbohydrates resulted in an
improved glucose tolerance, there was no effect of diet on the norepinephrine
and epinephrine responses to an oral glucose load. If an increased sympathetic
nervous system response to oral carbohydrate ingestion is responsible for
impaired glucose tolerance in the elderly, these responses are unchanged by
alterations in dietary carbohydrates in the short term [23].

Aging, Adrenergic Stimulation and Glucose Production

It has been shown previously in young normal subjects that an infusion of
epinephrine results in an increase in glucose production, mostly by the liver
[26, 27]. If insulin production is suppressed by somatostatin, it has been show
that a-stimulation (epinephrine plus propranolol) does not increase hepatic
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production of glucose, indicating that sympathetic stimulation effects an increase
in glucose production via the B-receptors [28]. Hepatic vein catheterization
studies during radiolabeled alanine infusions on normal young humans have
indicated that this B-adrenergic effect on glucose production is mediated
primarily by an acute increase in glycogenolysis followed by a long-term increase
in gluconeogenesis [29]. With respect to adipose tissue sources of glucose, recent
work in young dogs has also shown that there is a [-adrenergic-mediated
oscillatory component to lipolysis that is attenuated by [;-blockade [30].

In aging humans, reduced sympathetic sensitivity (and consequent adrener-
gic upregulation) has been demonstrated throughout most of the body, but the
relationship between the sympathetic nervous system and hepatic glucose pro-
duction has only been investigated in aging rats [31, 32]. A study of untrained
Fischer 344 rats showed that the increase in hepatic gluconeogenesis (by radio-
labeled techniques) by norepinephrine infusion was attenuated by aging [31].
This attenuation may be partly explained by an uncoupling of the B-receptor and
the production of adenylate cyclase production seen in isolated rat livers. Indeed,
there was an observed three-fold increase in B-receptor binding capacity in the
aged rat group, indicating that the change is a post-receptor phenomenon [32].

Despite this age-associated reduction in liver norepinephrine sensitivity (at
a post B-receptor level), Watters et al. [33] have shown that endogenous glucose
production in trauma patients actually increases with age. Although norepi-
nephrine was not measured in this study, it is well known that the norepineph-
rine response is enhanced in the elderly. This suggests that the age-associated
increase in the stress response was large enough to compensate for the oppos-
ing age-associated reduction in the norepinephrine sensitivity of the liver. Since
there is also an enhanced norepinephrine response to a glucose load [18, 24] in
elderly subjects, perhaps a similar overwhelming of attenuated liver sensitivity
by an increased norepinephrine response could explain the abnormal postpran-
dial hepatic glucose production seen in aged normal subjects [7].

Aging, Adrenergic Stimulation and Insulin Secretion

Insulin secretion is increased by stimulation of islet B,-receptors [16] and
a-adrenergic stimulation of pancreatic [3-cells has been shown to reduce insulin
secretion in response to a glucose stimulus. Supraphysiologic stimulation of
a-receptors has been shown to reduce the acute insulin response in the rat
[34, 35], and in normal young subjects [31]. Epinephrine has been shown to
affect the insulin response at more physiologic levels with a-blockade increasing
the insulin response in non-insulin-dependent diabetics [36] and low-dose
epinephrine reducing the response in normal young subjects [37].
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Fig. 2. This figure demonstrates various sites where the changes in carbohydrate
metabolism seen in older adults are influenced by age-associated adrenergic upregulation.

Many tissues in the body, such as the heart, demonstrate a significant age-
related attenuation of the response to 3-receptor stimulation. It has been hypoth-
esized that if this occurs in the pancreatic 3-cell, this would result in unopposed
a-stimulation (which would consequently result in reduced insulin secretion)
[38]. Studies on aged rats, however, have not supported an accentuation of the
effect of norepinephrine on insulin secretion in response to glucose [33]. Studies
on humans aged 60+ have also failed to demonstrate an effect of aging on the
effect of epinephrine on the acute insulin response to hyperglycemia [37, 38].

However, age-associated abnormalities in insulin secretion do not take the
form of a simple reduction in the insulin response, but as subtle changes in pul-
satile insulin secretion [10, 11, 39]. Alterations in the amplitude of low-frequency
ultradian insulin pulsations have been demonstrated in pancreas transplantation
(autonomically denervated) patients [40], and rapid insulin pulses are altered by
electrical preganglionic nerve stimulation in the canine pancreas [41]. Although
further study is required, alterations in the sympathetic nervous system are a
possible explanation for the subtle age-associated changes in pulsatile insulin
secretion (fig. 2).
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Aging, Adrenergic Stimulation, and Insulin-Mediated
Glucose Uptake

Decreased insulin sensitivity with adrenergic stimulation has been demon-
strated previously in vivo in man [42]. In fact, if a somatostatin infusion is used
to calculate the contribution of non-insulin-mediated glucose uptake, a
0.2 pg/kg dose of epinephrine in young subjects was found to cause a 61%
decrease in insulin-mediated glucose uptake [43].

The interaction of aging with the effect of the sympathetic nervous system
on insulin sensitivity is somewhat unclear. When a frequently sampled intra-
venous glucose tolerance test was performed on 60 human subjects aged 19—78
it was found that only body mass index and mean arterial blood pressure were
significantly related to insulin sensitivity, while age, plasma norepinephrine
level and epinephrine level were not [44]. In addition, the effect of small,
physiologic epinephrine infusions on tolbutamide-boosted intravenous glucose
tolerance tests in young and old subjects did not show any significant age-
related difference in insulin action [37].

An important factor not examined in these studies is the impaired vasodila-
tory effect of insulin seen in the elderly [14] (fig. 2). This age-associated impair-
ment is felt to be secondary to endothelial dysfunction, which allows the
sympathetic nervous system vasoconstrictor effect to overwhelm the impaired
vasodilatory effect of insulin. Given that skeletal muscle is responsible for the
majority of insulin-mediated glucose disposal, this could result in reduced
insulin-mediated glucose uptake. Recent studies by Meneilly et al. [45] have
attempted to address this issue. Meneilly et al. showed that nitric oxide produc-
tion in skeletal muscle decreases with age. However, studies involving
NS monomethyl-L-arginine (L-NMMA) (a nitric oxide synthase inhibitor) [46]
and sodium nitroprusside (a nitric oxide donor) [47] resulted in different or oppo-
site effects on calf blood flow and insulin-mediated glucose uptake. While the
combination of adrenergic upregulation (resulting in enhanced vasoconstriction)
and attenuated vasodilatation by insulin may explain in part age-associated
changes in insulin action, clearly much more work is needed to fully explore how
aging, adrenergic upregulation, insulin action and blood flow relate.

Aging, Adrenergic Stimulation and Non-Insulin-Mediated
Glucose Uptake

Rizza et al. [48] performed a study in which epinephrine was infused in the
presence and absence of a- and 3-blockade and in the presence and absence of
insulin, glucose and glucagon. He found that epinephrine decreased glucose

Aging, Carbohydrate Metabolism and the Autonomic Nervous System 61



uptake through an undefined [-adrenergic effect on hepatic and peripheral
tissues. Another study involving the administration of norepinephrine during an
intravenous glucose tolerance test indicated that norepinephrine impaired the
rate of glucose disposal but had no effect on ‘glucose-mediated glucose dis-
posal’ (non-insulin-mediated glucose uptake) [49]. Additionally, when glucose
turnover during an epinephrine infusion was measured isotopically (while
somatostatin was infused to suppress pancreatic insulin secretion), it was found
that epinephrine had no effect on non-insulin-mediated glucose uptake [43].
It appears that while non-insulin-mediated glucose uptake is impaired with
age, this reduction is not mediated by age-associated autonomic changes.
Since most non-insulin-mediated glucose uptake in the basal state occurs in the
central nervous system, it is more likely that age-associated reductions in
central nervous system mass are responsible for impaired non-insulin-mediated
glucose uptake [15].

Effect of Aging on the Adrenergic Response to Hypoglycemia

It has been noted that the incidence of hypoglycemic complications is
increased in an elderly population with diabetes [50], suggesting that perhaps
there is an age-associated impairment in the counter-regulatory response to
hypoglycemia. This is especially serious since it has been shown that hypo-
glycemia itself can cause hypoglycemia-associated autonomic failure, which
can further impair the body’s counter-regulatory response to (as well as symp-
tom recognition of) hypoglycemic episodes [51]. Not only does this autonomic
dysfunction impair the direct counterregulatory effects of the adrenergic system
itself, it also impairs the a-cell mediated glucagon response [52] as well as the
adrenergic responses to other stimuli, such as exercise [53].

In normal young subjects it has been determined that the body’s primary
response to hypoglycemia involves the redundant responses of both epinephrine
and glucagon [54]. It has been shown that impairing the adrenergic response
with the administration of clonidine will impair the early response to hypo-
glycemia, but not the late glucagon-mediated response [55]. Studies in young
normals have shown that this response is blocked by both selective [3;- and non-
selective B-blockade [56].

A study of nondiabetic elderly subjects has demonstrated an attenuated
recovery from hypoglycemia induced by an intravenous dose of insulin
(50mU/kg), which was associated with a reduced glucagon response, a slightly
delayed epinephrine response and no age-associated change in the norepinephrine
response [57]. Meneilly et al. [58] also examined healthy young and older sub-
jects and found that the glucose threshold for the glucagon and epinephrine
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response was lower in the elderly, while the norepinephrine threshold was similar
between young and old (although the magnitude of the norepinephrine and
epinephrine responses were similar between groups). In addition, healthy older
subjects are less sensitive to the autonomic (as opposed to the neuroglycopenic)
symptoms of hypoglycemia [58]. Therefore it appears that there is a mild age-
associated impairment in the glucagon response, and an epinephrine response
that operates at a lower threshold or is delayed. In addition, normal elderly sub-
jects have reduced autonomic symptom awareness, possibly due to decreased
end-organ sensitivity to the sympathetic nervous system response.

Conclusion

Aging is associated with an increase in fasting blood glucose, glycosylated
hemoglobin and oral glucose tolerance, even after corrections are made for
adiposity, diet and physical activity. This is accompanied by an age-associated
process of adrenergic upregulation, in which norepinephrine levels and norepi-
nephrine responsiveness to stimuli such as an oral glucose load increase with age.
An enhanced norepinephrine response potentially explains the altered postpran-
dial regulation of hepatic glucose production, resulting in an increase in glucose
output that is not fully compensated for by an opposite age-associated reduction
in liver sensitivity to norepinephrine. Aging also results in subtle changes in the
pulsatile secretion of insulin, and an age-associated change in insulin action
through the interaction between enhanced adrenergic-mediated vasoconstriction
and attenuated insulin-mediated vasodilatation. While changes in the aging auto-
nomic nervous system do not account for the reduction in NIMGU with age, it
appears that these observed effects on hepatic glucose output, pulsatile insulin
secretion, and on insulin-mediated blood flow at least partly explain the age-
associated changes seen in carbohydrate metabolism. Age-associated changes in
the autonomic nervous system also affect the ability of normal elderly subjects to
respond to hypoglycemia. While the norepinephrine response to hypoglycemia is
not impaired, the epinephrine response is delayed or operates at a lower threshold.
In addition, reduced end-organ SNS sensitivity results in less awareness of the
autonomic symptoms of hypoglycemia.
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The Aging Esophagus

The term ‘presbyesophagus’ was used to describe a spectrum of changes
affecting the esophagus in old age, including decreased contractile amplitude,
polyphasic waves in the esophageal body, incomplete sphincter relaxation and
esophageal dilatation. More recently, investigators using modern techniques
and classification systems, have challenged this concept [1]. In fact, recent
manometric studies have demonstrated the presence of only minor alterations
in esophageal motility in healthy elderly subjects [2]. Additional studies have
reported other age-related changes, including a decrease in upper esophageal
sphincter (UES) pressure [3] with a deterioration of the pharyngo-UES
contractile reflex [4]. During swallowing, the timing of the pressure fall at the
UES was significantly delayed in the elderly when compared to young subjects,
with the UES pressure reaching its minimum value after the arrival of the bolus
at the UES [5]. In agreement with these findings, a delay in relaxation after
deglution [6] and a reduction of the secondary esophageal peristalsis evoked by
esophageal distension were also reported in the elderly [7]. Such changes in
swallowing pressures and laryngeal movements with aging may have an impact
on the system which normally prevents aspiration, thus explaining the high
prevalence of dysphagia in old age.

A recent manometric study conducted in 79 healthy subjects reported that
age correlated inversely with the pressure and length of the lower esophageal
sphincter (LES), while simultaneous contraction appeared to increase with age
[8]. These results are in agreement with a previous finding demonstrating an



increase in the prevalence of tertiary contractions [9], which together with a
failure of esophageal contraction after swallowing, contributes to incomplete
esophageal emptying of both low- and high-viscosity liquids seen in elderly
subjects [10]. Moreover, a manometric and scintigraphic study of healthy vol-
unteers aged 20—80 years documented that older persons have more frequently
abnormal peristalsis and a longer duration of gastroesophageal reflux episodes
than young or middle-aged subjects [11]. These findings may explain the higher
severity of reflux esophagitis in older people [12].

The morphological origin of such functional alterations is not well estab-
lished. Although the thickness of the human esophageal smooth muscle does
not vary with aging [13], the numbers of myenteric neurons in the esophagus
decline with age [14], the decrease being most pronounced in the proximal
esophagus, particularly at its junction with the pharynx [14].

The clinical significance of these findings is also unclear. Many of the
above studies failed to show a clear correlation between modifications in
esophageal function and symptomatology, particularly dysphagia [3, 9, 10].
One important consideration is that the currently used ‘normal values’ for
parameters of esophageal function may change with age. As a result, these
parameters, may not be directly comparable in young and old subjects. For
example, a radiologic study performed in elderly asymptomatic subjects found
that only 16% had swallowing within the normal limits as defined in younger
subjects [15]. Moreover, a study of 24-hour esophageal pH monitoring demon-
strated that 30% of asymptomatic elderly subjects were ‘abnormal’ according
to conventional 24-hour pH-metric criteria [16]. With these considerations in
mind, it has been proposed that ‘age-related normality limits’ of esophageal
pressures need to be considered before establishing a manometric diagnosis in
elderly patients [8]. Thus, the current view of esophageal dysfunction which has
been derived from studies involving younger subjects may need to be modified
before being applied to the geriatric age group.

