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Foreword

The present volume is an innovative resource on aging in the
nervous system that reflects the considerable maturation of this
new field. The authors are leading researchers of the many
topics selected. The scope of the topics is broad, but while
the editors have sought to be comprehensive, they did not
sacrifice depth in the choice of some focused topics about
which a great deal is known. This is altogether a commendable
effort that should find wide use in academic courses and by the
many researchers who have begun to recognize the importance
of aging processes in many age-related conditions, conditions
that have tended to be studied as specific disease entities but
without considering the interactions of the disease with the
changes of “‘usual” aging being taken into account.

Some historical perspectives seem pertinent here. One pre-
cursor of this book is James Birren’s landmark monograph
Psychology of Aging (1964), which synthesized the small but
serious literature on cognitive and behavioral changes of nor-
mal aging in humans in relation to anatomical findings. Birren
emphasized the general slowing of mental processes that was
progressive across middle-age to later ages during normal
aging, as distinct from pathological changes of senility. This
slowing, which was observed in rodents and humans, might
be attributed to the integrative level of complex circuits,
because the conduction properties of axons did not show
much change, for example, in the sciatic nerve of old rats (Bir-
ren and Wall, 1956). Neuron loss, which was generally
assumed to be a major factor in brain aging, is now thought
to be largely due to cerebrovascular disease or Alzheimer’s
disease.

Two other scholarly achievements in the biology of aging
that interacted with Birren’s book were Alex Comfort’s The
Biology of Senescence, which progressed through three edi-
tions (1957, 1964, and 1979), and the two editions of Bernard
Strehler’s Time, Cells, and Aging in 1962 and 1977. These
three books are properly regarded as landmarks, and required
heroic efforts to synthesize diverse sets of scattered and diffi-
cult information. We must mourn the recent death of Alex
Comfort and praise the continued vitality of Jim Birren and
Bernie Strehler. These books are part of the deep foundation
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upon which the present volume may be seen to rest. The books
also had major importance for me when I was trying to design
a Ph.D. project on aging under Alfred Mirsky at the Rockefel-
ler University. Thesis projects were then often discussed with
the august faculty of Rockefeller. I recall Peyton Rous saying
something like “Why are you wasting your time on a subject
like that? Everyone knows that aging is mainly about cancer
and vascular disease.” Perhaps Rous was thinking of Cazali’s
aphorism, “A man is as old as his arteries” (Critchley, 1931).
But, by ferreting out the strongest papers cited by Birren, Com-
fort, and Strehler, I did convince Mirsky of biological mechan-
isms at work in aging that could not be accounted for by
vascular disease or cancer, and so he supported my thesis pro-
ject on the molecular endocrinology of responses to cold stress
in aging mice (Finch et al., 1969).

Thus began my own career in the neurobiology of aging,
which led to the great pleasure of my working with Charles
Mobbs, Giulio Pasinetti, and many other of the present authors
who have built this field into its present thriving state. Of
course, we must still keep in mind Peyton Rous’s concerns
about vascular contributions to brain aging!

Caleb E. Finch
University of Southern California
Los Angeles, California
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Preface

This book has been developed to meet our own needs, but is
based on our perception that many others have also found these
needs unmet by available resources. First, teaching our course
on the neurobiology of aging, as well as tutorials, laboratory
rotations, and similar exercises, was made much more difficult
without a central source for the material contained in this book.
Those teaching courses in neurology, neuropathology, and ger-
ontology often face a similar problem. Second, like other
researchers studying the neurobiology of aging, as well as phy-
sicians treating patients with age-related diseases, we have
often needed to obtain an overview of areas outside our
immediate area of expertise, but there has been no comprehen-
sive source for such overviews. The present book was thus
designed to address each of these needs and to be suitable as
both a textbook for advanced students and a reference book for
professionals.

Until recently the best general reference for those studying
the neurobiology of aging would have been a text on neuro-
pathology or neurology. Although there is obviously some
overlap between the present book and such sources, these are
not fully adequate for the purposes discussed above. Many
neuropathological processes occur early in life and thus rele-
vance to the aging brain is often unclear. Perhaps more impor-
tant, a key concern in understanding the aging of any system is
appreciating the difference between pathological and non-
pathological processes. While this difference was formerly
the subject of some controversy, there is now general agree-
ment that the distinction between pathological and nonpatho-
logical processes is central to understanding and treating age-
related impairments of any system, including neuronal sys-
tems. Therefore, the editors have worked closely with the con-
tributors to clarify which age-related impairments are
pathological and which are not. The nature of this distinction
is made clear in many of the chapters, but often lies in the
observation that pathological processes are not universal.
Thus, as described in several chapters, the incidence of dis-
eases peaks at some age, but the development of nonpatholo-
gical processes continues to increase with age. This distinction
has been particularly troublesome for Alzheimer’s disease, the
incidence of which peaks very late in life. Most investigators
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now feel that even for this disease, the incidence declines in
extremely old populations.

To enhance the utility of the book, the chapters have been
organized into four large sections, based on neurobiological
functions that are most vulnerable during aging, a scheme
that also provides the basis of the title of the book. Although
clearly the information in the present book could be organized
many different ways, we have chosen the functional approach
to emphasize the relationship between observed age-related
changes in neuronal properties and functional decline; thus
we hope to avoid a mere cataloging of age-correlated changes.
While perhaps other functional schemes could be proposed,
our aim was to produce the most comprehensive resource on
the neurobiology of aging available, and the scheme chosen
was sufficiently broad to comfortably embrace this wealth of
material. An additional introductory section was included to
develop certain concepts particularly pertinent to aging in
the specific context of age-related impairments in neurobiolo-
gical function.

We acknowledge the role of Dr. James Roberts, whose
vision instigated the process that led to this book; Dr. John
Morrison, who was a constant source of encouragement and
support; and the terrific staff of Academic Press, especially
Craig Panner, Hilary Rowe, and Lori Asbury for their patience
with the vagaries of academics and for actually crystallizing a
process into a book. Finally, we take this opportunity to
express our deepest gratitude to the superb scientists who
have actually written this book. We have been fortunate to
have had the cooperation of many of the leading investigators
in the neurobiology of aging, and the quality of the present
volume clearly attests to the conscientious efforts of these wri-
ters in producing a major resource for the field. We are all too
aware that the effort of writing these chapters has necessarily
distracted these scientists from their main job of creating new
knowledge and deeply appreciate that despite this circum-
stance they made the time to impart their knowledge and wis-
dom to the rest of us.

Patrick R. Hof
Charles V. Mobbs

-~
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SECTION

I

Overview

A. Introduction to Concepts in Aging Research
(CHAPTERS 1-3)

B. Epidemiology of Neural Aging
(CHAPTER 4)
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Jack E. Riggs

Age-Specific Rates of Neurological Disease

I. Introduction

Is aging ‘“normal” or ‘pathological?” The emerging
answers to this simple question are so complex that the ques-
tion has essentially been rendered semantic. Additionally,
training biases profoundly affect the perspective from which
this question is viewed and investigated. For example, clini-
cians typically view disease as a pathological process amen-
able to therapeutic intervention, but perceive aging (or more
appropriately, senescence) as an inevitable process with lim-
ited prospects for significant manipulation. Clouding the ques-
tion even further is the observation that many diseases are
inseparably linked to aging.

Taking advantage of the varied perspectives, clues regarding
the nature of aging can, should, and are being sought using a
multitude of approaches. Epidemiological studies of aging and
disease traditionally give descriptive measures of disease bur-
den and attempt to identify risk factors associated with aging-
related disorders. Analysis and interpretation of age-specific
disease rates, however, are relatively underappreciated vantage
points from which to view aging. A preliminary note of caution
is warranted. Age-specific rates deal with populations. Conse-
quently, conclusions derived from the analysis of age-specific
rate dynamics are applicable to populations, not to individuals,
and especially not to the molecular processes involved in
aging. This limitation, however, may have some powerful prac-
tical advantages. This chapter focuses on age-specific rates of
neurological disease. The major neurological disorders asso-
ciated with aging are Alzheimer’s disease, amyotrophic lateral
sclerosis, Parkinson’s disease, primary malignant brain tumors,
and stroke.

II. Age-Specific Rates
An age-specific rate (Ry) is defined as the number of occur-
rences of a certain event at a specific age (Nx) divided by the
total number of individuals (Py) alive at that age. This relation-
ship can be expressed as

Ny
R, =—. 1
P, (1)

Functional Neurobiology of Aging

The two commonly measured age-specific rates, incidence and
mortality rates, are often used to measure and compare disease
burden over time as they are assumed to be independent of
changes in the age structure of a population (Hennekens and
Buring, 1987), i.e., an age-specific mortality rate should be
independent of the relevant age group population size (Fig.
1.1). For example, the mortality rate from primary malignant
brain tumor among U.S. men aged 85 years and older should
not be dependent on whether there are 1000 or 1,000,000
individuals in that age group.

III. Age-Specific Rates of
Neurological Disease

Epidemiological studies in the elderly of developed nations
over recent decades have documented an increasing frequency
of Alzheimer’s disease (Plum, 1979; Katzman, 1986; Fox,
1989; Centers for Disease Control, 1991), amyotrophic lateral
sclerosis (Durrleman and Alpérovitch, 1989; Lilienfeld et al.,
1989; Chancellor and Warlow, 1992), Parkinson’s disease
(Duvoisin and Schweitzer, 1966; Kurtzke and Murphy, 1990;
Lilienfeld et al., 1990; Chio et al., 1993c; Clarke, 1993), and
primary malignant brain tumor (Davis and Schwartz, 1988;
Helseth et al., 1988; Boyle et al., 1990; Greig et al., 1990;
Davis et al., 1991). Unlike these neurodegenerative disorders,
the burden of stroke, especially as measured by mortality, has
declined significantly in recent decades (Whisnant, 1984; Klag
et al., 1989).

A. Alzheimer’s Disease

Age-specific incidence rates of Alzheimer’s disease increase
exponentially with age (Sayetta, 1986; Hebert et al., 1995; Gao
et al., 1998; Jorm and Jolley, 1998). This exponential rate of
increasing incidence slows down after the eighth or ninth de-
cade of life (Gao et al., 1998), although there is no actual
decline in the incidence rate (Fig. 1.2). Age-specific mortality
rates from Alzheimer’s disease also increase exponentially
with increasing age, but fail to maintain that exponential rate
of increase at an earlier age than that seen with age-specific

Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.



AGE- SPECIFIC
MORTALITY RATE

AGE GROUP POPULATION SIZE

FIG. 1.1. An age-specific mortality rate is generally considered to be
independent of the relevant age group population size; i.e., an age-specific
mortality rate should not depend on whether the relevant age group
population size is 1000 or 1,000,000.

incidence rates (Imaizumi, 1992). A limitation of Alzheimer’s
disease mortality data is that dementia is not consistently
reported on death certificates (Ganguli and Rodriguez, 1999).

B. Amyotrophic Lateral Sclerosis

Age-specific incidence rates of amyotrophic lateral sclerosis
also demonstrate approximately exponential increases with age
until the seventh or eighth decade of life (Kahana et al., 1976;
Kurtzke, 1982; Leone et al., 1987; Lopez-Vega et al., 1988;
Durrleman and Alpérovitch, 1989; Tysnes et al., 1991; Brooks,
1996). The age-specific incidence pattern of amyotrophic lat-
eral sclerosis is similar to that seen in Alzheimer’s disease
(Fig. 1.2). Amyotrophic lateral sclerosis age-specific mortality
rates also increase exponentially with increasing age and (as
with Alzheimer’s disease) fail to maintain that exponential
rate of increase at an earlier age than that seen with age-spe-
cific incidence rates (Leone et al., 1987; Riggs, 1990b; Chio et
al., 1993b; Neilson et al., 1994). Unlike the situation with Alz-
heimer’s disease, mortality due to amyotrophic lateral sclerosis
is consistently reported on death certificates (Hoffman and
Brody, 1971; Chio et al., 1993a).

AGE- SPECIFIC
INCIDENCE RATE

AGE

FIG. 1.2. Age-specific mortality rates for most aging-related neurolo-
gic disorders demonstrate a similar pattern. Age-specific mortality rates
will rise initially at an exponential rate with increasing age. After some age,
age-specific mortality rates will increase at a slower rate, plateau, or decline.

SECTION I Overview

C. Parkinson’s Disease

Age-specific incidence rates of Parkinson’s disease also
increase rapidly with increasing age, then decrease after the
eighth or ninth decade of life (Morens et al., 1996). This
age-specific incidence pattern is also similar to that seen in
Alzheimer’s disease and amyotrophic lateral sclerosis (Fig. 1.2).
Age-specific mortality rates of Parkinson’s disease also in-
crease exponentially with increasing age, but again fail to
maintain that exponential rate of increase at an earlier age
than that seen with age-specific incidence rates (Riggs,
1990c; Bonifati et al., 1993; Imaizumi, 1995). A limitation
of Parkinson’s disease mortality data is that parkinsonism
may not be consistently reported on death certificates as 15
to 25% of patients are only identified in screening survey stu-
dies (de Rijk et al., 1995, 1997).

D. Primary Malignant Brain Tumor

Age-specific incidence rates of primary malignant brain
tumor also demonstrate rapid increases with age until the
seventh or eighth decade of life and then drop off or decline
(Sutherland et al., 1987; Helseth et al., 1988; Sant et al.,
1988; Ahsan et al., 1995; Polednak and Flannery, 1995;
Kuratsu and Ushio, 1997). The age-specific incidence pattern
of primary malignant brain tumor is similar to that seen in
Alzheimer’s disease, amyotrophic lateral sclerosis, and Par-
kinson’s disease (Fig. 1.2). Age-specific mortality rates of
primary malignant brain tumor also increase exponentially
with increasing age and also fail to maintain that exponential
rate of increase after an age that is less than the peak incidence
rate (Riggs, 1991a, 1995a).

E. Stroke

Age-specific incidence rates of stroke show a dramatic expo-
nential increase with increasing age (Robins and Baum, 1981).
No decline in the exponential rate of increase in stroke inci-
dence occurs before the ninth decade of life. Age-specific
mortality rates of stroke also increase exponentially with incre-
asing age (Riggs, 1990d). Unlike neurodegenerative disorders,
age-specific stroke mortality does not deviate from increasing
exponentially with increasing age before the ninth decade of
life (Riggs, 1990d).

IV. Age-Specific Rates and
Mortality Dynamics

Age-specific rates of neurological disease can provide more
than just a descriptive measure of the societal burden of neu-
rological disorders in an aging population. Age-specific rates
are a window of opportunity for understanding mortality
dynamics associated with aging at the population level.

A. Deviation from Gompertzian Mortality Dynamics
Gompertz (1825) initially described the exponentially

increasing risk of mortality with increasing age. Age-specific

mortality, however, is consistently lower than that predicted
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by a constant exponential increase at older ages (Juckett and
Rosenberg, 1993). This observation is true for both age-speci-
fic general mortality and age-specific mortality from many
neoplasms and degenerative disorders associated with aging
(Riggs, 1993c). The basis for this deviation from a constant
exponential increase between age-specific mortality and
increasing age may relate to the definition of age-specific mor-
tality rate, which is the number of individuals dying from a
particular disease at a specific age divided by the number of
individuals alive at that age [Eq. (1)]. The numerator includes
individuals susceptible to that particular disease as evidenced
by the fact that their death was attributed to that disease. The
denominator includes all individuals, both susceptible and non-
susceptible, alive at a specific age. Human populations are
quite heterogeneous in their susceptibilities to various diseases.
For example, some individuals are inherently more prone to
developing Alzheimer’s disease, amyotrophic lateral sclerosis,
Parkinson’s disease, or primary malignant brain tumor than are
others.

The rate of exponential increase in age-specific mortality
with increasing age in amyotrophic lateral sclerosis (Riggs,
1990b), Parkinson’s disease (Riggs, 1990c), and primary
malignant brain tumor (Riggs, 1991a) is much greater than
the rate of exponential increase in age-specific general mortal-
ity with increasing age (Riggs, 1990a). Therefore, individuals
susceptible to these neurological disorders in the population
are depleted at a faster rate than is the general population. As
a mathematical consequence, age-specific mortality rates must
deviate from constant exponential (or Gompertzian) dynamics
after a certain age (Fig. 1.2). The age at which this deviation
occurs varies for different disorders depending on the relative
size of the susceptible population subset and the rate at which
that population subset is depleted. Thus, deviation of Al-
zheimer’s disease, amyotrophic lateral sclerosis, Parkinson’s
disease, and primary malignant brain tumor age-specific mor-
tality rates at older ages from that predicted by Gompertzian
dynamics is primarily a mathematical phenomenon rather
than an indicator of failure to describe the biological relation-
ship between aging and mortality (Riggs, 1993c).

B. The Increasing Burden of
Neurodegenerative Disease

The importance of neurological disease in old age is not
merely a reflection of the dramatic increase in the number of
elderly individuals. The frequency of neurological disorders in
the elderly has also increased dramatically. As examples of this
rising burden of neurological disease, mortality rates among
U.S. men aged 85 years and older increased 328% for amyo-
trophic lateral sclerosis between 1977 and 1986 (Riggs,
1990b), 411 for Parkinson’s disease between 1955 and 1986
(Riggs, 1990c), and 924% for primary malignant brain tumor
between 1962 and 1987 (Riggs, 1991a). Does this increasing
frequency and burden of neurologic disease in the elderly
reflect better case ascertainment from improved diagnostic
capabilities, greater interest and knowledge among physicians,
and increased environmental pathogenic influences associated
with industrialization (Katzman, 1986; Davis and Schwartz,
1988; Durrleman and Alperovitch, 1989; Fox, 1989; Lilienfeld
et al., 1989, 1990; Boyle et al., 1990; Davis et al., 1991;

Chancellor and Warlow, 1992; Modan et al., 1992; Clarke,
1993)? These factors, although valid, may not entirely account
for the increasing frequency of neurological disease in the
elderly.

The aging population has had a significant impact on the
societal burden from several neurological disorders such as
Alzheimer’s disease, amyotrophic lateral sclerosis, Parkinson’s
disease, and primary malignant brain tumor. This increased
burden of neurologic disease in the elderly is the result of
more than just the dramatically increasing number of elderly
individuals. The profound demographic change in the age
structure of populations in developed nations is primarily
the result of increasing survival. “Differential survival” over
time, and its effect of less selective culling of the surviving
population gene pool, is an additional explanation for the
increasing frequency of several neurologic diseases associated
with senescence.

From a historical perspective, old age or senescence should
be considered an unnatural state. Under primitive conditions, it
is quite uncommon to live to old age. Medawar (1952) made
this point eloquently in his classic lecture delivered at Univer-
sity College London in 1951 when he stated that senescence
“is in a real and important sense an artefact of domestication;
that is, something revealed and made manifest by the most
unnatural experiment of prolonging an animal’s life.”” In sev-
eral respects, humankind can be considered the most domesti-
cated member of the animal kingdom. Advancing civilization
has been associated with a fivefold increase in human life
expectancy since the stone age and a corresponding increase
in the burden of disorders of senescence (Riggs, 1993b). Refin-
ing this position, a recent Lancet editorial (Editorial, 1993) sta-
ted that modern “civilization . . . is not the cause of our chronic
diseases ... it merely unveiled what our genes had lurking in
store for us for centuries, if not millennia, as we now live long
enough to see these genes massively expressing themselves.”

In the United States in 1900, there were only 3 million peo-
ple over 65 years old and just 72,000 individuals over 85 years
old (Olshansky et al., 1993). By 1996, those corresponding
numbers had increased to 33.3 million and 2.2 million
(Olshansky et al., 1993). Currently, the oldest old, consisting
of those individuals aged 85 years and older, are the fastest
growing segment of the population (Suzman et al., 1992).
Indeed, between 1951 and 1989, the size of this population
subset in the United States grew at a staggering annual rate
of 3.14% in men and 4.94% in women (Riggs, 1996a).

Age-specific mortality rates provide an important clue to
understanding the increasing burden of neurological disease
in the elderly. Because age-specific rates are generally assumed
to be independent of the age structure of a population, mortal-
ity rates among individuals aged 85 years and older from
amyotrophic lateral sclerosis, Parkinson’s disease, or primary
malignant brain tumor would generally be considered to be
independent of the size of that population subset. However,
mortality rates among individuals aged 85 years and older
(and also other elderly age groups) from amyotrophic lateral
sclerosis (Riggs, 1990b), Parkinson’s disease (Riggs, 1990c),
and primary malignant brain tumor (Riggs, 1991a, 1995a)
were directly correlated with the population size of that
age group (Riggs, 1996a). Thus, mortality rates from these
neurological diseases among ‘‘the oldest old” were directly
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FIG. 1.3. Age-specific mortality rates (per 100,000) from primary
malignant brain tumor among U.S. men aged 85 years and over during the
years 1962 to 1989 (adapted from data in Riggs, 1995a). Note the direct
correlation between the age-specific mortality rate and the relevant age
group population size (in 100,000’s).

correlated with the size of that age group population subset.
Similarly, increasing mortality in the elderly from many other
diseases, such as lung cancer (Riggs, 1995b), ovarian cancer
(Riggs, 1995¢), and multiple myeloma (Riggs, 1995d), demon-
strated an increasing dependency with increasing age on
increasing age group population size. Thus, in certain aging-
related diseases, age-specific mortality rates are a function of
age group population size at older ages (Fig. 1.3). This rela-
tionship can be expressed as

(RX) :f(PX)~ (2)

This dependence of age-specific mortality rates on age group
population size suggests that something intrinsic about the
elderly population is changing, which may account for the
observed increasing burden of disease. That intrinsic ‘“‘some-
thing” may be changing genetic susceptibility at the popu-
lation level. Despite being matched for age and gender,
age-specific mortality rate comparisons can be misleading if
populations are not also matched genetically (Riggs, 1994). Is
it possible that sufficient differences in genetic susceptibility
to certain neurological diseases between successive elderly
population cohorts could occur over the span of just a few
years to have contributed to the substantially increasing burden
of those disorders?