Particular attention has been given to the clinical presentation of gastro-
esophageal reflux disease (GERD) in the elderly, since important differences
appear to exist in the symptomatology involving young as compared to adult
patients [17]. An age-related decline in the sensitivity of esophageal to visceral
pain has been documented by studies using esophageal balloon distension [18].
These findings combined with a reduction in esophageal chemosensitivity to
acid with advancing age [19] may explain such different clinical expression of
GERD in patients of different ages. However, other factors may also be involved
in GERD presenting in the elderly. These may be secondary to systemic diseases,
with contributions due to decreased salivary secretion, alterations in gastric
emptying, decreased tissue resistance as a result of impaired epithelial cell
regeneration, or a duodenogastro-esophageal reflux of bile salts [20].
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In conclusion, declines in esophageal function do not appear to be an
inevitable consequence of aging, yet the esophagus does undergo specific
changes with aging. These changes need to be taken into account in the evalu-
ation of older patients with esophageal complaints [1].

The Aging Stomach

Aggressive Factors

A progressive reduction in gastric acid secretion is believed to occur with
increasing age, principally due to atrophy of gastric mucosa. In 1982, Kekki et al.
[21] demonstrated that gastric acid secretion did not change with age in the
absence of chronic atrophic gastritis and, successively, several studies demon-
strated that gastric acid secretion did not change in normal elderly subjects
[22, 23], declining only in the presence of coexisting gastric pathology related to
Helicobacter pylori infection [24]. A more recent study confirmed that advancing
age had no independent effect on gastric acid secretion [25] and a study performed
in 427 peptic ulcer patients showed no significant differences in the various age
groups in terms of basal and pentagastrin-stimulated acid secretion [26].

Recent studies have explored the role of H. pylori infection on gastric acid
secretion in relation to age. A Japanese group had reported that both basal and
maximal acid output decreased with age in H. pylori-positive subjects, while
they did not change with age in H. pylori-negative subjects [27]; moreover, the
study confirmed that gastric acid secretion decreased with the progression of
atrophic gastritis and that the development of such atrophic changes of the
gastric mucosa were more closely related to H. pylori infection than to age [28].
The significant association between gastric atrophy and the presence of Cag-A
positive strains of H. pylori in the gastric mucosa of elderly subjects [29], as
well as the recent finding that H. pylori eradication is beneficial in preventing
progression of gastric atrophy in patients >45 years old [30], corroborates the
hypothesis that H. pylori infection may be more a important factor in inducing
gastric mucosa modifications than aging.

Conflicting data are present in the literature regarding pepsin secretion in
old age. Levels of serum pepsinogen A (or group I, PGA) were unchanged in
older H. pylori-negative subjects, indicating that the release of pepsin from
chief and mucous neck cells appears to be maintained in these individuals. In
contrast, older patients with H. pylori infection, exhibited higher levels of PGA
and pepsinogen C (or group II, PGC), with a decrease in the PGA/PGC ratio
[31]. Interestingly, the eradication of H. pylori from the stomach of older
patients induced a rapid and significant decrease in PGC, together with an
increase in the PGA/PGC ratio [31].
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In conclusion, available data support the notion that aging by itself does
not modify gastric aggressive factors, such as acid and pepsin secretions.
Moreover, pathological conditions, principally H. pylori infection, may induce
some mucosal alterations (chronic gastritis, gastric atrophy and intestinal
metaplasia) that may influence some changes in gastric secretory functions. The
temporal sequence of these pathogenetic events remains unknown, yet it
appears unlikely that this disease process would remain reversible in its latter
stages.

Defensive Factors

Many factors contribute to the ability of the gastric mucosal barrier to
resist external damage, including an adherent mucus gel, prostaglandin and
bicarbonate secretions, gastric mucosal proliferation and gastric mucosal blood
flow. Interestingly, recent studies indicate that many of these aspects of the
gastric mucosal barrier could change in old age. Clinical studies have demon-
strated that gastric mucosal prostaglandin concentrations decline with age
[32, 33]. Similar results were obtained in animal studies, indicating that aged
animals with low gastric mucosal prostaglandin levels were more susceptible to
aspirin-induced acute gastric damage [34]. Gastric bicarbonate and mucus are
secreted by nonparietal gastric epithelial cells, providing an alkaline gel layer
protective against luminal acid-pepsin and exogenous noxious substances. Two
studies have shown that aging was associated with significantly lower gastric
bicarbonate secretion [35, 36] and mucus production [36] in humans.
Moreover, in agreement with previous data [37], the quality of mucus secretion
was unaltered with advancing age [36]. More recently, a study that examined
the thickness of the adherent mucus gel layer in the gastric antrum and duode-
num in relation to age, showed a significant thinning of the adherent mucus gel
layer in H. pylori-positive individuals, as stomach and duodenum age. In those
without H. pylori infection, the mucus gel thickness was preserved in stomach
and duodenum [38].

As regards gastric mucosal proliferation, a study in healthy subjects
demonstrated that the number of gastric mucus cells was reduced in the elderly,
with aging having induced a significant increase in the parietal:mucous cell
ratio [39]. Successively, animal studies demonstrated that aging was associated
with a diminished regenerative capacity of the gastric mucosa [40], secondary
to a reduced expression of several growth factors and of enzymes related to
growth factor receptors [41]. The role of gastric mucosal blood flow in main-
taining the gastric mucosal integrity in humans, and particularly in the elderly,
is not well defined. A study in animals has shown that aging was associated
with a significant decline in basal gastric blood flow, whereas no impairment
occurred in acid-induced gastric blood flow [42]. More recently, a study carried
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out in 24 elderly patients devoid of endoscopic abnormalities and in a match-
ing group of younger subjects reported that gastric mucosal perfusion was
significantly decreased in aged subjects [36].

In conclusion, available data seem to support the concept that aging is
associated with a selective and specific reduction in some gastric mucosal
defensive mechanisms [43]. A better understanding of these age-related
changes will aid in the development of new interventions for the prevention of
gastric mucosal injury, particularly that due to the toxic effect of exogenous
substances such as drugs.

Motility

It is generally agreed that motility and gastric emptying time progressively
diminish with advancing age. Previous studies carried out with radium-marked
solid and liquid meals have demonstrated that the vagus-mediated emptying of
liquids becomes slower, while there does not seem to be any difference between
the elderly and young adults as regards emptying time for solid meals [44]. In
contrast, other authors have suggested that aging is associated with a general
slowing in gastric emptying for both liquids and solids [45]. These studies
failed to take into account the influence of gastric acid secretion on the empty-
ing of the stomach. A manometric study demonstrated that alterations in gastric
motility of elderly subjects consisted predominantly of a lower incidence of
phase III activity which was unrelated to the gastric acid secretion [46].
Interestingly, motilin levels were generally elevated, while periodic plasma
changes were smaller in the elderly compared to young subjects [47].

More recently, delayed gastric emptying of solid foods, evaluated by ultra-
sound, has been reported in elderly subjects compared to young subjects [48].
Another study, using electrical impedance tomography, demonstrated that
gastric emptying of liquid meals was longer in the elderly than in the young
subjects when lipids (triglycerides, 24.6 g) were included in the liquid test
meals, while gastric emptying time for non-lipid soup was not significantly
different between the elderly and young subjects [49]. The reasons of such
motility modifications with age are not clear; however delayed gastric empty-
ing could result from progressive autonomic nerve dysfunction occurring with
aging [48]. Indeed, a recent experimental study carried out in male Fisher 344
rats reported that in the stomach, both the vagal and myenteric innervation were
stable between the ages of 3 and 24 months; however, a decrease in the number
of myenteric neurons in the forestomach was noted at 27 months [50]. In
contrast, clinical data from patients with diabetes mellitus indicated that, even
if gastroparesis and upper GI symptoms have been attributed to irreversible
autonomic damage, metabolic factors such as acute changes in the blood-glucose
concentration, are likely to have a major effect on gastric motor function [51].
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Indeed, gastric emptying appeared to slow during hyperglycemia, accelerating
with hypoglycemia [51].

An interesting recent study evaluated the effects of aging on fasting gastric
compliance and the perception of gastric distension as well as the gastric
accommodation to a meal [52]. The results suggested that healthy aging is
associated with decreased perception of gastric distension without any change
in fasting gastric compliance and with reduced tone late in the postprandial
period when compared with younger individuals. Thus, the control of food
intake appeared to be less sensitive to external stimuli in older than in young
subjects. These data are in agreement with the observation that the early satia-
tion observed in the elderly appears to be predominantly due to a decrease in
adaptive relaxation of the fundus of the stomach resulting in early antral filling
[53]. However, increased levels and effectiveness of cholecystokinin, which
may contribute to the slowing of gastric emptying [54], may also play a role in
the anorexia of aging. In terms of the central feeding drive, both the opioid and
neuropeptide Y effects appear to decline with age [54]. It is possible that these
physiologic changes associated with aging could increase the risk for older
persons to develop severe anorexia and weight loss when disease occurs [53],
while also contributing to gastroduodenal pathology such as peptic ulcer
disease [55].

Aging and the Small Intestine

Although minor differences in morphology of the small intestine between
young adult and elderly subjects including shorter villi in older subjects have
been described, these observations have not been replicated by other studies
[56]. Specific enzymes may decrease with age. Declines in the levels of one of
these enzymes, lactase, may lead to lactose intolerance. Although lactase activ-
ity may decrease with age, human small intestine maltase and sucrase concen-
trations are usually preserved. The integrity of the small intestine, as assessed
by its permeability, is known to be altered by a variety of diseases, such as
Crohn’s disease and celiac disease. Until recently, it had remained unclear
whether normal aging influences small intestine integrity. The ratio of absorp-
tion of orally ingested lactulose to mannitol is used as a measure of small intes-
tine permeability. Clinical studies have indicated that the small intestine
permeability of adults aged over 60 years was similar to that of younger adults
[57]. More recently, other studies reported that a,-antitrypsin clearance, a
measure of the ‘leakiness’ of the gut from the body into the gut lumen, was not
different between older healthy subjects and younger adults [58]. Thus, small
intestinal permeability or integrity does not seem to change with age.
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It is difficult to measure small intestine motility clinically. Human studies
have shown that small intestine transit time remained relatively stable with
increasing age [48, 59]. However, using the hydrogen breath test after adminis-
tration of 10g lactulose, the orocecal transit time (OCTT) was found to be
significantly longer in healthy elderly than in healthy young adult subjects [60].
Another study reported that more than 60% of elderly subjects showed abnor-
mal breath hydrogen excretion after eating a 200-gram carbohydrate meal [56].
This breath hydrogen rise may be caused by increased bacterial metabolism of
carbohydrate, either from contact within the proximal small bowel or within the
colon. Thus, from these studies, it is unclear whether the elevated breath hydro-
gen was caused by lower OCTT or bacterial overgrowth of the small intestine
[59, 60]. In fact, a number of diseases that can affect small intestine motility,
such as diabetes, thyroid disorders and scleroderma, are increasingly prevalent
in older age groups. In the absence of such diseases, motility seems to be
unaffected by age [61].

The Aging Colon

Aging is associated with changes in the structure and function of the colon.
With aging, a progressive alteration in the mechanical properties of the colonic
wall has been described. This change depends, at least partially, on changes in
ultrastructure. Collagens, which form a submucosal network of fibrils, become
smaller and more tightly packed in the left colon with aging [62]. An accumu-
lation of collagenous proteins has been described to occur in old rats and this
was accompanied by a decrease in the tensile strength that may cause deterio-
ration of the functional integrity of the left colonic wall [63]. It is conceivable
that such ultrastructural changes may reduce the compliance of the colon with
aging, and that this might play a role in the development of diverticulosis.

Control of colonic motility is complex. Indeed, several factors includ-
ing extrinsic innervation, myenteric plexus neurons, neurotransmitter release,
smooth muscle responsiveness and gastrointestinal hormones may influence
colonic motor functions. Aging has been associated with changes in smooth
muscle function. Animal studies showed that the thickness of the external
smooth muscle layers of the gastrointestinal tract and the individual smooth
muscle cells continue to grow in size with aging. This phenomenon is associ-
ated with an increased production of collagen by these cells, thereby altering
the extracellular matrix [47]. Moreover, older colonic muscle cells respond less
to a variety of stimuli including acetylcholine or electrical field stimulation,
than do cells from younger adult animals [64], probably due to changes in
calcium-channels that occur with aging [65]. In the ganglia of the myenteric
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plexus, aging is associated with a reduced number of neurons in animals
[50, 66]. In humans also the total number of neurons in the myenteric plexus
was decreased [67]. However, it remains unclear whether the myenteric
neuronal fall-out with aging is clinically relevant or whether the redundancy of
neurons (100 million in the adult mammalian gut) provides a functional reserve
of surviving neurons that compensates for the neuronal loss with aging [68].
The function of the inhibitory neurons in the myenteric plexus in the human
colon decreases with advancing age [69]. Such function is mediated by non-
adrenergic and noncholinergic (NANC) inhibitory innervation. While colonic
concentrations of NANC inhibitory neuropeptides (vasoactive intestinal
peptide, peptide histidine-methionine, met-5-enkephalin, neuropeptide Y and
somatostatin) were comparable in colons from older and younger subjects,
recent data from animals suggest that nitrergic (nitric oxide) innervation may
play a key role in the relaxation of the normal colon and that such inhibitory
effect of nitric oxide innervation significantly decreased with aging [70]. The
rate of this loss of nitric oxide relaxation with age in humans in unknown.
Nevertheless, understanding the relative contributions of these mechanisms to
colonic relaxation may lead to novel therapeutic approaches towards some very
common geriatric diseases such as diverticulosis, constipation and irritable
bowel syndrome [68].
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The human bladder is responsible for two functions: the storage of urine
and voiding. These two seemingly simple functions require a high degree of
complex physiologic coordination involving the bladder, its innervation as well
as other organs [1]. Normal aging, as well as the presence of many disease
processes which are common in old age can interact and impact upon bladder
function and its overall capacity to maintain normal continence in old age.
Moreover, any discussion of bladder function in old age is further complicated
by the marked heterogeneity of the elderly population, particularly as pertains
to overall health and the presence of concomitant illnesses or disabilities.