Charles Darwin (1859) deduced that in the “struggle for
existence, it follows that any being, if it vary however slightly
in any manner profitable to itself, under the complex and
sometimes varying conditions of life, will have a better chance
of survival.” Accordingly, survival is not random, and compe-
tition for survival will result in “‘survival of the fittest” (or dif-
ferential survival). Evolution, by means of differential survival
(or, more accurately, differential reproduction), and natural
selection occur over a very long time scale. However, the
selective culling effect of differential survival on the surviving
gene pool of an aging population cohort occurs immediately
(Riggs, 1996b). When an individual in a population dies,
the remaining population gene pool of that age cohort is imme-
diately altered (Riggs, 1996b). As a result of differential survi-
val, the surviving gene pool, and hence disease susceptibilities,
of a population cohort will become progressively altered. The
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decreasing frequency of the apolipoprotein E €4 allele with
aging (Davignon et al., 1987; Cauley et al., 1993) provides
direct evidence that differential survival does alter the surviv-
ing gene pool. As adversity to survival in developing nations
decreases, individuals survive longer, and the aggregate genet-
ic susceptibility to diseases, including certain neurological dis-
orders, among aging survivors will change. Indeed, if the
aggregate gene pool of a surviving elderly cohort did not
change as members of that cohort died, this would imply
that disease and death occur randomly with respect to genetic
influences. The thesis that differential survival in human popu-
lations impacts on disease patterns is based on two funda-
mental principles. First, human populations are genetically
heterogeneous. Second, genetic factors influence disease sus-
ceptibility. Both of these principles have been verified repeat-
edly by molecular genetic investigations. Indeed, human
populations are genetically heterogeneous in their susceptibil-
ity to Alzheimer’s disease (Katzman and Saitoh, 1991), amyo-
trophic lateral sclerosis (Mulder et al., 1986), Parkinson’s
disease (Kondo and Kurland, 1973), and primary malignant
brain tumor (Choi et al., 1970).

The increasing age structure of the world’s population pri-
marily reflects enhanced survival due to declining mortality
(Olshansky et al., 1993). Enhanced survival has resulted in a
several hundred percent increase in the population size of the
oldest age groups in the United States over the past four dec-
ades (Riggs, 1996a). The magnitude of these demographic
changes is sufficient to have contributed significantly to the
increasing burden and frequency of neurological disease in
the elderly population. As more members of a given cohort
survive into old age, there has been less ‘“‘selection” with
respect to the surviving gene pool and a resultant increased
genetic propensity to the disorders of senescence (Medawar,
1952; Riggs, 1992a, 1996b).

C. Longitudinal Gompertzian Analysis

Gompertz (1825) described a mathematical relationship
between human aging and mortality. Gompertz noted that mor-
tality rose exponentially with increasing age. Because morta-
lity rates are expressed conventionally as deaths per 100,000
population, the Gompertz relationship may be expressed as

Ry = R,(10)™, (3)

where R, is the mortality rate at age x, R, is the extrapolated
death rate at birth, and « is the slope of the exponential
term. The Gompertz equation becomes a linear function when
expressed logarithmically:

log Ry = ax + log R,. (4)
Strehler and Mildvan (1960) introduced the following
modification to the Gompertz relationship:
[0}

P ek R, )

In this equation, Strehler and Mildvan (1960) defined B as the
fractional loss of vitality and K as a proportionality constant
that relates the vitality of an organism and the magnitude of
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environmental challenges to the mortality rate. Rearranging
Eq. (5) yields

a = —B(logR,) + B (logK). (6)

Implicit in the Strehler—-Mildvan modification of the Gompertz
model of aging and mortality [Eq. (5)], assuming that both B
and K are constant, is the prediction of a negative linear
relationship between « and log R, and that annual age-specific
mortality rate distributions will intersect at a single, fixed point
(Riggs, 1990a). Moreover, this intersect point will occur at
the point where age equals 1/B and log R, equals log K.
Longitudinal Gompertzian analysis has validated this predic-
tion using mortality data for many aging-related degenerative
disorders (Riggs, 1990b,c) and neoplasms (Riggs, 1991a,b,c).
Because disease-specific values of B have been constant for
every disorder studied, B has been postulated to represent
some aggregate measure of genetic influences on age-specific
mortality (Riggs, 1991b,c, 1992c). The Strehler-Mildvan
modification of the Gompertzian mortality rate distribution
conforms to thermodynamic interpretation (Lestienne, 1988).
Using a thermodynamic perspective, Atlan (1968) demon-
strated that the rate of decline of vitality with age (the quantity
B introduced by Strehler and Mildvan) can be conceptualized
in terms of entropy. Consequently, longitudinal Gompertzian
analysis can be used to determine B, which is an aggregate
measure of the rate of increase in genomic entropy for those
genetic factors involved in aging-related mortality. Associated
with declining mortality, the values of K for cervical cancer
(Riggs, 1992b), emphysema (Riggs, 1992c), and stroke (Riggs
and Myers, 1994) have declined significantly. Associated
with increasing mortality, the value of K for non-Hodgkin’s
lymphoma has increased significantly (Riggs, 1993a). Conse-
quently, K is not necessarily constant and has been postulated
to represent some aggregate measure of environmental
influences on age-specific mortality (Riggs, 1992b,c, 1993a).
Thus, longitudinal Gompertzian analysis suggests that age-
specific mortality rate distributions are determined by the
interaction of genetic and environmental influences.

1. Parkinson’s Disease Mortality

Parkinson’s disease mortality is particularly useful in illus-
trating the method of longitudinal Gompertzian analysis. Age-
specific mortality rates in the United States due to Parkinson’s
disease from 1955 to 1988 have been determined previously
(Riggs, 1990c, 1991d, 1992d) from federal sources (Nation-
al Center for Health Statistics, 1955-1988). Deaths were
recorded for the following age groups (in years); less than 1,
1-4, 5-9, 10-14, 15-19, 20-24, 25-29, 30-34, 35-39, 40-
44, 45-49, 50-54, 55-59, 60-64, 65-69, 70-74, 75-79, 80—
84, and 85 and over. In the analysis of these data, the mortality
rate for each age group was assigned to the mean age of the
group. By using the number of deaths in each age group and
population size estimates of the corresponding age group,
annual age-specific Parkinson’s disease mortality rates were
determined.

The initial step in longitudinal Gompertzian analysis is to
determine if mortality increases exponentially with age (Riggs,
1990a). Parkinson’s disease age-specific mortality rates plotted
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FIG. 1.4. Age-specific Parkinson’s disease mortality rates (per
100,000). among U.S. men in 1988 plotted on a logarithmic scale. Note
the essentially constant exponential rate of increase in age-specific
mortality rates between ages 45 and 80 years.

on a logarithmic scale for U.S. men in 1988 are shown in
Fig. 1.4. Parkinson’s disease log R, appears to increase linearly
between age 45 and 80 years (Fig. 1.4). Using linear regression
to analyze the relationship between log R, and age between
age 45 and 80 years yields an r-squared value greater than
0.98 (where r is the correlation coefficient of the linear regres-
sion). Therefore, in 1988 the relationship between Parkinson’s
disease log R, and age among U.S. men aged 45 to 80 years
was highly linear and, thus by definition, Gompertzian. From
Eq. (3), the values for o and log R, are also derived using lin-
ear regression. For Parkinson’s disease mortality among U.S.
men in 1988 between age 45 and 80 years, the following rela-
tionship is derived:

log Ry = 0.107421x — 6.58931. (7)

Values of a and log R, for Parkinson’s disease mortality
among U.S. men between 1955 and 1988 have been deter-
mined previously (Riggs, 1990c, 1991d, 1992d).

The next step in longitudinal Gompertzian analysis is to
determine the relationship between a and log R, for differ-
ent years (Riggs, 1990a). The plot of « versus log R, for Par-
kinson’s disease among U.S. men between 1955 and 1988 (Fig.
1.5) demonstrates the linear negative relationship predicted
by the Strehler-Mildvan modification of the Gompertz rela-
tionship. Using linear regression to analyze the relationship
between o and log R, (Fig. 1.5), the following equation regard-
ing Parkinson’s disease mortality among U.S. men is derived:

o = —0.013651og R, + 0.016998. (8)

The r-squared value for the linear regression defining Eq. (8) is
greater than 0.98. A potential mathematical explanation for
this highly linear negative correlation between a and log R,
is that when data from repeated studies that are actually
measuring the same phenomenon are analyzed using linear
regression, a natural negative linear relationship between the
slope and intercept values will emerge spontaneously (Riggs
and Hobbs, 1998). However, if this mathematical explanation
was the reason for this observed linear negative relationship,
the sequence of annual « and log R, values would be random.
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FIG. 1.5. Plot of annual pairs of « and log R, values for Parkinson’s

disease mortality among U.S. men aged 45 to 80 years from 1955 to 1988.
Note the negative linear relationship between « and log R,,.

However, the sequence annual o and log R, data points are
not random, but rather are highly ordered (Riggs and Hobbs,
1998).

Because Eq. (8) is in the same format as Eq. (6), the value
for B with respect to Parkinson’s disease mortality among U.S.
men is directly determined. Accordingly, the value of B for
Parkinson’s disease mortality in U.S. men was 0.01365. Thus,
the annual rate of increase in ‘“genomic entropy” between age
45 and 80 years with respect to Parkinson’s disease mortality
was 1.365% for U.S. men.

2. Stroke Mortality

Longitudinal Gompertzian analysis provides an insightful
method of analyzing the trend of declining stroke mortality.
Age-specific mortality rates among white men in the United
States due to stroke from 1951 to 1988 have been determined
previously (Riggs and Myers, 1994) from federal sources
(National Center for Health Statistics, 1955-1988). Age-speci-
fic stroke mortality rates plotted on a logarithmic scale for U.S.
white men in 1988 increase linearly between age 20 and 85
years (Fig. 1.6). Using linear regression to analyze the relation-
ship between log R, and age between age 20 and 85 years
yields an r-squared value greater than 0.99 (where r is the cor-
relation coefficient of the linear regression). Therefore, in 1988
the relationship between log R, and age for stroke mortality
among U.S. white men between age 20 and 85 years was
highly linear and, thus by definition, Gompertzian. From Eq.
(4), the values for a and log R, are also derived by linear
regression analysis. For example, for stroke mortality among
U.S. white men in 1988 between age 20 and 85 years, the fol-
lowing relationship is derived:

log Ry = 0.049429x — 1.23334. 9)

Linear regression analysis of the relationship between log Ry
from stroke and age between age 20 and 85 years for U.S.
white men for the years 1951 through 1988 yields correspond-
ing o and log R, values for each year (Riggs and Myers, 1994).
The corresponding r-squared value for each pair of o and log
R, was greater than 0.99 for every year.
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FIG. 1.6. Age-specific stroke mortality rates (per 100,000) among
U.S. white men in 1988 plotted on a logarithmic scale. Note the constant
exponential rate of increase in age-specific mortality rates between ages 20
and 85 years.

The next step in longitudinal Gompertzian analysis is to
determine the relationship between « and log R,, for the differ-
ent years (Riggs, 1990a). The plot of a versus log R, for U.S.
white men aged 20 to 85 years for the years 1951 through 1988
(Fig. 1.7) does not demonstrate the linear negative relation-
ships seen in many Gompertzian diseases (Fig. 1.5). However,
the pattern displayed in Fig. 1.7 is not random. When the
annual pairs of « and log R, values for mortality due to stroke
among U.S. white men are connected sequentially (Fig. 1.8),
a distinctive pattern is seen. This same pattern was seen
when cervical cancer (Riggs, 1992b) and emphysema (Riggs,
1992¢) mortalities were analyzed by longitudinal Gompertzian
analysis. The pattern in Fig. 1.8 is produced by a function that
has a constant slope and a decreasing Y intercept (Riggs,
1992b,c). The slope of the function that relates o and log R,,
from Eq. (6), is equal to —B. Because B is always constant, a
new value C can be introduced for the term B (log K) in Eq.
(6) and be expressed by the equation:

C = B(logK), (10)

where C is equal to the varying ‘Y intercept” in Fig. 1.8.
Consequently, Eq. (6) can be written as

a = —B(logR,) + C. (11)
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FIG. 1.7. Plot of annual pairs of o and log R, values for stroke

mortality among U.S. white men aged 20 to 85 years from 1951 to 1988.
Note the apparent lack of any relationship between « and log R,,.
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FIG. 1.8. Plot of annual pairs of o versus log R, for stroke mortality
among U.S. white men aged 20 to 85 years from 1951 to 1988 when data
pairs (as shown in Fig. 1.7) are connected sequentially. Note that this
distinctive nonrandom pattern can be produced by a function interrelating
« and log R, which has a constant negative linear slope, as shown in Fig.
1.5, and a decreasing Y intercept. The 1951 data point is at the upper right.
The 1988 data point is at the lower left.

A method of determining B when C is changing over time was
defined in a study using longitudinal Gompertzian analysis of
cervical cancer mortality (Riggs, 1992b). The slope [which
from Eq. (11) is equal to —B] between consecutive pairs of «
and log R, values for stroke mortality in U.S. white men was
calculated (Riggs and Myers, 1994). The slope for year N is
defined by the following equation (Riggs, 1992b)

QAN+l — QN
log RO)N-H — (logR, )N

(=B)y = ( (12)

The annual plots of —B for stroke mortality among U.S.
white men is shown in Fig. 1.9. As can be seen, there is an
underlying dominant or most frequent value of —B. From
Fig. 1.9, it is also apparent that there are outlier values of
—B. The basis for these outlier values is inherent in the defini-
tion of slope, which is defined as the change in Y (or «) divided
by the change in X (or log R,). As the change in X becomes
small, the absolute value of the slope may become large.
Thus, the outlier values of —B in Fig. 1.9 occur at points
when there were small changes in consecutive values of log
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FIG. 1.9. Plot of —B for mortality from stroke among U.S. white men

aged 20 to 85 years from 1951 to 1987.
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FIG. 1.10. Plot of C for mortality from stroke among U.S. white men

aged 20 to 85 years from 1951 to 1988.

R,. Because the values of —B tend to be small and outlier
values of —B can be large, the mean is not a good method
of determining the underlying dominant value of —B. Instead,
the median value of —B is used as the best estimate for the
underlying constant value of —B (Riggs, 1992b). The median
value of —B for stroke mortality among U.S. white men aged
20 to 85 years was —0.01211 (Riggs and Myers, 1994).
Accordingly, the value of B for stroke mortality among U.S.
white men was 0.01211. Thus, the annual rate of increase in
“genomic entropy”’ between age 20 and 85 years with respect
to stroke mortality was 1.211% for U.S. white men.

Annual values of C for stroke mortality among U.S. white
men aged 20 to 85 years between 1951 and 1988 were deter-
mined using this median value of —B and Eq. (11). The annual
values of C are shown in Fig. 1.10. Thus, age-specific stroke
mortality rates among U.S. white men aged 20 to 85 years
between 1951 and 1988 conformed to the dynamics predicted
by the Strehler—-Mildvan model of aging and mortality in
which the value of log K (or C) was declining over time.
Between 1951 and 1988, etiopathogenic influences (as
reflected by C values) among U.S. white men with respect to
stroke mortality declined 16.4%.

V. Commentary

Newtonian mechanics was used to assist humankind to suc-
cessfully navigate to the Moon and back. Newtonian mech-
anics, however, does not provide insight as to the “true”
nature of gravity. Indeed, Newtonian mechanics ignores the
heterogeneous atomic composition of large masses and the
quantum mechanical interactions between the atoms making
up those masses. Newtonian mechanics, nevertheless, is a
very functional and practical perspective from which to observe
and gain insight into gravitational forces, despite the fact that
the “true’ nature of the force of gravity remains unknown.

The relationship between age-specific rates and aging may
be similar. The molecular interactions involved in aging are
so complex that understanding the ‘“‘true’ nature of senescence
will be extremely difficult. However, examination and analysis
at the macroscopic level of age-specific rates may provide a
very functional and practical perspective from which to
observe and gain insight into the process of aging.



10

Finally, is aging ‘“normal” or ‘“‘pathological?”’ Perhaps the
“simple” correct answer to this complex question is that aging
is both “normal” and “‘pathological”.
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Nature versus
Nurture in the Aging Brain

The relative contribution of genotype to many phenotypes is not constant, but changes with age. Twin studies have
suggested that the contribution of genotype to general health increases until about age 70 and then decreases
dramatically thereafter. In families in which age-related neurological diseases occur in a Mendelian autosomal
dominant pattern (including Huntington’s disease), penetrance of the disease-causing allele increases from 0% in
childhood to 100% by about 70 years of age. However, for most diseases such familial cases constitute only a minority
of the total; thus the relative contribution of genotype to the total incidence of most diseases decreases after about age
70. Similarly, the contribution of genotype to nonpathological age-related neurobiological impairments also appears to
peak at about 70 years of age and then decreases. Thus after age 70, environmental effects increasingly dominate most
age-related impairments in neurobiological function. © 2001 Academic Press.

I. Introduction

A fundamental concern of biological research is to account
for variations between individuals. In general this concern is
addressed by assessing the relative contributions of genotype
and environment to phenotype. However, individual variation
of many phenotypes is significantly accounted for by age. It
is often assumed that age is essentially a proxy for the cumu-
lative effects of environment and thus that the effect of age on
a phenotype is in fact a reflection of environment. In turn, this
reasoning would imply that with respect to phenotype during
aging, the relative effect of environment should increase and
the relative effect of genotype should decrease. To address
this hypothesis, it is necessary to assess how stable individual
variations are during aging. For example, eye color is com-
pletely stable with age, and completely accounted for by geno-
type at all ages, whereas body weight is unstable with age in
two respects: the body weight of each individual changes with
age and the variability of body weight increases with age.
Although individual differences in body weight are largely
due to genotype, it is of interest to assess if age-related changes
in body weight (both in average and in variability) are due to
genotype or cumulative environmental effects.

Clearly in the case of autosomal dominant age-related
genetic diseases, the coupling between genotype and pheno-
type, e.g., penetrance, increases with age. For example, Hun-
tington’s disease is an autosomal dominant disease with
complete penetrance, as every individual bearing the disease-
causing allele eventually develops the disease (if the individual
lives long enough) and no individual without that allele devel-
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ops the disease. However, at birth there is no phenotypic
difference between individuals bearing the mutation for
Huntington’s disease and normal individuals; the phenotype
only develops during aging, and by age 70 there is almost
100% concordance between genotype and phenotype, with
the environment playing essentially no role. Thus penetrance
of the Huntington’s disease allele increases from 0 to 100%
during aging. Furthermore, cumulative environmental effects
during aging may depend largely on genotype. For example,
as described later, practice enhances skill, and a high-fat diet
induces obesity, but the effect of these manipulations depends
largely on genotype. Thus when individuals share a common
environment, the effect of genotype may become more accen-
tuated during aging even for environmentally induced pheno-
types. It has therefore become clear that assessing the coupling
between genotype and phenotype during aging requires a care-
ful analysis of the effect of age on genetic penetrance. As will
be described later, such careful analysis in human twin studies
has indicated that the relative contribution of genotype to phe-
notype often increases with age to a peak at around 70 years of
age, after which phenotype is increasingly determined by
environment. Interestingly, this pattern applies even to neuro-
biological functions, including cognitive functions, in which it
might be hypothesized that effects of experience would mono-
tonically increase throughout the life span.

These considerations also suggest that the effects of geno-
type may be revealed by environment. A classic example of
this strong interaction between environment and heredity in a
neuropathological process is the disease of phenylketonuria,
first described by Folling in 1934. Individuals homozygous

Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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for the disease allele of the phenylalanine hydroxylase gene
develop phenylketonuria, a disease leading to severe mental
retardation, on a normal diet. However, if maintained on a
diet free of phenylalanine, the disease will not develop (dis-
cussed in more detail in Rowe & Kahn, 1998, p. 219). As
with diet-induced obesity and many other pathological pro-
cesses, this example indicates that a unitary concept of “‘envir-
onment” is of limited value, since the relative contribution of
environment and heredity depends profoundly on the specific
nature of both environment and heredity. Specifically with
respect to the interaction between environment and heredity
during aging, a key consideration is that “environment” actu-
ally changes with age, for example due to profound age-related
differences in exposure to drugs. Nevertheless, despite these
complications, there has been remarkable agreement concern-
ing the relationship between environment and heredity during
aging in typical human (at least Western) environments.