Factors Affecting Continence in the Elderly

Overall, the maintenance of continence in older individuals depends not
only on a seamless integration of the autonomic and somatic nervous systems in
bladder performance, but it also depends on many other factors, systems, and
processes that extend beyond the bladder [2, 3]. For example, in many older indi-
viduals changes in mobility or fluid balance can be as important determinants of
continence as are specific categories of bladder dysfunction. With these consid-
erations in mind, any assessment of incontinent older individuals, particularly if
they are frail, must also include an assessment of many relevant systems and
functions other than the bladder. In fact, the scope and focus of such an eval-
uation does in some ways resemble that of a full geriatric assessment. Factors
which may impact upon the ability of an older individual to remain continent and
which need to be evaluated include mobility, medications, fluid balance, cardiac



performance, plus disorders involving both the central and the peripheral nerv-
ous systems. Neurologic diseases require a particular attention, especially with
respect to the possibility of cognitive deficits, abnormal spinal cord function and
diminished lower extremity performance.

Physiologic and Functional Changes in the Aged Human Bladder

The natural history of bladder physiology and function in men and women
has been examined in a number of clinical studies, nearly all cross-sectional.
Moreover, data from healthy and/or continent elderly patients are few, making it
difficult to assess the extent to which measurable age-associated changes in blad-
der function are primary aging phenomena, or possible consequences of diseases
in old age. Nevertheless, some consistent changes appear to occur in parallel with
normal aging. Specifically, changes in bladder contractility, capacity and stability
(uninhibited detrusor contractions) will be discussed, as well as changes in
anatomical and urodynamic parameters, and nocturnal fluid excretion patterns.

Symptoms of lower urinary tract dysfunction increase with age in both
men and women, with increased urinary urgency frequency and nocturia occur-
ring almost equally in men and women [4]. Urinary incontinence has been
reported in up to 20% of community-dwelling men over age 65, with a pre-
valence more than twice as high in older women [5, 6]. In long-term care insti-
tutions, urinary incontinence afflicts 50% or more of elderly residents [7].

The range of normal bladder capacity varies considerably in younger indi-
viduals and values quoted for men lie between 350 and 750 ml and for women
between 250 and 550 ml [8]. Although bladder capacity has been reported to
decrease slightly with age [9], over 64% of continent, relatively healthy,
community-dwelling elderly men were found to preserve a bladder capacity of
300 ml or more [10]. Among continent, relatively healthy, community-dwelling
women over age 60, 70% had a bladder capacity of 300 ml or more [10]. Among
individuals with uninhibited detrusor contractions, the mean bladder capacities
of males and females were 323 and 364 ml, respectively, whereas for those who
did not have any uninhibited detrusor contractions, mean bladder capacities
were 419 and 404 ml [10]. In this study of 169 women and 94 men, an unin-
hibited bladder was estimated to occur in 35% of the male subjects, but only in
7.9% of female subjects. There was a tendency for uninhibited contractions to
be greater for incontinent than for continent subjects, 50 vs. 32% in men and
12 vs. 5% in women. The higher prevalence of uninhibited contractions in men
must be interpreted in light of the fact that the prostate enlarges in most older
men and can cause uninhibited contractions and/or urodynamic obstruction in
up to half of affected individuals [8, 11].
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Detrusor contractility in the absence of uninhibited contractions has been
reported to decrease slightly with age [9]. However, it should be noted that accu-
rate contractility assessments present difficulties, particularly in the elderly and
in the setting of bladder outlet obstruction [9]. Multiple methods based upon or
applied during the pressure-flow study have been proposed for the assessment of
detrusor contractility, but voiding efficiency from pressure-flow nomograms
must be interpreted concomitantly with urethral resistance, which itself is hard
to measure, especially when confounded by prostatic enlargement in men. Urine
flow alone appears to decrease with age: for a minimum void of 200ml, a
minimally accepted maximum urine flow rate for men should be 21 ml/s for men
aged 1445, 12 ml/s for those aged 4665, and 9 ml/s for those aged 6680 [8].
For women with normal urinary tract function, normal flow rates decrease from
18 ml/s in women aged 14—45 and 15 ml/s in those aged 46 to 65, to 10 ml/s in
those aged 66—80 [8]. However, these stated criteria for uroflowmetry normalcy
are based on clinical experience and have not been validated in large longitudinal
studies.

The postvoid residual urine volume (PVR) is another potential indicator of
detrusor contractility. Mild, moderate and severe detrusor impairment, in the
absence of outflow obstruction, abnormal straining or detrusor dyssynergia,
have been defined by PVR values of 51-100, 101-250, and >250 ml, respec-
tively [12, 13]. In studies of continent, community-dwelling elderly subjects,
25-86% of men and 50-78% of women had normal PVR values of less than
50ml, with the remainder having various degrees of detrusor impairment
[10, 14]. Maximal urethral pressure and functional urethral length also decrease
in women with age [8, 15]; findings in men are more controversial because of
the high prevalence of prostatic enlargement.

Finally, many normal physiological changes of aging affect the systems
involved in urine formation and lead to nocturia in the elderly [16]. Diminished
renal concentrating capacity, diminished sodium-conserving ability, loss of the
circadian rhythm of antidiuretic hormone secretion, decreased secretion of renin-
angiotensin-aldosterone, and increased secretion of atrial natriuretic hormone, all
increase water excretion and nighttime urine production in older people. The con-
stellation of increased nocturnal urine production and consequent nocturia with
its associated effects on sleep disruption has been termed the ‘nocturnal polyuria
syndrome’ [17, 18]. In young healthy persons there is a circadian pattern to urine
production in which the ratio of daytime to nighttime urine production is usually
greater than 2:1 and about 25% or less of daily urine output occurs during sleep.
In persons over age 60, there is a reduction in the ratio of day to night urine flow
to the point that nighttime flow rates become equal to or exceed the daytime rates
[18]. Despite the change in the circadian pattern of urine excretion, total urine
production per 24 h is not affected. Nonetheless, the interaction of nocturnal
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polyuria with age-associated decreases in bladder functional capacity and the
higher prevalence of detrusor instability can make the older person particularly
vulnerable to developing nocturnal urinary incontinence.

Normal Neural Control of the Bladder

In both humans and animals, neurologic control of the lower urinary tract
and micturition is achieved via multiple reflex loops and neurotransmitters [1].
The detrusor and the outlet receive different innervations. Sacral parasympa-
thetic (pelvic) nerves (S2—S4) provide an excitatory (muscarinic cholinergic
and purinergic) input to the bladder, as well as an inhibitory (nitrergic) input to
the urethra. Thoracolumbar sympathetic pathways (T11-L2), which release
norepinephrine, provide an excitatory input to the bladder neck and urethra, as
well as facilitatory and inhibitory input to parasympathetic ganglia. Lumbosacral
efferent pathways (S3—S4) in pudendal nerves provide nicotinic cholinergic
excitatory input to striated muscle in the urethral sphincter.

The most important afferent activity for initiating micturition arises in the
bladder and passes through pelvic nerves to the sacral spinal cord. These affer-
ents consist of small, myelinated (Ad) fibers that respond in a graded manner
to increasing intravesical pressure, the trigger pressure in humans being approx-
imately 5—15mm Hg. Both efferent and afferent spinal projections to the blad-
der by sympathetic, parasympathetic and somatic fibers overlap to a great
extent. Along with connecting spinal interneurones, their cell bodies receive
modulating signals from higher centers in the spinal cord, medulla, midbrain,
diencephalon and cerebral cortex.

Normal neural control of the human bladder, urethra and associated
sphincters is phasic unlike that observed in other autonomic systems which are
tonically controlled. Thus, activities of their neural circuits vary greatly
between the voiding or the storage phase. These two phases — voiding and stor-
age — are felt to represent two mutually exclusive physiologic states. While the
nature of the control and switching between these two states is not fully under-
stood, it is felt to involve complex interactions between peripheral ganglia, the
spinal cord, the brainstem and higher brain centers [19, 20].

Typically, during the bladder storage phase there is a low level of activity
by vesical afferent and sacral parasympathetic outflow fibers. At the same time,
there is a high level of activity by sympathetic and somatic fibers projecting to
the internal and external sphincters, respectively. As a result of these changes,
bladder storage is facilitated through an inhibition of the detrusor and of
vesical parasympathetic ganglia. Urine storage mechanisms mediated by these
sympathetic and somatic inputs to the urethral outlet are dependent upon spinal
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reflex circuits, which are activated by sacral afferent nerve activity during
bladder filling. During micturition, voiding reflexes involving activation of the
parasympathetic input to the bladder and inhibition of the sympathetic and
somatic inputs to the urethra, are mediated by a spinobulbospinal reflex path-
way passing through a coordinating center in the rostral brain stem (the pontine
micturition center). Modulation of the spinobulbospinal reflex circuit by higher
centers in the cerebral cortex and diencephalons presumably underlies the
voluntary control of voiding (fig. 1).

In summary, the bladder is predominantly innervated by parasympathetic
and sensory nerves. Activation of parasympathetic pathways generally pro-
motes bladder voiding by inducing detrusor contractions, as well as shorten-
ing and opening of the outlet (through contraction of longitudinal, rather than
circular muscle), while activation of sympathetic pathways causes tonic
constriction of the outlet and detrusor relaxation, both promoting urine stor-
age and preventing leakage [20, 21]. Sensory pathways provide information
relevant for micturition, and they may also convey nociceptive signals
[22, 23].

The parasympathetic preganglionic neurons residing in the brain and
the sacral spinal cord mediate parasympathetic outflow to the bladder.
Cholinergic preganglionic neurons exit the spinal cord in the ventral spinal
nerves to form the pelvic nerve, which then synapses on cholinergic postgan-
glionic neurons in the major pelvic ganglia (MPG) residing in close proxim-
ity to the bladder [23]. Preganglionic fibers may also synapse on intramural
ganglia within the bladder [24]. Bladder sympathetic innervation which is
dominant in the outlet mostly arises from the sympathetic chain and is carried
by the hypogastric and pelvic nerves to the detrusor and outlet [23]. Some also
starts from inferior mesenteric ganglia which contribute exclusively to the
detrusor, and from MPG projecting restrictly to the outlet [23]. The segmen-
tal locations of afferent nerves innervating the bladder detrusor and outlet are
similar, with a slight predominance of the detrusor innervation by upper lum-
bar dorsal root ganglia (DRGs) and of outlet innervation by lumbar sacral
DRGs. Overall, the majority of bladder afferent nerves localize their cell body
at L6 DRG [23, 25]. Table 1 summarizes autonomic and sensory innervation
of the bladder.

Autonomic nerve fibers and nerve terminals form a dense plexus among
detrusor smooth muscle cells. Most of these nerves are excitatory cholinergic
type [26]. EM studies of mammalian bladders have revealed the presence of a
modest number of axons in all specimens. A variety of axon terminal profiles

Fig. 1. Bladder function. Reproduced from Ciba Clinical Symposia with kind permis-
sion from Novartis AG, Basel.
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Table 1. Bladder innervation

Neurons Type Cell body Detrusor Outlet
Parasympathetic efferent MPG +4+++ 4+
Sympathetic efferent/afferent SC, IMG, MPG +(B) +++(a)
Sensory afferent DRG (L6-S1) +++ +4+

were observed. Visible terminals included terminals which were bare and
others which were either partially or completely ensheathed with Schwann cells
[27, 28]. Cholinergic nerve terminals (with small clear synaptic vesicles) were
the most frequently observed type of nerve terminal, while adrenergic axons
(with small dense core synaptic vesicles) were rarely observed, particularly in
the human detrusor [27, 29, 30].

Transmitters and Receptors

In mammals, acetylcholine has been proposed as the primary excitatory
neurotransmitters for the activation of detrusor smooth muscle cells, through
muscarinic acetylcholine receptor (mAChR) [31]. The density of mAChR on
the surface of bladder smooth muscle cells and the responsiveness of these cells
to acetylcholine stimulation are high in the dome and low in the base [29, 31],
consistent with the innervation status mentioned previously [32]. The major
subtypes of mAChR in the bladder have been shown to be M, and M; receptors
based on their mRNA expression in porcine, rat and human bladders [33, 34].

It was proposed that the M, receptor exerts a modulatory action on
B-adrenoceptor relaxant responses by inhibiting adenylyl cyclase activation
[35]. Although M; receptor levels are lower than those of M,, studies indicate
that M; is the mediator of the direct contractile effect of acetylcholine in detru-
sor smooth muscle, acting through 1P;/Ca?* signaling [35, 36]. Thus, during
bladder voiding, M; receptor stimulation could produce direct contraction of
the detrusor smooth muscle, whereas M, receptor may act indirectly by revers-
ing sympathetically (3-adrenoceptor) induced relaxation of the smooth muscle.
These two effects could synergize to produce a more efficient discharge of
urine [37-39].

The majority of sympathetic activities in the bladder is mediated by
a-adrenergic receptor which dominates in the outlet, and a small part by
[B-adrenergic receptor which mainly exists in the detrusor. Accordingly, there is
evidence of 10-fold higher norepinephrine concentration and TH activity in the
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bladder outlet as compared to the detrusor [23, 25]. In addition to the above
classical neurotransmitters, accumulating evidence points to the importance of
an atropine insensitive, nonadrenergic, non-cholinergic neuronal component in
bladder micturition mediated by ATP or purinergic analogs, acting mainly
through P2X purinergic receptors consisting of subtypes [40, 41] including
P2X,_, [40, 42]. The P2X receptors form ligand-gated cation channels through
a novel trimeric subunit structure [43], and are responsible for depolarization of
the cell membrane upon stimulation [27, 40, 43-50].