Il. Genotype, Environment, and
General Health

One way to assess the relative contributions of genotype and
environment on phenotype is to analyze the cause of individual
variations of the phenotype across a population. Viewed statis-
tically, age-related phenotypes can be analyzed by assessing
the amount of variance that is accounted for by genotype,
environment, and age, and the shared variance of these factors.
A common approach to such an analysis involves examining
the shared variance of a phenotype in monozygotic compared
to dizygotic twins. In the Swedish Adoption/Twin Study of
Aging supported by the MacArthur Foundation Study of Suc-
cessful Aging, Harris et al. (1992) examined individual differ-
ences in objectively determined chronic illnesses as well as in
self-rated health in monozygotic and dizygotic Swedish twins
who were reared together or apart. The burden of chronic ill-
ness was assessed by a rating scale that was developed and
validated to reflect “‘constricted homeostasis” (Rowe, 1985)
as an indicator of general decline of physiological function.
Thus this parameter was designed to reflect a broad range of
functions, including cardiovascular, respiratory, neurologic,
metabolic, and other functions. Individuals were divided into
four age groups: less than 50 years old, 50-59 years old, 60—
69 years old, and greater than 70.

A key initial observation of this study was that while aver-
age health scores decreased monotonically with age, differ-
ences in the health between individuals also increased at
least as much with age. The effect of age on health was in con-
trast to the effect of age on height and weight in this study, as
differences in height and weight between individuals were
greater in the group aged 50-59 years than in the group aged
less than 50 years, but after 60 years of age individual differ-
ences actually began to decrease so that the lowest individual
variation for both height and weight was found in the oldest
group. One interpretation of these observations is that while
the health of many individuals deteriorated markedly during
aging, other individuals maintained relatively good health as
they aged. This interpretation was supported by the observa-
tion that the optimum score for objective health was observed
in individuals at all age ranges, but the worst reported score for
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health increased with the age of the group. In contrast, effects
of age on height and weight were relatively uniform. Thus a
critical question was to determine what accounted for the indi-
vidual variation in health during aging, which allowed some
individuals to age with little impact on health [referred to as
“successful aging” (Rowe and Kahn, 1997)], whereas other
individuals developed severe health problems. Specifically, a
key question was to assess the relative contribution of geno-
type and environment on health during aging.

This question was addressed by comparing the health during
aging of monozygotic twins reared together or reared apart
with the health of dizygotic twins reared together or reared
apart, using standard statistical methods. For example, objec-
tive health in monozygotic twins reared apart was highly cor-
related at ages below 50, between 50 and 59, and between 60
and 69, but was not significantly correlated over the age of 70
years. Essentially similar results were obtained in twins reared
together. Detailed analysis indicated that the relative contribu-
tion of genotype to objective health roughly doubled from the
youngest group to the group aged 60-69, but after the age of
70 there was no longer a significant effect of genotype on
objective health. These data suggest that objective health is
significantly influenced by genotype (not surprisingly) and
that the effect of genotype increases with age up until the
age of about 70 years (surprisingly), after which the effects
of environment become more important and the relative contri-
bution of genotype to phenotype decreases dramatically.

Because effects of environment, unique to each individual,
must surely accumulate with age, it may seem counterintuitive
that effects of genotype could increase with age at all. This
apparent conundrum can be resolved in the context of the fol-
lowing considerations. First, the effect of genes for age-relat-
ed genetic diseases must, by definition, increase with age.
Furthermore, because some effects of genes involve exacerbat-
ing effects of environment, cumulative environmental effects
may be exaggerated as a function of genotype. Finally, the
incidence rate of familial forms of diseases peaks earlier
than the incidence rate of sporadic or nonfamilial forms. As
described later, the net effect of these phenomena is that the
concordance between genotype and phenotype increases with
age, as the phenotype of genetic diseases develops, but then the
relative contribution of genotype to phenotype decreases with
age with increased incidence rates of sporadic forms of dis-
eases and nondisease impairments. Nevertheless, these obser-
vations regarding general health may not apply to specific
diseases. For example, the relative influence of genotype to
death from coronary heart disease increases monotonically
with age (Marenberg et al., 1994).

III. Motor Systems

As described in detail in later chapters of this book, motor
system functionality decreases monotonically with age. In
humans, this decline includes the development of several
age-related diseases of motor systems (including Huntington’s
disease and Parkinson’s disease) superimposed on universal
but gradual impairments in neuromuscular functions. The
incidence of each disease peaks at a characteristic age (for
Huntington’s disease around age 40, for Parkinson’s disease
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around age 70) and then begins to decline, whereas after this
age the universal age-related impairments constitute an
increasingly important component of the total variance in
motor function. As the incidence of disease increases, the con-
tribution of disease to individual variation in motor function
also increases, and to the extent that risk of disease is primarily
genetic, the genotype contributes substantially to phenotype
during this time. However, as the incidence of motor diseases
decreases (after about age 70), there is also a decline in the
relative contribution of motor disease genes to age-related
impairments in motor function.

A. Huntington’s Disease

The age-specific incidence rate of Huntington’s disease
peaks at around age 40 (Greenamyre and Shoulson, 1994),
whereas the overall prevalence in most populations is about
10 per 100,000 population (Conneally, 1984). (For mechanistic
analysis, the incidence the rate, reflecting the rate of new cases,
is more informative than prevalence, the total number of cases,
as incidence specifically reflects age-specific vulnerability to
developing the disease, whereas prevalance reflects a complex
set of factors, including integrated incidence rate and longevity
after development of the disease.) Monozygotic twins are
essentially 100% concordant in the development of Hunting-
ton’s disease, demonstrating the primary contribution of geno-
type to the risk of developing Huntington’s disease (Sudarsky
et al., 1983). More recent work has demonstrated that Hunting-
ton’s disease is caused by a variable expansion of a CAG
repeat producing a polyglutamine stretch in the gene product,
huntingtin (Lunkes et al., 1998). Characterization of the allele
for Huntington’s disease has made it possible to definitively
test for the relationship between genotype and Huntington’s
phenotype. Thus Kremer et al. (1994) studied 1007 late mid-
dle-aged patients who were clinically diagnosed with Hunting-
ton’s disease from 565 families and 113 controls with other
age-related neurological diseases. Of the 1007 diagnosed
patients, 995 were found to bear from 36 to 121 CAG repeats,
whereas none of the patients with other neurological diseases
were found to bear these repeats. Thus by late middle age the
concordance between genotype and Huntington’s phenotype is
essentially 100%.

Nevertheless, at relatively young ages (under age 20 years),
there is little concordance between genotype and Huntington’s
phenotype, as at these young ages only about 10% of indivi-
duals who express CAG repeats in the huntingtin gene exhibit
Huntington’s phenotype. Therefore, with respect to incidence,
Huntington’s disease represents an extreme form of the cou-
pling between genotype and age-related phenotype, in which
the coupling increases from very low below the age of 20 years
(at which age the great majority of individuals bearing the
CAG repeat do not exhibit the Huntington’s phenotype) to
essentially 100% concordance by age 70 years (at which age
almost every individual who bears the CAG repeat would
have developed the disease). By the same token, however, the
relative contribution of the CAG repeat to phenotypic variation
in the whole population increases with age as the incidence
of the disease peaks at about 40 years of age, but then
begins to decline as the incidence of Huntington’s disease
decreases.
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However, other aspects of the phenotype exhibit a more
subtle relationship to genotype. For example, the number of
CAG repeats can vary widely, from fewer than 30 to more
than 100; the number of CAG repeats is highly (inversely) cor-
related with age of onset of Huntington’s disease early in life,
but the strength of this correlation decreases with age (Crau-
ford and Dodge, 1993; Kremer et al., 1993). Therefore the cou-
pling between genotype and the age of onset of Huntington’s
disease decreases with age.

B. Parkinson’s Disease

Parkinson’s disease is about 10-fold more prevalent than
Huntington’s disease, and the incident rate of Parkinson’s dis-
ease peaks later than that of Huntington’s disease, at about 75
years of age, after which incidence rate begins to decline (Mar-
tilla, 1987). In marked contrast to the perfect concordance for
Huntington’s disease in identical twins, several studies have
failed to observe any concordance for Parkinson’s disease in
identical twins (Lilienfeld, 1994). At a minimum, this observa-
tion clearly indicates a much lower overall contribution of
genotype to Parkinson’s phenotype than for Huntington’s
phenotype. However, several families have been studied in
which the Parkinson’s disease follows a dominant Mendelian
pattern of inheritance (Golbe et al., 1996), and in several dif-
ferent families this led to the identification of an allele of «-
synuclein as the genetic basis of the disease in these families.
(Polymeropoulos et al., 1997). In another group of families in
which Parkinson’s disease is inherited in an autosomal reces-
sive Mendelian pattern, mutations in the gene coding for a
novel protein, named parkin, account for the appearance of
the Parkinson’s phenotype (Hattori et al., 1998; Kitada et al.,
1998). Nevertheless, mutations in a-synuclein and parkin only
account for a very small subset of all cases of familial Parkin-
son’s disease (Vaughan et al., 1998), and thus of an even smal-
ler subset of all cases of Parkinson’s disease.

Clearly the coupling of genotype to phenotype is much low-
er, and the genetic basis much more complex, in Parkinson’s
disease than in Huntington’s disease. However, Parkinson’s
disease is not only much more common than Huntington’s dis-
ease, it is a much more heterogeneous syndrome, and thus
plausibly involves a more heterogeneous set of pathophysiolo-
gical processes. For those forms of Parkinson’s disease for
which a single gene defect has been defined, the coupling
between genotype and phenotype behaves as it does in Hun-
tington’s. Thus within kindreds in which a-synuclein muta-
tions are common, at young ages there is no concordance
between mutations in a-synuclein and Parkinson’s phenotype,
whereas by age 70 there is a very high concordance between
genotype and phenotype. However, in the population as a
whole, this relationship is less evident (and indeed not detected
at all in twin studies), as a-synuclein mutations only account
for a small proportion of all cases of Parkinson’s disease (in
contrast to Huntington’s disease, all of whose cases are
accounted for by mutations in a single gene).

A key phenomenon for interpreting these data is that the
incidence rate of familial forms of Parkinson’s disease peaks
earlier than in sporadic or nonfamilial forms. Thus mutations
in parkin lead to juvenile onset Parkinson’s disease, whose
incidence peaks at around 20 years of age, and the incidence
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of Parkinson’s disease due to mutations in a-synuclein peaks at
around 50 years of age. In contrast, the incidence rate of Par-
kinson’s disease in the population as a whole peaks around 70
years. Because twin studies indicated that genotype makes lit-
tle contribution to the late-onset (and most common) form
of the disease, taken together these data imply that the contri-
bution of genotype to Parkinson’s phenotype increases with
age up until about age 50 and then begins to decline such
that by age 70, there is little contribution of genotype to phe-
notype (Langston, 1998). Thus a major question is the extent to
which genotype accounts for nondisease phenotype during
aging. Twin studies have indicated that although psychomotor
speed declines with age, the effect of genotype and possibly
early environment continues to dominate this phenotype dur-
ing aging, at least up until age 67, whereas in contrast, effects
of exercise were minimal (Simonen et al., 1998). Nevertheless,
the effect of age on the penetrance of genotype on psychomo-
tor function has not been elucidated in detail after the age of 70
years.