Effects of Aging on Bladder Innervation

Although a number of investigators have examined aging-associated
changes in the mammalian bladder using established animal models, these find-
ings have not been entirely consistent. For example, studies by Kolta et al. [51]
showed an increased maximum contractile response in the whole bladder prepa-
rations elicited by cholinergic, but not adrenergic stimuli, which appeared to be
a result of an increase in muscarinic receptor numbers. Whereas Hayes et al.
[52] observed no age-related change in the density or affinity of muscarinic
receptor by binding assay with the rat bladder. Dissection of the two regions
(detrusor and outlet) revealed an age-related increase in the maximum contrac-
tion in response to a-adrenergic stimuli in the detrusor but not outlet [53]. Yet
the increased responsiveness to cholinergic muscarinic was found in the outlet
but not in the detrusor [54]. The discrepancies between the above-mentioned
studies might be explained by differences in the rat strain, nature of tissue sam-
ples assayed, or/and the methods applied in different lab settings. These changes
observed by Ordway et al. [53, 54] could not be explained by a change in the
number or affinity of muscarinic receptors. It was proposed that post-receptor
alterations such as that of coupling of activated receptor to contractile elements,
or that of interactions of receptor with agonist or antagonist may account for the
change of responsiveness [54]. The increased responsiveness of the bladder out-
let to muscarinic responsiveness may indicate an increase in the tone of the
smooth muscles in this region. Since the measured contraction was mainly by
the longitudinal rather than circular outlet smooth muscle, and contraction of
the former shortens the bladder outlet leading to opening of the outlet, geriatric
urinary incontinence, might be related, among others, to the increased contrac-
tility in the outlet [54].

Comparison of the neurochemistry of the detrusor and outlet showed
regional variations, but overall a number of cholinergic and sympathetic bio-
chemical markers remain stable with advanced age [55]. In contrast, semiquan-
titative histochemical studies have revealed decreases in the sympathetic nerve
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bundles in both regions of the aged rat bladder (vs. 4 months old) with no sig-
nificant changes in sensory fibers, suggesting that bladder sensory innervation
is more resistant to the effects of advancing age [56].

Chun et al. [57] examined the effects of age on the in vivo bladder function
in male rats, and revealed increased micturition volume and pressure at micturi-
tion, although no overt urological dysfunctions were observed in the aging rats.
They then investigated the effects of aging on in vitro bladder function using a
whole-bladder model [58]. It was demonstrated that bladder capacity did not
change with aging, nor did the contractility of the bladder to autonomic agonists
and nonautonomic drugs. The investigators therefore proposed that the age-
related changes in micturition were due primarily to the alterations in neuronal
innervation and central control rather than those in bladder contractility [58].
However, in vivo evidence presented by Hotta et al. [47] contradicted Chun et al.
[58] in that they suggested changes in the mechanical properties and reduction in
contractile capacity in the bladder with aging which coexist with innervation
changes.

Ultrastructural Features of Normative Bladder Aging

In a recent series of urodynamic studies, normative bladder function has
been defined by the absence of any detrusor hyperactivity, impaired detrusor
contractility or bladder outlet obstruction in individuals 65 years old and older
who have no evidence of any relevant neurologic disease [28]. Bladder biopsy
studies have revealed that in these individuals the detrusor smooth muscle cells
develop a ‘dense-band pattern’ which has been characterized by the presence of
dense sarcolemmal bands in bladder muscle cells with markedly depleted
caveolae (surface vesicles) [28]. It has been proposed that this depletion of
caveolae may herald the ‘dedifferentiation’ of muscle cells from an active con-
tractile phenotype to an inactive synthetic phenotype [9]. The spaces between
aged bladder muscle cells are observed to be slightly widened (0.2—0.4 wm) with
a limited increase in the content of collagen fibrils and rare, if any, elastic fibers.
Apart from these changes, muscle fascicles generally preserve their normal
arrangement and compact structure with cells retaining their cylindrical config-
uration, smooth contour, intermediate cell junctions and internal structure.
Hypertrophic muscle cells are absent, and profiles of degenerating muscle cells
and axons are absent or sparse.

Two variants of the normal aged detrusor have been described [13]. The first
includes an incomplete dysjunction pattern characterized by abundant normal
intermediate muscle-cell junctions with scattered protrusion junctions, not in
chains. This incomplete pattern is distinct from the complete dysjunction pattern
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in which protrusion junctions and ultraclose abutments are much more abundant,
often joining muscle cells in chains. The second variant is characterized by
slightly increased muscle degeneration [13]. Intrinsic nerves in bladders from
urodynamically normal older individuals appear normal [13, 28]. Although a few
previous studies reported reduced density of intrinsic cholinergic nerves based on
a method of nerve counting in aged detrusors, these studies have been questioned
on methodological grounds [28, 59, 60].

All other structural abnormalities in aged bladders can be related to
abnormal functional behavior on urodynamic evaluation. Three distinctive
structural/functional correlates are worth mentioning because of their high
prevalence in the elderly and their close association with urinary incontinence:
the complete dysjunction pattern of the overactive detrusor with intact intrinsic
nerve profiles, the full degeneration pattern of the muscle cells and intrinsic
axons of the detrusor with impaired contractility, and the myohypertrophy
pattern of the obstructed detrusor where the observed profiles of nerves and
neuroeffector junctions appear normal [27, 28, 61]. The distinctive patterns of
these various clinical and ultrastructural dysfunctions are additive when multi-
ple abnormalities coexist.

In terms of the natural evolution of the aged detrusor, only one small
follow-up study is available, but provides important insight into the progression
of bladder function over time [13]. Among 23 detrusors in subjects aged 65-96
followed up over 1-5.5 years, 70% of the bladders remained unchanged clini-
cally, urodynamically and structurally. The remaining 30% progressed both
structurally and functionally in two different ways. The first, more common
change involved the development of the complete dysjunction pattern in con-
cert with urodynamic evidence of detrusor overactivity. In the second, a subject
with a limited degeneration pattern progressed to a full degeneration pattern,
coinciding with an increase in the impairment of detrusor contractility from
mild to moderate. Although similar longitudinal studies in larger subject popu-
lations are needed to verify these findings, the results suggest that geriatric
voiding function has some trends of natural evolution with time.

Changes in Bladder Morphology and Function in Aged Animals

There is a relative scarcity of published studies examining the effects of
age alone on detrusor muscle. Most of these involve muscle strip studies, and
some interesting results are discussed below. More commonly, animals are
manipulated to reflect changes observed in human aging. These manipulations
include ovariectomy to cause estrogen deficiency mimicking menopause,
surgical bladder outlet obstruction, and streptozotocin-induced diabetes.

Structure and Function of the Aged Bladder 87



Generally it is found that with ageing, rat bladders increase in mass.
Italiano et al. [48] found a 50% increase in bladder size from 6- to 27-month-
old male Fischer 344 rats, while the rat body mass decreased by 13%. Lluel et
al. [49] found an increase in the thickness of the muscularis layer from 10- to
30-month-old female Wistar rats, and they found that the amount of collagen
detected by histological stains decreased. In contrast, in male and female
Fischer 344 rats of 6 and 24 months, Longhurst et al. [50] using chemical assays
found that both protein and collagen content increased with age. Also, these
properties vary among different animals, even within the same species.

Using Muscle Strip and in vivo Contractility Studies

The effects of aging on the contractile properties and responsiveness of the
bladder appear to vary between experimental models and also between differ-
ent regions of the same bladder.

In conscious Wistar Wag/Rij rats, Lluel et al. [49] found that while aged
animals had more spontaneous contractions during the bladder-filling phase, and
significantly higher pressure and duration of micturition, there was no significant
difference in bladder capacity, bladder compliance, micturition volume or residual
volume. In these animals, the contractile responses of the bladder body muscle
strips to KCl, carbachol, arecoline and o, 3-methyl ATP remained similar, while
the maximal response to noradrenaline doubled. Relaxation of precontracted
muscle by isoprenaline did not change. The detrusor instability and increased
response to a-adrenergic agonists mimic changes seen in aged human bladders,
but other changes, such as decreased compliance, are not seen in this breed.

In contrast to the absence of changes in compliance with aging in Wistar
rats, Pagala et al. [62] suggested that there are changes in the compliance of the
circular running muscle fibers of male Fischer 344 rats. This conclusion was
drawn from observations that responsiveness to electrical field stimulation
increased while the response to bethanechol decreased. Different age-dependent
changes were observed in different regions of the bladder. Consistent with
previous studies, they found decrease responsiveness to bethanechol but not
high potassium and electrical field stimulation, indicating a reduction in the
number of muscarinic receptors, while they found a decreased response to all
of these stimuli in the trigone.

Also in contrast to the results of Lluel et al. [49] in Wistar rats, Saito et al.
[63, 64] found that anesthetized 24-month-old male Sprague-Dawley rats
voided with a significantly lower pressure than their 6-month-old counterparts.
The blood flow in the bladder was reduced in older animals, and both young
and old animals exhibited reduced blood flow to the bladder upon filling.
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Muscle strip studies by Lin et al. [65] document a more rapid fatigue in
response to electrical field stimulation in detrusor from old rats. In a follow-up
study, they relate this to a reduction in mitochondrial enzyme activity and a
reduced ability to generate energy in the form of ATP and phosphocreatine.
A review by Nevel-McGarvey et al. [66] discusses mitochondria and bladder
dysfunction.

Role of Hormones in Aging- and Menopause-Associated Changes

Studies with middle-aged rats by Zhu et al. [67] demonstrated that bilateral
ovariectomy causing prolonged estrogen deficiency in aged rats mimics some of
the ultrastructural features observed by Elbadawi et al. [28] in ‘idiopathic’
impaired contractility in many older individuals. The changes observed in these
ovariectomized rats included degeneration involving many, but not all, axons in
the bladder, decreased smooth muscle content, and a reduction in tension gener-
ated by muscle strips in response to carbachol in ovariectomized animals
compared to age-matched sham operated controls. A study by Diep et al. [68]
highlights the importance of the age at which ovariectomy and E, replacement are
performed, showing that 2-month-old animals respond differently to ovariectomy
and E, than mature 10-month-old rats do. In studies where understanding condi-
tions affecting the elderly is a primary goal, it is important that manipulations be
performed after maturity, to avoid potential confounding developmental effects.

Use of the Acute Bladder Obstruction Animal Model of
Bladder Plasticity

Surgically restricting the diameter of the bladder outlet and urethra leads
to dramatic changes that depend on the degree of obstruction, and mimic func-
tional and morphological changes seen in conditions of human bladder outlet
obstruction, such as benign prostatic hypertrophy. This model has been exten-
sively studied, and changes observed include myohypertrophy, urodynamically
demonstrated detrusor instability. Kohan et al. [69] found changes in bladder
function with both outlet obstruction and with age, as well as changes in
response to outlet obstruction with age in obstructed and age-matched control
6-, 12-, 18- and 24-month-old female Fischer 344 rats. They found significant
decreases in compliance with age, while bladder outlet obstruction caused
severe instability, increased compliance and increased capacity. In response to
outlet obstruction, young animals produced a compensatory increase in voiding
pressure, while older animals did not.
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A study by Yu et al. [70] investigated voiding against high outlet resistance
by young (6 months) and old (3 years) rabbit bladders in vitro found that max-
imum power remained constant with varied outlet resistance for a given age.
The maximum power was decreased in older animals, and could not be main-
tained long enough to fully void against increased resistance. As a result of
these observations, the authors suggested that determining maximum bladder
power independently of resistance might be clinically useful, and that taking
voided volume into account, bladder work could also be a useful concept.

The different changes in bladder compliance that occur in different rat
breeds with aging, combined with the knowledge that changes occur in compli-
ance with variables such as high outlet resistance, illustrate the complexity of
studying normal aging. Even in the relatively uniform lives of lab animals, there
are many uncontrolled variables, including potential differences in diet, animal
care, confounding pathology and strain-specific genetic backgrounds that can
make comparisons between results obtained in different studies difficult.

Despite the apparent simplicity of normal bladder function, the bladder
requires complex innervation regulating storage and micturition, and numerous
factors affect continence status in the elderly. Differences in capacity, contrac-
tility and stability have been studied in the elderly, but variability is high.
Ultrastructural studies of the aging human bladder have however permitted the
description of superimposable patterns — the dense band, complete dysjunction
and degenerative patterns — correlating respectively with normative aging,
detrusor overactivity and impaired contractility. The results of experiments
examining the effects of age on innervation and physiology of the bladder in
animal models appear to be dependent on the genetic background of the animals,
and on the regions of the bladder studied. It is clearly important that all animal
models used in aging studies be well characterized, and carefully selected to
most closely resemble the human phenomenon of interest.
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Aging and Reproduction

Median human survival has greatly increased during recent decades. As a
consequence of the resulting demographic changes, issues relevant to repro-
ductive aging have assumed a major importance in today’s society. The issue
of fertility in aging has received increase attention due to several factors. In
industrialized developed countries, family planning often begins after the
establishment of both parents’ careers, resulting in increasingly higher parental
ages. This attitude is often triggered by socioeconomic factors. One of the
other factors involved has been the advancement in assisted reproduction tech-
niques, particularly intracytoplasmic sperm injection (ICSI), which has led to
significant improvement in fertilization and pregnancy rates, offering the
possibility of parenthood to couples who in the past would have not been able
to conceive.

Effect of Aging on Female Fertility

It is well recognized that the reproductive potential of women declines with
age. Age-related change in the ovary accounts for most of the loss in reproduc-
tive function. There is a marked decline in the number and quality of oocytes
with age and the ovary becomes unable to sustain its normal function in the
neuroendocrine axis [1]. Aging also directly affects both uterine structure (loss
of endometrium), as well as function (loss of its ability to support implantation).



Declines in uterine function associated with aging are mediated by age-related
changes in uterine vasculature, as well as diminished hormonal support for the
endometrium [2, 3].

The decline of women’s fertility begins at 30 years of age, with few women
remaining fertile by 45 [4]. This phenomenon has been observed for both
natural conception and assisted reproduction. A pioneering study of natural
conception investigated a group of Hutterite women who belong to a Protestant
sect that condemns the practice of contraception. The mean age of last con-
finement was 41 and the interval between confinements increased with advanc-
ing maternal age [5]. The same trend has been noted in women undergoing
assisted reproductive technologies. In women older than 35 years, the success
rate after assisted reproductive technology starts to decline, and by the age of
40 a marked decline in success rates is noted [6—8]. Several studies of artificial
insemination showed that the cumulative pregnancy rate decreases significantly
as the age of the women increases [9-13]. The pregnancy rate achieved by
in vitro fertilization (IVF) and gamete intrafallopian transfer has also been
shown to decrease in older women [13—17].

Effect of Aging on Male Fertility

Unlike female fertility, which ends at the entrance into menopause, men
generally do not experience an unavoidable and clear-cut cessation of
reproductive capacity. Unfortunately, there are no longitudinal studies available
to demonstrate the effect of aging in male fertility.

However, morphological alterations of the testis with aging have been
described. It has been shown that the number of Leydig cells which are
responsible for testosterone production are reduced and that thickening and
hernia-like protrusion of the basal membrane of the seminiferous tubules
occur [18-20]. The presence of areas with disturbances of spermatogenesis has
also been reported [21]. It has been proposed that a reduction in testicular
perfusion, together with arteriosclerotic lesions of the testicular arterioles,
contributes to diminished spermatogenesis in older men. However, a study
examining parenchymal testicular weight observed no difference between men
aged 21-50 years and those 51-80 years old [20]. It was assumed that with
increasing age, new layers of connective tissue are deposited, leading to
thickening of the tunica albuginea. With aging, testicular volume, blood flow,
daily production of spermatozoa and the number of Leydig cells are reduced
[22]. Also, it has been reported in other species, like the horse, that the testis
develops interstitial fibrosis and atrophic changes in seminiferous tubules
during aging [23].
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The effect of paternal age on fertilization and pregnancy rates has received
increasing attention following the development of improvements in assisted
reproduction techniques by using ICSI. This technique enables selective fertil-
ization of a single oocyte with a single vital sperm via a microinjection pipette.
The pregnancy rate after intercourse, intrauterine insemination, in vitro fertil-
ization, and ICSI were investigated in three groups: group 1 — young men and
women; group 2 — young men and older women and group 3 — older men and
older women [24]. The pregnancy rate was significantly higher in group 1, but
no significant difference was seen between groups 2 and 3. Men remain fertile
with aging and the age of the female partner seemed to be the most important
in predicting the reproductive chance of a couple. The pregnancy outcome of
ICSI was related to maternal but not paternal age [25].

Semen Parameters in Elderly Men

On the basis of cross-sectional studies, alterations of semen parameters
such as motility and sperm count have been described. However, semen
analysis demonstrates a lot of variation in sperm quality when obtaining a
sample from the same individual on different occasions. This high intraindivid-
ual variability in semen quality makes research into the effects of aging on
semen parameters difficult. As a result, any crosssectional studies based on a
single semen parameter should be interpreted with caution [26]. A previous
study has reported that there is no significant difference in semen volume,
sperm count, or the total number of spermatozoa in over 800 fertile men studied
between the ages of 21 and 50 [27]. Elderly men were not included in this study.
Other studies reported significant increases in sperm density in older men
(60- to 88-year-old) [28]. However, several studies that included different age
groups showed no significant changes in sperm concentration [27, 29].
Reduction in sperm motility with aging has also been reported in several
studies [27, 28, 30]. In contrast, Haidle et al. [31] reported a reduction in sperm
concentration in older fathers (mean age 50.3 years) as compared to younger
fathers (mean age 32.2 years), with no apparent differences in acrosomal
reaction or chromatin condensation of human spermatozoa.

Paternal Age and Birth Defect

The genetic quality of sperm produced by older men may be reduced for
several reasons. Among the factors contributing to declines in genetic quality
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of sperm from older men are age-related increases in germ cell mutations,
impaired DNA repair mechanisms, alterations in apoptotic processes, as well
as increased DNA transcription error rate with paternal aging. An increased
risk of genetic disorders and autosomal dominant diseases known to occur in
offsprings of older men is a direct consequence of altered genetic sperm
quality [32-34]. Older fathers have a greater risk of conceiving children with
birth defects. Children of older men are at a particularly great risk of develop-
ing ventricular septal defects, atrial septal defects, chondrodystrophy, in situs
inversus, polycystic kidneys, Marfan’s syndrome, as well as polyposis coli
[32-34]. In view of these findings, the American Fertility Society recom-
mended that semen donors for intrauterine insemination be 50 years of age or
younger in order to minimize the risk of chromosomal abnormalities and birth
defects [35].

Endocrinology of Aging

Andropause

A progressive decline in androgen production has been described with
aging, and has been termed the andropause. In many ways, the term andropause
is biologically incorrect and clinically inappropriate, yet it does convey
adequately the concept of the emotional and physical changes related to aging.
Hormonal changes associated with the andropause may contribute to the
following key aging changes: (1) decreased sexual desire and erectile quality
particularly during nocturnal erection; (2) changes in mood, decreased intellec-
tual function, fatigue, depression and anger; (3) decreased lean body mass with
diminished muscle volume and strength; (4) decreased body hair and skin
alterations, and (5) decreased bone mineral density plus increased visceral fat
(table 1) [36].

Changes in the activity of the hypothalamo-pituitary-gonadal axis in aging
men occur and are associated with a gradual decline in both total and free
serum testosterone levels. Aging is characterized by a decrease in testicular
Leydig cell number and their secretory capacity, as well as an age-related
decrease in episodic and stimulated gonadotropin secretion [37]. It has been
proposed that, as a general rule of thumb, mean serum testosterone decreases
by approximately 1% per year after the age of 50. However, large interindivid-
ual variations exist. True biochemical hypogonadism is detected in only 7% of
men younger than 60 years, with rates increasing to 20% in those older than 60
[37]. An increase in sex hormone-binding globulin occurs with advancing age
and translates into a further decrease in testosterone bioavailable (free and
albumin bond fraction) [37].

Impact of Aging on Reproduction and Sexual Function 97



Table 1. Characteristics of andropause

Decreases in sexual desire

Decreases in erectile function

Changes in mood

Decreases in intellectual capacity/activity
Decrease in lean body mass

Decreases in muscle volume

Decreases in body hair

Alterations of the skin

Decreases in bone mineral density
Increases in visceral fat

Menopause

In contrast to men, women experience dramatic and rapid changes in their
hormonal status around the age of 50 years old (menopause). At that time, ovar-
ian production of estrogen ceases. Many, but not all, postmenopausal women
experience a marked reduction in serum estradiol (E,) levels. For many years,
the prevailing view was that menopause resulted from the exhaustion of the
ovarian follicles. An alternative perspective is that age-related changes in the
central nervous system and the hypothalamo-pituitary axis initiate the transition
to menopause [38]. Menopause and andropause have a tremendous impact on
sexual function. They both have a negative effect on libido or sexual desire. The
andropause can, furthermore, have a negative impact on men’s erectile function
whereas, while menopause can hamper lubrication or the arousal phase in
women.

Aging and Sexual Function in Men

Over the past decade, a better understanding of the pathophysiology of
erectile dysfunction has led to the discovery of new therapy. Sildenafil
(Viagra®), the first oral phosphodiesterase type 5 inhibitor, has revolutionized and
eased the treatment of erectile dysfunction. Studies have shown that although
erectile dysfunction is not caused by aging, its prevalence definitively increases
with age. According to the Massachusetts Male Aging Study, the annual inci-
dence rate of erectile dysfunction increases with every decade of life, with an
annual incidence rate of 12.4 per 1,000 man-years for men between the age of
40-49, 29.8 between 5059 and 46.4 between the age of 60—69 [39]. At 70 years
of age, close to 2 out of 3 men have some degree of erectile dysfunction. With
the population aging and a growing emphasis being placed on quality of life,
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the demand for impotence evaluation and treatment will continue to increase in
the future. Although, aging is by itself not responsible for erectile dysfunction,
men are going through physiological changes that may alter the sexual response.

Sexual Desire

Sex continues to be important in elderly men. More than 83% of 50- to
80-year-old Swedish men consider sex to be important for them. Among the
same group, 46% of men reported to have orgasm at least once a month [40].
In older men, however, a decrease in libido can be induced by a decrease in
testosterone level as discussed above [41]. Although libido and sexual desire are
linked to androgen levels, other factors such as chronic illnesses may also
impact [42—44]. Unfavorable social circumstances such as living in nursing
home, diseases like diabetes, medications such as antidepressant and anti-
hypertensive drugs or the use of alcohol, can all contribute to the diminution of
sexual desire and function [45].

Sexual and Orgasmic Function

In aged rats, changes in sexual function can be demonstrated. The first
change is a decrease in erectile reflexes followed by a decrease in ejaculatory
threshold and an abnormal delay in initiating and reinitiating copulation after
ejaculation and a decreased number of males reaching ejaculation. Finally,
there is a failure to initiate the copulatory process [46]. The kinetics of erection
and detumescence are also lower in aging rats [47]. These changes also occur
in older men. With aging, the orgasms become less intense, brief and less
frequent [48]. The sexual reaction and intensity of ejaculation are slowed down
and ejaculation is less forceful [49]. A reduction of the semen volume is noticed
and is more apparent when comparing 30-year-old men to 50-year-olds
[48, 50]. The refractory period (the period following an orgasm when a man can-
not obtain a second erection) also increases with age. It can be as much as 48 h
in an 80-year-old man (table 2). The use of medications such as antidepressants
may further alter this impairment of function in elderly males. Some of them
even develop anorgasmia [51].

Aging produces degenerative and structural alterations of the elastic fibers in
the corporal tissue as well as in the tunica albuginea [47]. There is a reduced con-
centration of elastic fibers in the tunica albuginea that may lead to the impairment
of the veno-occlusive mechanism [52, 53]. Atherosclerotic changes develop in the
penis with age leading to a decrease in corporal oxygen tension. Chronic ischemia
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Table 2. Changes in sexual function with age

Decreases in frequency and intensity of orgasm
Decreases in intensity and force of ejaculation
Decreases in semen volume
Increases in refractory period
Decreases of penile rigidity in erection
Decreases in penile sensation
Needs more sexual stimulation
To get an erection
To maintain an erection

results in fibrosis of the corporal structure. This injury also leads to disturbance in
both neurological and endothelial elements. The nitric oxide (NO)/cGMP pathway
is also affected by these changes. We have shown a decrease in NO synthase
(NOS)-containing nerve fibers in rat penis with age [54]. These changes explain
the evolution of the sexual function associated with aging. Impairment in penile
collagen turnover develops with aging. This has been observed in cadaver as well
as living tissue. There is a 6-fold increase in the levels of pentosidine, an advanced
glycation end product in the tunica albuginea and a 4-fold increase in corpora from
puberty to 100 years of age. Transforming growth factor-B1 (TGFB1) gene expres-
sion is significantly increased in aging rat penile tissue [55]. These changes could
explain the decrease in the elasticity of tunica albuginea occurring with age and
the decrease in overall rigidity of the penis. In aging, as in diabetes, nonenzymatic
glycation of proteins forms proteins and DNA adducts and cross-links which, by
scavenging NO, may contribute to sexual dysfunction [56].

A downregulation of NO activity is also seen in castrated rats, which is
upregulated after immediate or delayed testosterone replacement [57]. Even
after 8 weeks’ delay in testosterone replacement a similar improvement in
erectile function has been observed in castrated rats [58]. In man, testosterone
levels gradually decrease with age. The fall in testosterone could decrease the
overall NO activity with age and explain in part the decrease in erectile ability.
All these changes lead to a decrease in the overall rigidity of the erect penis in
aging (table 2). The reduced rigidity seen in the aging penis should not,
however, interfere with penetration in the elderly.

Aging and Penile Sensations

The penile sensory afferent pathway is through the pudendal nerve. Penile
sensations diminish with aging. This sensory deficit correlates with erectile
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dysfunction [59, 60]. Pudendal neuropathy and decreased pudendal nerve
conduction have been associated with aging [61, 62]. Human pudendal nerve
terminal latency increases with age, with individual values ranging from 1.8 to
5.6ms in men between the ages of 21 and 75 [63]. In rats, we have demon-
strated that the delay before the intracavernosal pressure rises after cavernous
nerve electrostimulation increased with age from 2.3 = 0.24s in young adults
to 6.77 = 0.98 s in older rats [54].

Decreases in vibrotactile sensitivity have also been shown in older rats.
Single penile mechanoreceptor efferent fibers exhibit an inability to transmit
high frequency vibratory stimuli as compared to the controls. A reduction in
single fiber and sensory nerve conduction velocity was also noted [64]. In
aging, the terminal axons of the sympathetic autonomic ganglion are markedly
swollen and argyrophilic and a large number of microfilaments are observed in
the ganglia [65]. These changes reflect the needs of more sexual stimulation for
older men to get and maintain an erection comparable to younger men (table 2).

Aging and Central Nervous System

Aging has been associated with andropause, menopause, adrenopause and
somatopause (decrease in the adrenal and the thyroid function, respectively). As
a result of these widespread hormonal changes, it has been hypothesized that a
central pacemaker, possibly located in the hypothalamus or higher brain areas,
may set the clock for age-related changes in various components of the
endocrine axis. A single deficit in this pacemaker occurring with aging could be
responsible for these different clinical entities [38]. Oxytocinergic neurons of the
paraventricular nucleus of the hypothalamus have a modulating effect on the
male sexual response. Destruction of these neurons leads to decreased seminal
emission during ejaculation in rats [66]. Oxytocin stimulates the behavior of
aging male rats. It shortens the latencies for mount, intromission, ejaculation and
postejaculation interval. A decrease in oxytocin has been postulated to explain
the decrease in their ejaculatory function with age [67].

In aging rats with sexual dysfunction, grafting of fetal hypothalamic tissue
into the third ventricle leads to a restoration of sexual behavior. The preoptic
area appears to be involved in the age-related decrease in copulatory activity
and sexual motivation [68]. Stroke is a common cause of disability in the aging
population [69]. Sexual dysfunction is common in men and women after a
cerebrovascular injury [70]. The majority of men (50-65%) will have erectile
dysfunction after a stroke. This is particularly true when the dominant hemi-
sphere is injured [71-73]. Injury to the frontal and temporal lobe appear to
induce more sexual problems than lesion to the parieto-occipital region of the
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brain. Hemianesthesia or hypoaesthesia decrease sexual ability due probably to
the loss of erogenous zones.