IV. Cognitive Function

Although genetic effects on motor diseases increase with
age before they decrease, it might be hypothesized that cogni-
tive functions are more likely to reflect cumulative experience
during aging, and thus the contribution of genotype might
be less for cognitive functions. However, as described later,
effects of genotype are probably at least as great on cognitive
functions during aging as for motor functions.

A. Alzheimer’s Disease

In contrast to Parkinson’s disease, twin studies have demon-
strated a significant genetic contribution to the risk of develop-
ing Alzheimer’s disease (Breitner et al., 1993, 1995; Bergem,
1994; Gallo and Breitner, 1995; Raiha et al., 1996, 1997; Ber-
gem et al., 1997; Gatz et al., 1997; Plassman and Breitner,
1997; Rubinsztein, 1997). For example, in a study of Swedish
twins, concordance between monozygotic twins was 67%,
compared to only 22% for dizygotic twins (Gatz et al.,
1997). Conclusions from twin studies have been corroborated
in family studies. For example, offspring whose parents had
both been diagnosed with Alzheimer’s disease had a 47%
chance of developing Alzheimer’s disease by age 65, far higher
than the risk of the general population at that age (Bird et al.,
1993). Similarly, analysis of 70 kindreds with evidence of her-
editary forms of Alzheimer’s disease indicated that offspring
whose parents had Alzheimer’s disease had a lifetime risk of
developing the disease by age 87 of 64%, again, far higher
than the risk in age-matched controls (Farrer et al., 1990).
Interestingly, the risk for offspring in families with early-onset
Alzheimer’s disease was only 53%, compared to a remarkable
86% for offspring in families with late-onset Alzheimer’s dis-
ease (Farrer et al., 1990). Thus at least within these kindreds,
there is evidence of increased penetrance of genotype during
aging. However, the incidence rate of Alzheimer’s disease
appears to decrease after age 90 (Lautenschlager et al., 1996).
Because of the relatively small number of individuals alive at
these very advanced ages, it is not yet known if the effect of
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genotype on the risk of Alzheimer’s disease may decline after
age 90.

As with Parkinson’s disease, allelic variations in several spe-
cific genes (presenilin 1, presenilin 2, 3-amyloid precursor, and
apolipoprotein E) have been implicated in the etiology of Alz-
heimer’s disease (Cruts and Van Broeckhoven, 1998; see the
review by O’Malley and Tanzi in the present volume). Thus
how aging influences the penetrance of these genes is of great
interest. Campion et al. (1999) addressed this question in a par-
ticularly interesting recent study that examined the genetic
basis of early-onset autosomal dominant Alzheimer’s disease
in the entire population of the city of Rouen. In this study,
early-onset autosomal dominant Alzheimer’s disease was
defined by the occurrence of Alzheimer’s disease before the
age of 61 years in three generations of a given family. Thirty-
four such families were observed in Rouen, with a population
of about 500,000. In 56% of such families, allelic variations in
presenilin 1 were observed, and in 15% of such families, allelic
variations of the (3-amyloid precursor were observed. In con-
trast, in nine families that did not exhibit an early-onset form
of the Alzheimer’s disease, such allelic variations were not
observed. These data suggest that the penetrance of presenilin
1 and B-amyloid precursor mutations reaches 100% at rela-
tively young ages (around age 60). However, because the inci-
dence of Alzheimer’s disease before the age of 60 is less
than 1% of the incidence at age 80-90, this clearly demon-
strates that the coupling between presenilin 1 (or 5 N-amyloid
precursor) and Alzheimer’s disease phenotype peaks at around
age 60 and then returns to negligible by age 80. In contrast to
the (eventual) complete penetrance of the presenilin and (-
amyloid alleles, alleles of the apolipoprotein E gene are never
completely penetrant, but nevertheless account for a much lar-
ger proportion (possibly 20%) of cases of Alzheimer’s disease
(Slooter et al., 1998). Nevertheless, the effect of apolipoprotein
E genotype peaks at around age 70 and then declines (but is
significant even at 90 years of age) (Farrer et al., 1997; Slooter
et al., 1998). Thus, taken together, evidence suggests that the
coupling between genotype and Alzheimer’s disease pheno-
type peaks by 70 years of age and then, as with other age-
related diseases, the role of genotype begins to decline.

B. Nonpathological Age-Related Changes in
Cognitive Functions

Although Alzheimer’s disease causes devastating loss of
cognitive function in affected individuals, far more individuals
experience much milder cognitive impairments that are appar-
ently not associated with disease (Botwinick, 1978). Because
the effects of genotype on performance in standardized intelli-
gence tests have been examined in great detail in young popu-
lations, several studies have used similar methodologies to
assess effects of aging on the contribution of genotype to per-
formance on these tests (Plomin et al., 1994; Finkel et al.,
1995, 1998; McClearn et al., 1997; Emery et al., 1998). For
example, Plomin et al. (1994), as part of the Swedish Adop-
tion/Twin Study of Aging, examined cognitive functions in
112 pairs of twins (both monozygotic and dizygotic) reared
apart and in 111 matched pairs of twins reared together. The
age of the twins was 64.1+7.5 (mean + SD) years. At this
age, the average heritability of general cognitive function (a
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composite of spatial, verbal, memory, and speed of processing
performances, after removal of effects of age and gender) was
80%. In a detailed review of studies from both the Swedish
Adoption/Twin Study of Aging and the Minnesota Twin Study
of Adult Development and Aging, Finkel et al. (1995) con-
cluded that both sets of studies suggested that the heritability
of general cognitive function is about 80% throughout adult-
hood, compared to estimates of about 50% during childhood
and adolescence, but evidence suggested a possible decrease
in heritability after age 70 years. A further analysis of the
Swedish twin study appeared to corroborate this result, as in
Swedish twins over the age of 80, the heritability of general
cognitive function was estimated to be about 62% (McClearn
et al., 1997). Other studies have also suggested that the herit-
ability of general cognitive function increases from about 50%
in childhood and adolescence to about 80% in adulthood
(McCartney et al., 1990; McGue et al., 1993). It should be
noted that although aging influences the heritability of general
cognitive function, the effect of age on cognitive function itself
is more specific to specific subsystems. In general, functions
reflecting knowledge improve with age, whereas functions
reflecting speed of processing and memory are impaired with
age. Thus aspects of cognition reflected by the Wechsler sub-
scales of information, vocabulary, and comprehension are rela-
tively unimpaired or even improve with age in nondemented
individuals, whereas cognitive functions reflected by the sub-
scales of block design, picture arrangement, and digit symbol
tend to deteriorate robustly with age (Botwinick, 1978). Inter-
estingly, the heritability of general cognitive function during
aging is greater than the heritability of any of the functions
reflected by subscales, which has been interpreted to indicate
that the ‘“‘nature of the genetic influence in the cognitive
domain appears to be more general than specific”’ (Plomin et
al., 1994). Thus, in contrast to the effect of age on the herit-
ability of general cognitive function, the heritability of mem-
ory function alone is reported to be stable with age (Finkel and
McGue, 1998).

V. Genotype Influences Cumulative Effect
of Environment

Because cognitive function is defined by experience, it may
seem surprising that the heritability of cognitive function can
increase with age at all (although decreasing after the age of
70). One resolution of this apparent paradox is that the influ-
ence of experience may be enhanced by genotype. For exam-
ple, in a twin study examining the effect of genotype on the
acquisition of a motor skill, Fox et al. (1996) reported that
while genotype influenced the initial performance of the skill,
the effect of genotype on the enhancement of the skill by prac-
tice was even greater. These investigators concluded that “the
effect of practice is to decrease the effect of environmental var-
iation (previous learning) and increase the relative strength of
genetic influences on motor performance.” Similarly, it seems
plausible that genotype may influence the cumulative effect of
experience on general cognitive functions. However, after the
age of 70 it appears that these genetic effects have reached
their peak, and the effects of unique experiences come to
dominate.
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A similar phenomenon may influence neuroendocrine func-
tions during aging. For example, it has been reported in males
that the heritability of body mass index is about 46% in males
aged 46-59 years old and 61% in males 60-76 years
old (Herskind et al., 1996). As with other phenotypes, the
mechanism of this increasing penetrance on body mass index
is unclear. However, work in rodents suggests a possible
mechanism. Two strains of mice, C57BL/6J and A/J, have
similar body weights throughout life if fed a standard labora-
tory chow, which is very low in fat. In contrast, when fed a diet
high in fat, C57BL/6J gain a substantial amount of body
weight and, after several months, develop diabetes, whereas
A/] mice, while consuming the same amount of the diet,
stay relatively thin and normoglycemic (Surwit et al., 1988).
Thus in the presence of one environment (characterized by a
low-fat diet), there is little effect of genotype on body weight
or blood glucose, whereas in a different environment (charac-
terized by a high-fat diet), the effect of genotype (which initi-
ally is very small) increases substantially as body weight and
blood glucose increase over time in C57BL/6J mice, but not A/
J mice. Furthermore, the increase of heritability of body weight
over time on a high-fat diet appears to be mediated through a
neuroendocrine mechanism, as the high-fat diet induces
weight-reducing responses in the hypothalamus of A/J mice,
but not in C57BL/6J mice (Bergen et al., 1999).

Age-related impairments in sensory functions may also
involve genetic exacerbation of environmental insults. For
example, C57BL/6J mice exhibit gradual age-related impair-
ments in auditory function, leading to essentially complete
loss of hearing by old age, whereas CBA and other strains of
mice retain largely normal auditory function until old age; this
effect of genotype is now known to be due to a recessive gene
whose penetrance increases with age (see Willott, this
volume). Of particular interest, however, is that this recessive
gene also greatly potentiates noise-induced hearing loss
(Erway et al., 1996). Thus, while the effect of genotype on
hearing function clearly increases with age in mice, part of
the mechanism by which this occurs may involve exacerbation
of environment, as is the case in diet-induced obesity. Simi-
larly, the concordance of age-related macular degeneration is
100% in monozygotic twins but only 42% in dizygotic twins
(Meyers et al., 1995); thus again the effects of genotype on
macular degeneration increase with age. Numerous environ-
mental effects of macular degeneration have been observed
(including smoking and diabetes), so it will be of interest to
assess if the genetic effects involve exacerbation of these
deleterious effects.