Aging and Sexual Function in Women

With age, women go through more drastic hormonal changes than men do;
Obviously menopause has a significant impact on sexual function. Common
sexual complaints associated with aging and decrease in estrogen level include
loss of desire, decreased frequency of sexual activity, painful intercourse, dimin-
ished sexual responsiveness, difficulty achieving orgasm, and decreased genital
sensation. The decrease in serum estrogen levels results in thinning of the
vaginal mucosal epithelium, atrophy of vaginal wall smooth muscle and change
in vaginal pH. These changes may lead to vaginal infections, urinary tract infec-
tions, and incontinence, and complaints of sexual dysfunction [74]. Older
women and menopausal women not receiving hormone replacement therapy
have decreased genital blood flow when compared with controls [75].
Immunohistochemical studies in human vaginal tissues have revealed the pres-
ence of nerve fibers containing neuropeptide Y, vasoactive intestinal polypeptide
(VIP), NOS, cGMP and substance P [76, 77]. NO has been identified in the clit-
oris of women and has been proposed to be the primary mediator of clitoral and
labial engorgement [78, 79]. We have shown in our laboratory that the rat clitoris
and vagina contain these neurotransmitters. Furthermore, we have demonstrated
that the vaginal and clitoral blood flow are sensitive to neuropressors such as NO
donors in the female rat [Carrier et al., 2003, unpubl. data]. Aging and surgical
castration result in decreased vaginal and clitoral NOS expression. Estrogen
replacement restores vaginal mucosal health, increases vaginal NOS expression,
and decreases vaginal mucosal cell death [80]. The different phases of the sex-
ual cycle, as well as their physiological control, are similar in human males and
females [81]. In women, this decrease in neurotransmitter will have an impact
on the sexual arousal phase and lead to a decreased vaginal lubrication, making
sexual intercourse unpleasant. Sensory thresholds in the pudendal nerve seem to
be affected by the level of circulating estradiol as suggested by animal models.
Estrogen replacement restores clitoral and vaginal vibration and pressure thresh-
olds in postmenopausal women to levels close to the levels in premenopausal
women [74]. Testosterone levels also decrease in older women and these changes
have been associated with a decline in sexual arousal, genital sensation, libido,
and orgasm [82]. Initial therapeutic success using testosterone for inhibited
desire in naturally menopausal women has been reported.

Finally, it should be noted that although ovarian production of estrogens
ceases with a natural or surgical menopause, cross-sectional studies indicate that
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serum estrogen levels vary greatly in older postmenopausal women not receiving
hormonal replacement [83]. Studies indicate nonovarian cells, particularly those
in adipose tissues continue to convert adrenal precursors to low-potency estrogens
[84]. As a result, levels of endogenous estrogens correlate more strongly with
body mass index than with age or time from menopause [83]. In recent years,
increasing attention has been paid to these endogenous estrogens since they
appear to influence the development of bone loss and fractures in older women
[84, 85], although the impact of these hormones on other estrogen-responsive
tissues such as the reproductive tissues remains to be established.
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Pain is a multidimensional experience, defined as ‘an unpleasant sensory
and emotional experience associated with actual or potential tissue damage, or
described in terms of such damage’ [1]. Pain is therefore a subjective experience,
distinct from nociception (‘detection of tissue damage by specialized transducers
attached to A delta and C fibres’) [2], which represents the anatomical and
physiological components of pain.

There is currently no consensus on the role of the autonomic nervous
system (ANS) in pain perception, nor on age-related changes in ANS or pain
perception. The implications of the age-related ANS changes on pain percep-
tion are even less clear. In this chapter, we will review experimental data from
animal and human studies that can contribute to a better understanding of this
important area of pain pathophysiology.

Epidemiology of Pain in Old Age

Pain is a frequent complaint in older persons. The prevalence of persistent
(or ‘chronic’) pain in community-dwelling older persons ranges between 40 and
75%, depending on the population studied and the definition of persistent pain
[3-7]. It seems to be more frequent among the oldest old and among women
[3-5]. Pain is also the symptom most frequently reported by community-
dwelling elderly individuals (73%) [8].



Pain Perception in Older Persons

The subjective nature of pain renders its study difficult, as there is no
reliable objective measure of pain intensity. Most data on this topic are based
on acute experimental pain. Unfortunately, the relevance of acute experimental
pain to clinical pain is unclear, as is that of animal studies. Moreover, even
though experimental pain is less subject to psychological influences than clinical
pain, the person’s pain detection and tolerance thresholds are still modulated by
these factors, which makes it impossible to attribute observed differences to the
sole effect of physiological changes [9].

Pain detection threshold (‘the lowest value at which the person reports that
the stimulation feels painful’ [10]) is the most objective indicator of pain
perception. An age-related increase in the detection threshold for cutaneous
thermal pain [11-15] and cutaneous electric current [16, 17] has been reported.
However, the results have been conflicting [18], with evidence of considerable
intersubject variability in the oldest old [17].

As pain tolerance (‘the value at which the subject withdraws or asks to have
the stimulation stopped’ [10]) is more affected by cognitive appraisals of the pain
stimulation than is pain detection threshold, it is even more subject to inter-
individual variability. The rare studies on age-related changes in pain tolerance
point towards a possible decreased tolerance [19-21].

Overall, the conflicting and variable results of these studies have led Harkins
[22] to conclude from his review that ‘effects of aging on pain are less important
than the effects of pain on successful aging’.

Physiologic Basis of Pain Perception

A discussion of the physiologic basis of pain perception is beyond the
scope of this chapter and the reader is referred to several detailed reviews of this
topic [23-26].

Pain perception is the result of interactions between the peripheral nervous
system, the central nervous system (ascending and descending pathways,
brain), intrinsic neural inhibitory modulation and the activity of the body’s
stress-regulation systems (including endocrine, autonomic, immune and opioid
systems as well as cytokines) (fig. 1) [27].

Nociceptors are peripheral endings of primary sensory neurons, which are
located in skin, muscles, fascia, blood vessels walls, tendons, joint capsules,
ligaments, fat pads and periosteum [28]. The activation of these nociceptors
results in noxious afferent impulses, which are then transmitted through Ad and
C fibers [23].
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Fig. 1. Pattern-generating mechanism or neuromatrix modulated by multiple inputs
and the internal milieu. Pain perception is the result of interactions between the peripheral
nervous system, the central nervous system, intrinsic neural inhibitory modulation and the
activity of the body’s stress-regulation systems. The neuromatrix model integrates all these
components. Reproduced with permission from Loeser and Melzack [2].

The AS fibers are large-caliber, thinly myelinated, fast-conducting fibers
responsible for the transmission of epicritic or phasic pain (‘first pain’), evoking
pain described as pricking, sharp and well localized [25]. C fibers are poly-
modal, slow-conducting nonmyelinated fibers that respond to mechanical, heat
and chemical stimuli [25]. Due to their larger receptive fields (100 mm? in
humans) [28], they transmit poorly localized pain sensations, often described as
dull and burning, and referred to as tonic pain, or ‘second pain’.

At the spinal cord level, primary afferent nociceptive fibers terminate
primarily in the superficial dorsal horn in lamina I (marginal zone) and lamina IT
(substantia gelatinosa). Lamina V projection neurons also receive input from
AS fibers [26].

The nociceptive information is then transmitted to the brain along five major
ascending pathways: the spinothalamic, spinoreticular, spinomesencephalic and
spinocervical tracts, as well as the dorsal columns of the spinal cord (fig. 2)
[26]. These pathways all project to the mesencephalon and the diencephalon
[23]. Multiple brain areas are involved in the central representation of pain,
including the thalamus, the primary and secondary somatosensory areas of the
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Fig. 2. Three major ascending pathways transmit nociceptive information from the
dorsal horn of the spinal cord to the mesencephalon and the diencephalon: the spinothalamic,
the spinoreticular and the spinomesencephalic tracts. The spinocervical tract and the dorsal
columns of the spinal cord, also involved in transmission of nociception, are not represented
here. Reproduced with permission from Jessell and Kelly [26].

cerebral cortex, the anterior cingulate cortex, the anterior insula, the prefrontal
cortex and the posterior parietal cortex [29]. These regions form a neural
network, with components sub serving the different dimensions of the pain
experience [27].

Neurons present within these brain regions have been found to exert a
bi-directional control over dorsal horn nociceptive transmission neurons [30].
Several central mechanisms are involved in the modulation of pain, including a
descending inhibitory pathway that originates from the midbrain and makes
excitatory connections in the rostroventral medulla, from where projection
neurons make inhibitory connections in the dorsal horn [26, 30]. Central opioid
receptors present in these neurons are activated both by endogenous opioid
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peptides (endorphins) and exogenous opioids, which produce analgesia by
activating the descending pain modulatory pathways [30]. These endogenous
pain-inhibitory systems can also be activated by nociceptive or stressful
stimuli [26, 30, 31] and can be classified as nonhormonal/opioid (e.g. electric
shock), hormonal/opioid (e.g. food deprivation), nonhormonal/nonopioid
(e.g. neural, ex. repetitive stimulation of AP sensory fibers) and hormonal/
nonopioid (e.g. cold pressor test, cold water immersion) [32]. However, under
conditions of severe environmental stress or high-intensity ongoing noxious
input, all inhibitory systems are activated [30].

Several chemicals (bradykinin, histamine, serotonin, prostaglandins) and
peptides (substance P, GABA, calcitonin) are involved in the neurotransmission
of nociception at the supraspinal and spinal levels [23].

Role of the Autonomic Nervous System in Nociception

Under normal physiologic circumstances, the role of the ANS resides
mainly in the supraspinal modulation of nociception. Norepinephrine is the
neurotransmitter of a major descending inhibitory pathway and is crucial in the
analgesic actions of systemically administered opioids. Analgesia also results
from direct application of norepinephrine to the spinal cord [26]. Studies using
the partial agonist clonidine and the antagonist yohimbine have shown that
activation of the a,-adrenergic receptors located on the brainstem projections
results in a decrease in substance P release [33, 34] and of wide dynamic range
neuron discharge [35]. In contrast, the activation of «;-adrenergic receptors has
no effect [33, 35]. Clonidine has strong antinociceptive effects in animals [36]
and is effective in relieving diverse pain syndromes in a subset of human
patients when administered intraspinally or systemically [37—-39]. Inhibition of
spinal cholinesterase produces an acute dose-dependent analgesic response
[40, 41] which is antagonized by muscarinic antagonists [42] whereas
muscarinic agonists are antinociceptive [43].

The ANS is also involved in the physiological responses (tachycardia,
tachypnea) and protective reactions associated with pain [44].

Its role is pivotal in the generation of some pathological pain syndromes,
of which complex regional pain syndrome type I (causalgia) and type II (reflex
sympathetic dystrophy) and other neuropathic pain syndromes (postherpetic
neuralgia, painful metabolic neuropathies, phantom pain, traumatic nerve
injury) are the most common [45]. In some of these syndromes, classified
as ‘sympathetically maintained’, nociceptors are excited and possibly sensitized
by norepinephrine released by sympathetic fibers, either directly (via adreno-
receptors located in the nociceptors) or indirectly (via the vascular bed).
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This then generates a state of central sensitization/hyperexcitability leading to
spontaneous pain and allodynia (pain evoked by a nonnoxious stimulus) [44].
Blockade of the sympathetic activity can sometimes be beneficial.

Mechanisms of Age-Related Changes in Nociception

Age-related changes in the pain experience include changes in the percep-
tion, transmission and modulation of nociception. Figure 3 illustrates the
known and potential effects of aging on pain systems.

Peripheral Nervous System

Several studies point to a role of the peripheral nervous system in the age-
related changes of nociception. Chakour et al. [15] found some evidence for a
differential aging of Ad and C-fibers by studying the effect on CO, laser-
induced thermal pain thresholds of an A-fiber specific block of the superficial
radial nerve. Whereas older subjects’ pain threshold was higher than their
younger counterparts’ before and after the block, the thresholds of the two age
groups were similar during the block, due to increased thresholds in both
groups but of much greater magnitude in the younger group. Similarly, Harkins
et al. [46] observed delayed response times to first pain in older subjects,
without modification of response times to second pain. These studies suggest
that a selective age-related alteration in AS fibers, which are responsible for the
epicritic pain perception, might partly account for the changes in nociception
observed with aging, more specifically the delayed pain perception and the less
precise description and localization of pain sensations.

Age-related impairments have also been reported for C fibers, including
decreased conduction and function [47—49], as well as for C-fiber-mediated
sensitization of second-order nociceptive neurons, as suggested by the absence
of slow temporal summation of second pain following repeated thermal stimu-
lation of the legs in older subjects [46].

Central Nervous System

According to animal studies, the opioidergic system undergoes several
changes with aging [50]. The concentration of opioid receptors in the brain
decreases [51], but the binding affinity of the opioids for their receptors does
not seem to be modified [52]. The concentration of endogenous opioids in the
dorsal horn is decreased at some levels of the spinal cord [53], accompanied by
a decrease in levels of circulating B-endorphins [54, 55]. The analgesic
response following the administration of morphine and other p.-receptor agonists
is reduced [56], while the response to exogenous 3-endorphins is preserved [57],
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Reproduced with permission from Franklin and Abbott [79].
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suggesting a variability in the age-related changes in the response to opioid
agonists [58]. The opioid-mediated pain-inhibitory descending pathway also
seems to be altered [59]. None of these findings has however been observed in
older humans [50], in whom opioid agonist drugs are as effective as in younger
people [60].

Age-related decrements in other endogenous analgesic systems have also
been reported. Animal studies suggest that aging might be associated with a
general decline in neurally mediated nonopioid pain-inhibitory systems
activated by noxious or stressful stimuli [58, 61, 62], whereas the senescence of
the hormonally mediated systems seems to be more complex [63]. A similar
decline seems to be present in humans as well. Although present, the analgesic
response following cold water immersion of the hand is of much lower magni-
tude in older compared to younger volunteers [31]. Facilitation of thermal pain,
rather than inhibition, has even been reported using a similar procedure [64].
Together, these results suggest that aging might be associated with an impair-
ment of some endogenous pain-modulatory systems, which might contribute to
the high prevalence of pain in the elderly.

Age-related changes of the brain processes of pain have also been demon-
strated. The electroencephalographic response to a nociceptive stimulation
is delayed and of smaller amplitude, as well as more widespread and less
specific [65].

Age-Related Changes of Autonomic Nervous
System-Mediated Pain

As stated above, one of the major descending pain inhibitory pathways is
mediated, at least in part, by the muscarinic cholinergic system [66]. According
to animal studies, aging is associated with a general decline of the cholinergic
system, including decreases in the density of muscarinic and nicotinic receptor-
binding sites [51, 67]. Unexpectedly, the endogenous pain inhibition system of
aged animals, however, remains sensitive or becomes hypersensitive to the
stimulation of the postsynaptic cholinergic receptor by the muscarinic cholin-
ergic agonist oxotremorine [68, 69] or the increased presynaptic level of acetyl-
choline by the anticholinesterase agent physostigmine [67]. The analgesic
response to the a,-adrenergic agonist clonidine is not modified either [70]. In
contrast, there is an attenuation of the ability of the muscarinic cholinergic
antagonist scopolamine to attenuate the analgesia produced by electric shocks,
and a general decline in the activity of the endogenous, cholinergically medi-
ated pain-inhibitory descending pathway [71]. This might suggest that the age-
related decline in the endogenous analgesia function is the result of a deficit in
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the presynaptic release of acetylcholine rather than a decline in a postsynaptic
process, and that aging is accompanied by a compensating alteration in the
dynamics of the cholinergic receptor function that mediates the analgesic
response [67]. Several other factors and biases may, however, also account for
these observations [50]. None of these studies has been replicated in humans,
but an enhanced acute increase in norepinephrine following a cold pressor test
has been reported in subjects older than 80 years old [72]. Furthermore,
although it has not been studied specifically, clinical experience does not
suggest any difference in the analgesic response to clonidine in older patients.

There is currently no evidence in the literature indicating that the preva-
lence of sympathetically maintained pain in the elderly differs from the general
population. Due to the overall increase in pain prevalence with age, sympathet-
ically maintained pain could actually be more frequent in the elderly [73].
Following partial nerve injury (e.g. post-herpetic neuralgia), older patients are
more likely than younger patients to develop persistent pain [74].

Conflicting results have been reported on the age-related changes of partial
nerve injury-induced neuropathic pain in animals. The very few studies
conducted on this topic showed either increased [75] or decreased [76] behav-
ioral responses to nerve ligation in rats. Older rats often fail to develop allodynia
in these circumstances [77].

Ramer and Bisby [73] reported that sympathetic innervation of rat dorsal
root ganglion (DRG) naturally increases with age and that older rats have more
nocifensive behaviors in response to thermal and mechanical stimulation. The
explanations of these phenomena are currently unclear [73].

Ramer and Bisby [73] also observed that sympathetic-fiber density follow-
ing chronic sciatic nerve constriction injury was greater in old (16 months old)
than in young (3 months old) rats. Thermal hyperalgesia and mechanical allo-
dynia were more pronounced in old rats and, in another study, have been shown
to be correlated with sympathetic sprouting in the DRG [78]. This sprouting
could therefore be responsible for the sympathetic generation or maintenance of
pain. The increased sympathetic innervation observed in noninjured animals, if
it also occurs in humans, could partly explain the increased prevalence of
neuropathic and sympathetically maintained pain in the elderly [50].

Conclusion

Persistent pain is a frequent problem in older people. Although studies on
age-related changes in experimental pain perception have reported inconsistent
results, there seems to be an increase in the pain detection threshold to some
nociceptive stimuli. These changes are explained by alterations in the peripheral
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and central nervous systems, including a selective impairment of Ad-fibers and
an attenuation of some endogenous descending pain-inhibitory pathways.

The ANS is mainly involved in the supraspinal modulation of pain
perception, which partly relies on a cholinergically mediated pain-inhibitory
pathway. Age-related changes in this system reported in animal studies might
contribute to the increased prevalence of pain in older persons. An increase in
sympathetic sprouting of the dorsal root ganglion associated with aging
observed in non-injured animals, as well as increased sympathetic sprouting
following chronic constriction injury, might predispose older patients to the
development of chronic neuropathic and sympathetically maintained pain
following partial nerve injury. However, there is currently no such findings in
humans and it is unclear whether results from these animal studies can be
applied to humans.

Hopefully, future studies will provide a better knowledge of the age-related
changes in nociception, which would allow the development of new therapeutic
strategies to improve the pain relief in older patients.
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Aging and Thermoregulation
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Blunted ability to maintain homeothermy has been demonstrated in
numerous studies on old laboratory mammals as well as in humans. However,
the degree to which this dysfunction reflects the normal biological process of
aging in humans is unclear because of confounding effects of extraneous
factors. For example, investigators have reported increased death rates in old
versus young individuals during periods of excessive heat or cold [1-5].
However, subsequent analysis suggested that adverse socioeconomic factors
(i.e., social isolation, lack of air-conditioning/heat) were more important
contributors to these deaths than was aging per se [5]. Several of our studies on
laboratory rodents have shown that with chronological age, there is generally a
modest attenuation of the old animals’ ability to maintain homeothermy during
several hours of cold exposure, but near the end of life, this attenuation is
markedly increased [6-8].

The maintenance of homeothermy involves a complex series of events that
have been thoroughly described elsewhere [9, 10]. The biological process of age
is an additional influence on these pathways. In humans, the first line of defense
against changes in ambient temperature is behavioral (e.g., adding or removing
clothes, moving to a less extreme ambient temperature). Laboratory animals
also display behavioral changes in response to changing air temperature. Such
changes can involve moving to a more ‘acceptable’ environment or changing
position to increase or decrease body heat loss. When behavioral modification
fails to maintain appropriate core temperature, peripheral physiological
responses will be initiated. During cold exposure, these include vasoconstric-
tion to minimize heat loss, shivering, and nonshivering thermogenesis; during
heat exposure, vasodilation, panting, and sweating can be evoked to facilitate



loss of body heat. Disruption in any of these processes or their regulation could
result in difficulty in maintaining homeothermy.

In this brief review, we will focus on how aging alters the various processes
that contribute to effective thermoregulation. Although age-related changes to
thermoregulatory responses of older humans are a primary concern, most of the
mechanistic studies have used rodents as model systems. This is especially true
for responses to cold exposure. Thus, our discussion on age-related alterations
to heat exposure will focus on humans whereas responses to cold will include
both human and laboratory animals.

Heat-Induced Reponses in the Elderly

Epidemiological data have suggested that individuals over the age of
70 years are more susceptible to heat exposure than are young people [2, 3].
However, subsequent analyses of these data sets found that living conditions
and/or underlying disease contributed significantly to this attenuated heat
tolerance and perhaps more so than did chronological age. For example,
Mirchandani et al. [5] reported that in 1993, the heat-related deaths of elderly
individuals living alone in Philadelphia without air conditioning were more
related to their pre-existing disease state than to their age. Additionally,
imprecise measurement of core temperature, lack of data on hydration state of
the individual, reliance on medical record data, and overinterpretation of cross-
sectional analyses have confounded the conclusion that heat tolerance is dimin-
ished in the elderly. Although some human data suggest that age-related
decreases in heat tolerance are related to modifiable environmental factors,
other data indicate that the elderly do exhibit physiological alterations of indi-
vidual components of heat dissipation mechanisms (i.e., sweat rate, skin blood
flow, and cardiovascular adjustments) [11-13].

The cooling effect of sweat evaporation contributes significantly to main-
tenance of homeothermy during heat exposure, and several investigators have
proposed that decreased sweat rates of older versus younger individuals may
explain, at least partially, their differences in response to a heat challenge [11,
14-16]. Some studies using localized injections of the cholinergic analog
methylcholine to increase sweating have noted age-related attenuation in sweat
rates with no significant differences in sweat gland density [17]. Others, using
the same methodology for inducing sweating, have not always found differ-
ences with age. Inoue [15] and Inoue et al. [18] suggest that such inconsisten-
cies may largely reflect the different anatomical sites being studied. In a
five-year longitudinal investigation of older men, Inoue [15] found that total
sweat rates significantly decreased over time, while changes in site-specific
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sweat rates varied with the site, some decreasing, some increasing, and some
remaining unchanged. Thus, depending on the anatomical area, sweat gland
density and/or output per gland may be blunted with age.

Two other important mechanisms for coping with heat exposure involve
the cardiovascular system. One of these is the redirection of cardiac output from
the body core to the skin; the other is dilation of peripheral blood vessels
(vasodilation). Although some studies have reported no effect of age on cardiac
output [19, 20], Kenney et al. [21] found lower cardiac outputs and lower heart
rates in older men (6173 years of age) exercising in the heat at intensities up
to 60% VO, . than in younger subjects (21-33 years of age). Kenney and
Zappe [13] have also reported that the redistribution of total cardiac output
from splanchnic and renal beds to the skin was less in older versus younger
individuals despite the fact that both groups were exercising at matched inten-
sities in a warm environment (30°C) [13]. This attenuation would be expected
to result in less heat lost from the skin.

Data related to altered age-related skin blood flow during heat exposure
are more consistent than cardiac output data. A series of investigations by
Kenney et al. [21, 22] and Kenney and Armstrong [23] led them to conclude
that skin blood flow at a given core temperature during passive (non-exertion-
induced) and active (exercise-induced) heat stress is significantly lower in older
than in younger subjects as a result of altered cutaneous vasodilation. That is,
resistance to flow, as measured by occlusion plethysmography and laser
Doppler flowmetry, was significantly greater in their older versus younger sub-
jects following skin warming. (For a more detailed review of these experiments,
see Horwitz et al. [24].) Moreover, this age-related attenuated vasodilation
appears to involve nitric oxide- as well as axon reflex-mediated mechanisms
[25, 26]. Thus, the data from Kenney’s lab support the view that decreased car-
diac output, less effective redistribution of blood flow to the skin, and reduced
cutaneous vasodilation may all contribute to the attenuated heat tolerance of old
individuals.

This conclusion notwithstanding, it is important to note that one factor that
is not always considered when documenting the response of the elderly to heat
is their acclimation state. Studies matching young and old subjects with respect
to levels of heat acclimation, body composition and/or physical fitness suggest
that these factors may be as important or more so to the ability to maintain
homeothermy during heat exposure than is age [20]. Indeed, Yousef et al. [20]
noted that young and old men and women who were matched for heat accli-
mation had similar rectal and skin temperatures, heart rates, and total sweat loss
after a 1-hour desert walk (40—44°C) at a work intensity of 40% VO, .. Thus,
at least in some cases, age-related diminution of heat tolerance may be associ-
ated with ‘disuse’ rather than aging per se.
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Aging and Cold-Induced Thermoregulation

The physiological processes that allow maintenance of homeothermy during
cold exposure involve a complex series of regulatory steps and have been
described thoroughly elsewhere [24]. Briefly, when exposed to temperatures
below thermoneutrality (temperature of thermoneutrality varies with the species),
thermoreceptors in the skin, spinal cord, and brain transmit neural signals to the
hypothalamus. In a process that is not completely understood, the hypothalamus
integrates this information and initiates neural signals to the periphery that result
in decreased heat loss and increased heat production. Heat loss is minimized by
increasing cutaneous vasoconstriction, while heat production is increased as a
result of shivering in skeletal muscle and nonshivering thermogenic processes in
brown adipose tissue and to a lesser degree, in other tissues. Failure of this
integrated system to conserve core temperature results in hypothermia, and severe
hypothermia may lead to cardio-insufficiency and death.

Several investigations have reported age-related increases in morbidity and
mortality of individuals exposed to extended periods of excessive cold [1, 4, 27].
Similar to investigations describing blunted thermoregulation during heat
exposure, data supporting attenuated cold-induced thermoregulation in the
elderly are confounded by numerous variables. Among these are underlying dis-
ease, physical fitness, cold acclimation, and factors related to socioeconomic
status [28]. Nonetheless, a greater susceptibility to cold is consistent with the
finding that 9% of the elderly in the United Kingdom had morning core
temperatures within 0.5°C of the clinical definition of hypothermia, 35°C [29].

The ability to appropriately thermoregulate in the cold is dependent on
accurate cold perception. Behavioral studies have suggested that the perception of
decreasing ambient temperature is significantly impaired in older versus younger
subjects [1]. For example, when similarly dressed young and old subjects were
placed in a 19°C room and asked to manually adjust the room temperature to their
comfort zone, elderly individuals exhibited less precise control as reflected by a
greater amplitude of oscillations in their adjusted temperatures over the 2.5-hour
exposure period. When these same individuals were asked to discriminate between
close temperature differences, the younger men were able to distinguish ambient
temperature changes of approximately 1.0°C, whereas some older subjects were
unable to detect differences less than 2°C [1]. Along similar lines, Watts [30] found
that some older women felt cold only at relatively low ambient temperatures.

Thermoregulatory heat production via shivering and nonshivering thermo-
genesis is critical to the overall maintenance of core temperature during cold expo-
sure. Since skeletal muscle shivering is the major source of cold-induced heat
production in humans and other large mammals, and several studies have reported
significant declines in lean body mass of elderly humans [for a review, see ref. 31],
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it is not surprising that investigators have focused on blunted shivering thermo-
genesis as a possible cause of the elderly’s cold-induced hypothermia. Although
elderly individuals retain the ability for shivering, there is evidence that their onset
of shivering during cold exposure is delayed compared to that of younger individ-
uals [32]. Moreover, some studies have shown that the intensity of shivering, as
measured by peak contractile strength, is significantly less in the old versus young
subjects [33, 34], suggesting attenuated heat production. Age-related disruption in
shivering thermogenesis may also reflect reduced metabolic capacity of muscle
cells. Impaired glucose uptake into the muscle of insulin-resistant older individuals
could reduce shivering during cold exposure [35, 36], although direct evidence for
this effect is limited [37]. Others report that the reduced shivering thermogenesis
of old versus young subjects may closely reflect decreased activity of skeletal
muscle enzymes involved in aerobic metabolism — enzymes such as succinate
dehydrogenase, malate dehydrogenase, and citrate synthase [38—40]. However,
other research indicates that age-related alterations in muscle metabolic capacity
may be associated more with a sedentary lifestyle than with aging per se [41, 42].

Heat conservation mechanisms also play a primary role in the ability to
maintain body temperature during exposure to cold. Decreased skin blood flow
and decreased peripheral vasoconstriction represent two major contributors to
heat conservation in mammals, and some investigations have suggested that
these mechanisms are altered in aging. For example, in a longitudinal study of
43 elderly males, Collins et al. [27] found that the number who showed no cold-
induced decrease in hand blood flow rose from 14% (6) to 32.5% (14) 4 years
later and was further increased 8 years after the study began. Although other
studies evaluating cutaneous fingertip blood flow as an index of vascular con-
striction during cold exposure suggest a similar magnitude of cold-induced
vasoconstriction in young and old subjects [43], there is some indication that
attaining maximal vasoconstriction takes longer in the elderly than in younger
subjects [44]. In addition, this vasoconstriction may not be retained as long in
the elderly. Richardson et al. [44] found that although cold-induced vaso-
constriction occurred within the first minute in both young and old subjects, the
response was not maintained in the latter, and blood flow returned to pre-cold
levels before the cold exposure was terminated.