VI. Summary

Although genotype in humans contributes increasingly to
many age-related impairments up until about age 70, it is
important to emphasize that the contribution of genotype to
phenotype begins to decline after age 70, and for many pheno-
types the effect of environment is at least as great as the effect
of genotype. Furthermore, it is now appreciated that simple
changes in lifestyle, such as moderate exercise, can have a
profound beneficial effect, especially on impairments that
occur after the age of 70 (Rowe and Kahn, 1997). In addition,
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as described earlier, age-related increases in the heritability of
genetic diseases may involve a genetic mechanism that exacer-
bates deleterious environmental effects. Thus, burgeoning
advances in genomics should not only stimulate further analy-
sis of the genetic basis of age-related impairments, they should
equally inform further analysis of (potentially more tractable)
environmental influences. While initially the interaction be-
tween heredity and environment will be most easily deter-
mined in analyzing age-related diseases, ultimately the effects
of these interactions on nonpathological age-related impair-
ments may be of even greater general significance.
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Neurochemistry of Receptor
Dynamics in the Aging Brain

I. Introduction

Alterations in central nervous system (CNS) function are
intrinsic to aging processes in many species. Numerous inves-
tigations have been conducted to identify changes in synaptic
processes that are associated with specific age-related disor-
ders. Various neurotransmitter systems have been shown to
undergo changes as a function of aging. For example, there
is a loss of dopaminergic cells and a corresponding increase
in neurotransmitter synthesis with aging (Greenwood et al.,
1991). Other researchers have shown that declines in striatal
noradrenaline, dopamine, and serotonin concentrations occur
with age and suggest that these changes correspond to altera-
tions in cognitive function (Tanila et al., 1994). Additional
studies using aged nonhuman primates have demonstrated
reductions in a variety of neurotransmitters, including acetyl-
choline, norepinephrine, and serotonin (Beal et al., 1991).

This chapter focuses on the neurochemistry of changes that
occur in various receptor systems in the aging brain. The se-
rotonin (5-hydroxytryptamine; 5-HT) neurotransmitter system,
in particular, has been shown to be differentially regulated as a
function of age (Steinbusch er al., 1990; Johnson et al.,
1993). Because numerous age-related changes are observed
in the serotonergic system, a neurochemical system with dif-
fuse neuronal connections in the CNS, we will specifically
refer to this neurotransmitter system throughout the chapter
to exemplify various facets of receptor-related changes in the
aging brain. For example, the serotonergic system has been
implicated in several neurobehavioral processes, including
anxiety (Jolas et al., 1995), depression (Delgado et al., 1990;
Cowen, 1993; Stockmeier er al., 1998), pain transmission
(Yaksh and Wilson, 1979; Crisp and Smith, 1989), and mood
and cognition (Altman et al., 1990; Bliss and Collingridge,
1993). In fact, the quality of these behaviors is often disrupted
with advanced age (Timiras, 1994) and is associated with a
decline in serotonergic neuronal function. Additionally, several
reports of increased 5-HT turnover (Petkov et al., 1987; Stein-
busch et al., 1990) and decreased 5-HT levels or release
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(Schlicker et al., 1989; Ko et al., 1997) in the CNS with aging
indicate the emergence of age-induced changes in the neuro-
chemical balance of the 5-HT neurotransmitter system.

In a broader context, this chapter highlights fundamental
issues and approaches used to address the neurochemical
aspects of receptor expression and function. Whether assess-
ment is made of receptor structure, localization, or distribution,
these indices are regulated in a dynamic fashion. Indeed,
neurochemical analysis of receptor expression is linked to con-
tinual processes of receptor-specific turnover, up- and down-
regulation, and kinetics of receptor recovery, as well as
modulation by paracrine and autocrine factors, which include
a variety of hormone and cytokines. We will endeavor to pro-
vide insight into the numerous issues and research strategies
that link the neurochemistry of receptors to normal and patho-
logical processes in the aging CNS. This snapshot of the
dynamics of receptors in the aging brain can serve as a model
for similar issues to be examined in peripheral tissues.

The following sections describe various findings of altera-
tions in receptor turnover, signal transduction, neuromodula-
tory regulation, and the relevance of these changes to the
aging brain. We will first, however, explore the age-related
changes that occur in receptor density for several specific neu-
rotransmitter receptor systems (i.e., serotonin, dopamine, adre-
naline, and acetylcholine).

II. Receptor Density and Function

The density of receptors in a given membrane and their abil-
ity to recover from insult (e.g., hypoxic injury or neurotoxic
exposure) are critical factors in the ability of the aging brain
to adapt to and subsequently respond to pharmaceutical agents
that interact specifically with these receptors. For example, we
have found that the density of hippocampal 5-HT A receptors
is decreased with aging (Keck and Lakoski, 2000). It is impor-
tant to recognize that changes in receptor number may reflect
alterations in the rates of receptor synthesis and turnover. Thus,
it is also vital to consider the importance of modifications in

Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.



22

other indices, such as receptor recovery, when treating disor-
ders such as depression and anxiety, which are associated
with altered 5-HT, 5 receptor function (Charney et al., 1990;
Meltzer, 1990).

The serotonin receptor subtype 5-HT 4, in particular, is sig-
nificant due to its implication in disorders of mood; the func-
tional importance of this receptor has been validated by the
effectiveness of 5-HT; receptor agonists/antagonists in the
treatment of anxiety and depression, respectively (Fernandez-
Guasti and Lopez-Rubalcava, 1990; Martin et al., 1990).
Changes in 5-HT;A receptor density with age are variable;
human studies report a decline in 5-HT;, receptor density
(Dillon et al., 1991) and mRNA abundance (Burnet et al.,
1994), whereas investigations using the rat do not consistently
demonstrate losses in 5-HT;, receptor number. Yamaguchi
and Yamagata (1991) showed no significant change in the
number of cortical 5-HT 5 receptors with age, yet observations
in our own laboratory indicate a slight decrease in receptor
density in the hippocampus associated with aging (Keck and
Lakoski, 2000). Interestingly, deficiencies of 5-HT 5 receptors
have been observed in cortical tissue from patients diagnosed
with the age-related disorder Alzheimer’s disease (Middlemiss
et al., 1986). This diversity in age-specific changes in basal
5-HT, o receptor number may reflect neuroanatomical differ-
ences, between rats and humans, in radioligand binding using
the agonist 8-hydroxy-2(di-n-propylamino)-tetralin ([*H]8-
OH-DPAT), which selectively binds to 5-HT, receptor sites
(Duncan et al., 1998).

Despite conflicting binding data, age-dependent changes in
5-HT, 5 receptor function are well documented and include the
attenuation of 5-HT 5 receptor agonist-induced reduction of 5-
hydroxyindoleacetic acid (Robson et al., 1993), declines in 5-
HT, 5 receptor-mediated circadian rhythmicity (Penev ef al.,
1995), decreases in the functional adaptation of the 5-HTA
receptor following exposure to a subchronic stressor (de Castro
et al., 1996), and a loss of responsiveness to an irreversible
inactivating agent, N-ethoxycarbonyl-2-ethoxy-1,2-dihydro-
quinoline (EEDQ; Keck and Lakoski, 1996a). Correspond-
ingly, 5-HT;5 receptors from old animals display distinct
patterns of recovery and turnover following irreversible inacti-
vation compared to their young counterparts (Keck and
Lakoski, 2000; see later). Moreover, studies of corticosteroid
hormone modulation of the 5-HT;s receptor in the aging
hippocampus demonstrated an age-dependent loss in the abil-
ity of high and low levels of corticosterone pretreatment to
down- and upregulate the density of 5-HT;, receptor agonist
binding, respectively (Maines et al., 1998). Similar observa-
tions have been noted for the serotonin transporter in which
there was an age-related loss in the ability of corticosterone
treatment to induce a decline in binding density in hippocam-
pal tissue (Maines et al., 1999). Thus, in the hippocampus, an
age-dependent change in 5-HT 5 receptor/ corticosteroid inter-
action was revealed.

Another 5-HT receptor subtype, the 5-HT,, receptor, has
become increasingly important since the discovery and use
of therapeutically effective atypical antipsychotic medications
for the treatment of mood disorders and psychosis. Several in
vitro, in vivo, postmortem, and positron emission tomography
(PET) findings confirm a decline in 5-HT,4 receptor binding
with advancing age (Druse et al., 1997; Baeken et al., 1998;
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Meltzer et al., 1998). For example, a study utilized PET scans
in young and elderly individuals to test for cortical alterations
in 5-HT,4 receptor-binding density. Even after correcting for
effects of cerebral atrophy, a significant loss (57%) in specific
binding was demonstrated in the elderly group for this binding
site relative to the young control group (Meltzer et al., 1998).
These findings underscore the role of 5-HT,4 receptors in the
etiology of mood changes in the elderly and may have impor-
tant therapeutic implications for the treatment of disorders
such as geriatric depression.

As a consequence of aging, there are a variety of anatomical
and physiological changes in brain dopamine (DA)-binding
proteins. Araki et al. (1997) demonstrated a decrease in radio-
ligand binding (using [*H]mazindol) to the DA transporter.
The clinical importance of age-related changes in the classical
DA receptors (D; and D5) is exemplified by the resultant motor
disturbances associated with altered receptor number/function.
It has been suggested that the decreased motor abilities asso-
ciated with normal aging or neurodegenerative diseases, such
as Parkinson’s disease, result from alterations in striatal D; and
D, receptors (Cross and Rossor, 1983; Joseph et al., 1983;
Rinne et al., 1991; Roth and Joseph, 1994; Turjanski et al.,
1995). In fact, a large body of evidence supporting this theory
reveals substantial declines in D, receptor densities in both
humans (D. F. Wong et al., 1984, 1997; W. F. Wong et al.,
1997) and rodents (O’Boyle and Waddingron, 1984; Tajuddin
and Druse, 1996) and demonstrates a loss of D, receptor-con-
taining neurons (Han et al., 1989) with aging. Additionally,
researchers have uncovered a variety of age-related changes
in D, receptor mRNA, including a reduction in receptor
mRNA levels (Mesco et al., 1991; Della Vedova et al., 1992),
and a decrease in the rate of D, receptor mRNA synthesis
(Mesco et al., 1993). Together, these findings strengthen the
implied relationship among aging, DA receptor modification,
and disease-related motor dysfunction.