Reduced cold-induced vasoconstriction in the peripheral vasculature could
result from altered arterial wall stiffness and/or altered neural and hormonal
stimuli. With respect to the former, greater vessel diameter and wall thickness
have been associated with age-related increases in arterial wall stiffness [45].
However, most investigations reporting increased arterial wall stiffness have
focused on large vessels due primarily to ease of measurement. It is not clear
whether similar increases in vessel wall stiffness occur in the smaller vessels
innervating the skin, i.e., those primarily responsible for heat conservation.
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Similarly, the jury is still out on the physiological importance of any altered
hormonal/neural modulation of vasoconstriction with age. Hogikyan and Supiano
[46] have reported that blunted skin vasoconstriction, as measured during
a-adrenergic stimulation, is slightly reduced in older versus younger subjects, but
total blood flow is not. These investigators concluded that increased sympathetic
neural signaling compensated for the altered a-adrenergic responsiveness of the
older subjects. Clearly, additional studies are required to fully understand the
mechanism underlying diminished vasoconstriction responsiveness during cold
exposure of the elderly.

Thermoregulation in Cold-Exposed Aging Rodents

Human studies describing age-related differences in cold tolerance are lim-
ited by the difficulties in performing longitudinal studies with significant numbers
of individuals as well as the inability to utilize invasive techniques to study under-
lying mechanisms. These constraints have led to the widespread use of laboratory
rodents for studies focusing on mechanisms. Although most of these studies have
utilized a cross-sectional rather than a longitudinal design, they have provided
insight into changes that occur with age. As with the data from humans, there are
factors that can significantly affect the results. Among these are gender, rodent
strain, diet, physical fitness, temperature of acclimation, and length and intensity
of the cold exposure. The age of the groups being compared is also important.
Because rats and mice undergo relatively rapid growth/development until they are
about 4 months old, comparisons using animals younger than 4 months of age
make it difficult to determine whether their differences with older rodents reflect
development or aging. By the same token, data from ‘old’ rodents that are signif-
icantly younger than the median life span for the strain can lead to spurious
interpretations. Notwithstanding all of these caveats, results from a number of
investigators demonstrate that, like humans, the maintenance of homeothermy
during cold exposure is less robust in old versus young rodents [24, 47].

In terms of mechanisms, the available evidence supports the view that the
failure of cold-exposed old rodents to maintain homeothermy is more attributable
to age-related changes in heat generation than in heat conservation. With respect
to the latter, body composition studies of several rat strains have shown little or no
decrease in percent carcass fat in old versus young rats [6, 48—51]. These data sug-
gest that there is no significant diminution of the insulative capacity of older rats
due to less adipose tissue. There also does not appear to be a loss in the ability to
vasoconstrict peripheral blood vessels when the animals are cold exposed. In fact,
some studies have suggested that older mice and rats have more robust vaso-
constriction than younger animals [52—55]. This greater vasoconstrictor response
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of the cold-exposed older rodents may compensate for their reduced heat genera-
tion. Thus, while in some cases there may be changes in the insulative properties
of the fur, there is little evidence that physiological mechanisms associated with
vasoconstrictor responses are diminished with chronological age.

The same appears to be true for behavioral mechanisms associated with
thermoregulation. The preferred temperature of old F344 male rats does not
differ significantly from that of younger animals [56]. Moreover, both young
and old Sprague-Dawley rats have been shown to work equally well for heat by
pressing a lever that turned on a heat lamp [57].

In contrast, several (although not all) studies have observed attenuated heat
production in cold-exposed older rats and mice. This attenuation may involve
reduced shivering as well as reduced nonshivering thermogenesis, at least in
some rodent strains. Evidence for an involvement of shivering comes from
indirect, rather than direct, observations. For example, older mammals often
have less muscle mass and less skeletal muscle oxidative capacity, both of
which would reduce the maximum amount of heat able to be generated by
skeletal muscle cells [31]. Based on their studies with Sprague-Dawley male
rats, Lee and Wang [58] and Wang et al. [59] have suggested that substrate for
cold-induced muscle heat production is less available in old versus young rats,
thus limiting the amount of thermogenesis that can be achieved through
shivering.

Substrate limitation does not appear to occur in brown adipose tissue, the
major site of cold-induced nonshivering heat production in rodents [58].
Although brown fat generates relatively little heat in adult humans as compared
to the heat generated via shivering [60, 61], it remains an important source of
thermogenesis in adult mice and rats [62]. Many of the events involved in
brown fat heat production have been identified and are discussed at length
elsewhere [63]. Briefly, during cold exposure, hypothalamic signaling results in
activation of the sympathetic nervous system and transmission of signals to
brown adipose tissue. Norepinephrine, released at the brown adipocytes binds
to both a- and B-adrenergic receptors, but it is the latter interaction that plays
the major role in initiating the ensuing thermogenesis. Binding of norepineph-
rine to [3;-receptors activates the G-protein-adenylyl cyclase-cAMP pathway
that leads to phosphorylation of hormone-sensitive lipase and enhanced hydrol-
ysis of intracellular triacylglycerides. The resulting fatty acids not only serve as
substrate for mitochondrial oxidative metabolism, they also activate molecules
of uncoupling protein-1 (UCP1) in the inner mitochondrial membrane. This, in
turn, promotes the transfer of protons back into the mitochondrial matrix,
thereby dissipating the driving force for ATP synthesis and stimulating the rate
of fatty acid oxidation. As a result, more fatty acids are oxidized and more heat
is generated than would be the case if the mitochondria remained coupled.
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The total heat-producing potential of brown adipose tissue is directly
related to the number of brown adipocytes and the UCP1 concentration within
each adipocyte. Rodents with large depots of brown fat (relative to body mass)
tend to have greater resistance to the development of hypothermia during cold
exposure. Cross-sectional studies on rats and mice housed in thermoneutrality
have shown that brown fat depots decrease in mass with age as do total protein
and UCP1 concentrations. Consistent with this decrease is the fact that old
rodents not only exhibit greater hypothermia during cold exposure than do their
younger counterparts [50-52, 64—67] they also exhibit blunted cold-induced
oxygen consumption (heat production) and blunted norepinephrine-induced
oxygen consumption [50, 52, 58, 68]. Thus, at least part of the age-related
decline in the cold-induced thermogenesis of older rodents may be attributable
to the presence of fewer thermogenically active brown adipocytes [51].

Another possibility that has been examined is that sympathetic signaling to
brown fat is diminished in the cold-exposed older (versus younger) rats. We
tested this hypothesis by evaluating brown fat norepinephrine turnover at rest
and during cold exposure in 6-, 12- and 26-month-old male and female F344
rats [8]. We found that cold exposure enhanced norepinephrine turnover in all
age groups and genders. Interestingly, the group with the lowest core tempera-
ture during the 2 h of cold exposure (i.e., 26-month-old male rats) had the great-
est brown fat norepinephrine turnover, indicating appropriate neural signaling.
Kawate et al. [69] also reported that sympathetic signaling to brown fat of aged
(30 months) and young (10 months) C57BL/6J mice, as measured by direct
neural recording, was greater in the older animals. These data demonstrate that
the thermoregulatory pathway from thermoreceptor to hypothalamus to sympa-
thetic signaling remains intact in the older rodents, and neural signaling to
brown adipose tissue of old rodents is not attenuated.

Although sympathetic signaling may remain robust in older animals,
reduction in brown adipocyte beta—receptor number could contribute to
decreased thermogenesis. There is evidence that brown fat 3,- and ,-adrenergic
receptor number and responsiveness decline significantly with age. Scarpace
et al. [70] reported an age-related decrease in receptor density associated with
reduced adenylyl cyclase activity, suggesting both blunted receptor function and
postreceptor signaling. However, our data indicate that brown adipocytes
isolated from old rats are not less responsive to sympathetic stimulation than
are cells isolated from young rats [71]. That is, norepinephrine elicited similar
dose-dependent increases in oxygen consumption of cells from young and old
male and female F344 rats; there were no effects of age or gender on values of
V.ax O ECsq (the concentration of agent eliciting one half of V,,,,). Moreover,
we found no significant differences in oxygen consumption among the age and
gender groups when isolated adipocytes were exposed to a single dose of the
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B;-adrenergic agonist, CL-316,243. Therefore, even if there were age-related
declines in B-adrenergic density or binding, they did not translate into less
brown adipocyte thermogenesis.

These data suggest that neither reduced sympathetic signaling or reduced
responsiveness of brown adipocytes can explain the blunted cold-induced
thermogenesis of old rodents. This attenuation appears to be more closely
associated with the presence of less brown adipose tissue, suggesting that the
ability of preadipocytes to proliferate and mature into thermogenically
functional brown adipocytes is diminished with age.

Effect of Gender on Cold-Induced Thermoregulatory Responses

Data from humans indicate that hypothermia is more prevalent in elderly men
than in elderly women [5, 72, 73]. Consistent with these findings are our observa-
tions of gender differences with respect to the effects of age on cold-induced
thermoregulatory responses of F344 rats [64]. Our studies clearly show that older
male rats are more susceptible to hypothermia than are comparably aged females
exposed to cold for identical periods of time [51, 64]. Part of this increased
susceptibility may reflect the fact that old female rats generally have a higher
percentage of carcass fat than do old males [51]. In addition, brown fat thermo-
genesis appears to be lower in cold-exposed old male versus female rats because
the males have less functional brown fat than the females. That is, brown fat depots
in older F344 male rats weigh less and have less protein, lower levels of UCP1, and
less cold-induced glucose utilization than depots of brown fat of similarly aged
female rats [64, 74]. This gender difference in brown fat metabolism (i.e., glucose
utilization) of the cold-exposed old rats is not due to less sympathetic stimulation
in the males, as evidenced by the fact that their brown fat norepinephrine turnover
is greater than that of the females [8]. Moreover, as described above, brown
adipocytes isolated from old male and female rats respond comparably to norepi-
nephrine stimulation [71]. Thus, the lower in vivo metabolic activity of brown fat
in cold-exposed old males versus females is most likely due to the presence
of fewer thermogenically active brown adipocytes. The basis for this gender
difference in the number of brown adipocytes has not been delineated.

Senescence and Thermoregulation in Rats

In the course of our investigations we serendipitously observed that the
greatest magnitude of hypothermia in a group of cold-exposed aged rats occurred
in animals that weighed the least. Further inspection of our longitudinal data
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collected from rats fed ad libitum indicated that older rats appeared to undergo
a rapid and spontaneous weight loss near the end of life, a condition that is
known to also occur in humans [75]. These data suggested that the animals
exhibiting rapid spontaneous weight loss may have entered a thermoregulatory
dysfunctional state. To test this hypothesis, we exposed male F344 rats to 6°C
for 4h every 14 days beginning at 24 months of age (median life span of F344
rats being ~25.5 months) and until the onset of rapid spontaneous weight loss
[7]. All rats displaying spontaneous rapid weight loss (rats that we refer to as
senescent) became significantly more hypothermic during the acute cold expo-
sure than they did before exhibiting the weight loss. Moreover, weight-stable
rats of identical age were able to maintain a relatively normal core temperature
during cold exposure. To determine whether this increased susceptibility to
hypothermia resulted from the weight loss of the senescent rats, we measured
the responses of 26-month-old presenescent animals (weight stable) that were
food restricted to same weight loss as the senescent rats. When these food-
restricted presenescent rats were exposed to cold under the same conditions as
the senescent rats, they did not develop severe hypothermia [7]. Thus, the body
weight loss of the senescent rats is an indicator that the rats had entered a
different functional state rather than being the cause of this state. Interestingly,
the start of the rapid and spontaneous weight loss did not correlate with
chronological age. The age at which rats entered this phase varied from 24 to
30 months and could not be predicted from behavioral or physiological
measurements at earlier ages.

Further studies have shown that not only do senescent rats exhibit altered
feeding behavior [76] and decreased ability to maintain homeothermy [7], they
also have disrupted circadian rhythms of body temperature [77]. When we
measured the endogenous (i.e., under constant dark condition) circadian rhythm
of body temperature in aging rats during their presenescent and senescent
periods as well as in young (10 month) rats, we observed significant disruption
of this rhythm in the senescent animals [77]. The fact that this disruption
occurred near the onset of senescence when regulation of feeding and
cold-induced thermoregulation (processes involving hypothalamic regulation)
were also adversely affected strongly suggests that the early stages of senes-
cence involve alterations in hypothalamic regulation.

Conclusions
Investigations using humans have shown that the incidence of hyper-

and hypothermia increases with age. These studies are confounded, however,
by potential differences in physical fitness, socioeconomic status, disease,
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and prior heat or cold acclimation. Thus, it is not clear whether altered
thermoregulation, as suggested by human studies, is the result of aging per se
or of other factors that have an impact on normal physiology. Nonetheless,
investigations evaluating selected components of the thermoregulatory system
have described significant alterations in healthy aging subjects. These include
altered sweat gland function, vasodilation and vasoconstriction, temperature
perception, and skin blood flow. Clearly, the full elucidation of the effects that
aging has on human thermoregulation will require significantly more research.

Although studies of age-related changes in thermoregulatory responses of
rodents provide a means whereby extraneous variables can be more precisely
controlled, mechanisms underlying the decreased ability to maintain
homeothermy have yet to be fully identified. Alterations in brown fat thermo-
genesis, body composition, and hypothalamic regulation have all been identi-
fied as possible contributors. However, these changes do not occur in all
rodents, are modulated by gender, and are not tightly correlated with chrono-
logical age. Initial studies on neurotransmitter changes in the central nervous
system of aged rats are opening the way for more complete evaluation of the
effects of aging on regulation of physiological processes such as thermoregula-
tion. The rat is an excellent model for future neural studies on the hierarchical
thermoregulatory system, an area as yet relatively unexplored in aging research;
and transgenic mice offer the possibility of testing the role of candidate genes
modulating age-related changes in thermal responses.
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