Like the dopaminergic and serotonergic receptor systems,
acetylcholine (ACh) receptors undergo age-related alterations.
Studies of muscarinic (M) cholinergic receptor subtypes M,
and M, have shown an age-specific pattern of binding density
(Biegon et al., 1989). Declines in nicotinic ACh receptors have
also been shown in aged humans (Marutle et al., 1998), and
postmortem investigations of cortical and hippocampal tissues
revealed age-related decreases in mRNA expression for nico-
tinic receptor subunits oy and 3, (Tohgi et al., 1998). These
findings, exhibiting decreases in nicotinic acetylcholine recep-
tor transcription during aging, suggest that such changes may
be important contributors to the cognitive decline seen in the
elderly (Tohgi et al., 1998). Additionally, Buyukuysal and
associates (1998) reported a reduction in the stimulated release
of ACh as well as a decline in muscarinic ACh receptor density
with advancing age. A corroborating report by Vannuchi et al.
(1997) showed a decline in ACh neurotransmitter release in
aged rats and an associated decline in cognitive performance.
These reports lend further support for a relationship between
cholinergic decline and cognitive dysfunction and point to
the muscarinic receptor as a possible target for medications
used to treat memory problems associated with aging (Van-
nuchi et al., 1997).

Similar to cholinergic receptors, adrenergic receptors are
also described to decline in number with aging. Using quanti-
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tative autoradiographic analyses and 1231 labeled pindolol
binding as an indicator of F-adrenergic receptor density, a sig-
nificant region-specific loss was demonstrated in the aging rat
brain (Miller and Zahniser, 1988). A report by Gould and
Bickford (1997) supports an age-related loss in the adrenergic
receptor system function. More specifically, these investigators
showed that in aged rats there is a deficiency in (-adrenergic
signal transduction. Together, these data indicate that with
aging there is a significant decline in (-adrenergic receptor
number and function.

It is clear that with aging there is a myriad of alterations
in receptor numbers that occur in the mammalian CNS. As
changes in receptor density are critical aspects to the changing
neurochemistry of neurotransmitter system functioning, these
age-induced alterations in receptors will likely extend into
physiological, behavioral, and cognitive ramifications.

III. Receptor Turnover

The practical importance of analysis of changes in receptor
turnover with aging has already been introduced briefly in
terms of older individuals’ abilities to adapt to neurological
damage. The capability to recover quickly, or at all, from
receptor loss/cellular injury could impact the overall progres-
sion of and recovery from an illness. A fast rate of receptor
turnover might enhance the recuperation process, especially
if the illness had an associated loss of receptor number or
receptor function. Similarly, a slow turnover of receptors fol-
lowing insult might decrease the likelihood of recovery.
Furthermore, the development or discovery of agents that
enhance receptor turnover (e.g., neurotrophic factors, estrogen)
might prove very useful for the treatment of trauma-related
processes in young individuals, as well as progressive neurode-
generative disease processes in the elderly.

A. Approaches to Investigate Receptor Inactivation
and Turnover

In investigations using animal models, various neurotoxins
and drug agents have been used to examine (1) the sensitivity
of ““aged” receptors to the damaging effects of a toxin and (2)
the recovery of various receptors (Riekkinen et al., 1992;
Zawia et al., 1992). In general, these studies have shown a
loss in receptor plasticity with aging and a low rate of receptor
regeneration (Greenberg and Weiss, 1979; Pitha ef al., 1982;
Zhou et al., 1984). The alkylating agent EEDQ (Battaglia et
al., 1987; Cox et al., 1993; Gozlan et al., 1994; Pinto and Bat-
taglia, 1994; Raghupathi et al., 1996), which acts to irreversi-
bly block specific receptors, is one such agent that has been
used frequently to investigate age-related changes in receptor
turnover. The EEDQ molecule noncompetitively inactivates
several G-protein-coupled receptor sites, including serotoner-
gic (Pinto and Battaglia, 1993; Gozlan et al., 1994; Keck
and Lakoski, 1996b; Ni ef al., 1997; Kettle et al., 1999), dopa-
minergic (Henry and Roth, 1984), a-adrenergic (Adler et al.,
1985), B-adrenergic (Neve and Molinoff, 1986), and muscari-
nic (Norman and Creese, 1986) receptors. This neurotoxicant
irreversibly inactivates receptors by producing a receptor-
linked mixed carbonic anhydride, which, in turn, forms an irre-
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versible bond with nucleophilic groups in the ligand-binding
pocket of the binding site (Belleau et al., 1969). Subsequently,
the kinetics of receptor recovery can be established and com-
pared in young adult and old animal models. Results of these
types of experiments contribute much needed information
regarding the effects of aging on the functional capacity of
neurotransmitter systems following a neurotoxic insult.

Of the serotonergic receptor subtypes, the 5-HT; receptor
is the most sensitive to inactivation by EEDQ (Gozlan et al.,
1983, 1994). This receptor subtype has been shown to be nega-
tively coupled to adenylate cyclase via pertussis toxin-sensitive
guanine nucleotide-binding proteins (Zgombick et al., 1989).
Pretreatment with WAY 100,635, a selective 5-HT 5 receptor
antagonist, protects these binding sites (over 70%) from inac-
tivation by EEDQ (Gozlan et al., 1994) and confirms that the
irreversible inactivator interacts directly at the ligand recogni-
tion site of the 5-HT 5 receptor. Therefore, EEDQ administra-
tion has been a very appropriate pharmacological tool to
examine 5-HT;, receptor recovery with aging (Keck and
Lakoski, 1997).

In our own work, we have investigated the kinetics of recep-
tor recovery for the aging 5-HT; 5 receptor (Keck and Lakoski,
1996b, 1997, 2000). Our findings have provided an interesting
framework in which to characterize age-associated changes in
the recovery profile of the 5-HT; 5-binding site in the CNS. We
examined the kinetics of 5-HT 5 receptor recovery with aging
and discovered that, unlike D, receptors or - and a,-adreno-
ceptors, hippocampal 5-HT;, receptors demonstrate a faster
rate of recovery in old rats compared to young adult rats.
Dopaminergic and «-adrenergic receptors, however, have
been shown to undergo a delayed rate of recovery in aged ani-
mals (see later; Henry and Roth, 1984; Leff et al., 1984; Zhou
et al., 1984; Henry et al., 1987). In our studies, 5-HT 5 recep-
tor density in the hippocampus returned to vehicle control
levels at an earlier time point in old, 22-month rats compared
to young, 3-month rats. The turnover of hippocampal 5-HT 5
receptors was nearly three times faster in old rats versus young
adult rats (Keck and Lakoski, 2000). From these findings, we
surmise that a cooperative relationship exists between age-
dependent increases in 5-HT 5 receptor turnover and increases
in the turnover of the 5-HT neurotransmitter itself (Petkov et
al., 1987; Steinbusch et al., 1990).

Numerous studies of toxin-induced degradation of the dopa-
minergic receptor system have demonstrated age-related dif-
ferences in the rate of recovery of dopamine receptors,
especially the D, receptor. Typically, senescent rats have
been shown to exhibit lower rates of dopamine receptor turn-
over, production, and degradation compared to mature rats
(Henry and Roth, 1984; Leff er al., 1984; Norman et al.,
1987; Battaglia et al., 1988) following treatment with EEDQ.
An age-related decline in receptor synthesis following EEDQ
treatment also correlated with a reduced recovery in motor
function (Henry et al., 1987). Results from other investigations
showing that the rates of recovery for both D; and D, receptor
proteins were higher in young rats than in older age groups
(Kula et al., 1992; Crawford et al., 1994) lend additional sup-
port for an age-related alteration in the recovery pattern of
dopaminergic receptors.

For adrenergic receptors, the recovery of [*H]prazocin and
[3H]rauwolscine binding, which labels «;- and «,-adreno-
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ceptors, respectively, was delayed significantly in aged com-
pared to young rats (Zhou et al., 1984). Similar to the (3-adre-
noreceptor, the de novo synthesis of new receptor proteins was
demonstrated to be low in senescent animals (Pitha et al.,
1982).

Hence, a general theme has unfolded that indicates an over-
all decline in the ability of aged receptors to recover from neu-
rotoxic injury, with an exception being 5-HT;, receptors in
senescent rats which have been shown to recover at a faster
rate compared to the same receptor populations in young rats.

IV. Receptor/Effector Coupling Processes

The topic of age-related changes in receptor-linked signal
transduction mechanisms requires an entire book of its own.
However, we have included here a short description of some
of the relevant findings in the serotonergic system with aging
to serve as a cursory introduction to the large realm of altera-
tions that can occur in receptor/effector coupling mechanisms.
In the serotonergic system, age-induced changes in receptor/
effector coupling mechanisms and metabolism suggest that
the 5-HT receptor function is altered with aging (Robson et
al., 1993).

From our early studies with EEDQ, we discovered an age-
related decrease in 5-HT;, receptor affinity following EEDQ
treatment. Using EEDQ, we hypothesized that a subpopula-
tion of low-affinity 5-HT;s receptors, perhaps G-protein-
uncoupled, was unmasked. Previous work by other researchers
indicated that [*H]8-OH-DPAT, the agonist radioligand used in
our studies, labeled both high and low affinity-binding sites
(Mongeau et al., 1992; Nénonéné et al., 1994). The high affi-
nity site was perceived to be G-protein coupled, as the addition
of the nonhydrolyzable GTP analog GppNHp converted this
binding site to a low affinity state (Mongeau et al., 1992;
Nénonéné et al., 1994). Nénonéné et al. (1994) also demon-
strated that the low affinity [*H]8-OH-DPAT-binding site was
insensitive to GppNHp, implying that this binding site was
uncoupled from its G-protein.

Our own research findings showing age- and brain-region
specific changes following treatment with EEDQ (Keck and
Lakoski, 2000) may reflect similar alterations in the affinity
of the radioligand [*H]8-OH-DPAT for 5-HT,, receptors
and/or in the ability of these receptors to interact with their
corresponding G-proteins. Because EEDQ evidently interacts
specifically with receptors that are coupled to G-proteins and
because subpopulations of 5-HT;, receptors in specific brain
tissues are insensitive to EEDQ blockade in aged rats, our find-
ings demonstrating an age-dependent decrease in affinity for
the same pool of receptors following EEDQ treatment imply
that an increase in the proportion of low affinity/G-protein-
uncoupled sites (unaffected by EEDQ administration) emerges
with aging (see also Keck and Lakoski, 1996a). The density
of [3H]8-OH-DPAT binding is not affected by EEDQ in
these brain regions in old rats, yet treatment with the irre-
versible inactivator produces concomitant decreases in
affinity. Future binding studies using a radiolabeled anta-
gonist selective for the 5-HT,, receptor (such as [*H]p-
MPPF; Kung et al., 1996) would be useful to confirm these
observations.
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Age-associated changes in the affinity for 5-HT 5 receptors
in the hippocampus, frontal cortex, and amygdala following
EEDQ may be especially important, as it is well known that
these brain areas play a role in memory (Eichenbaum et al.,
1992) and general cognitive function, two related abilities
that are often compromised with aging. Likewise, deficiencies
of 5-HT; receptors have been observed in the cortices of
patients with age-related diseases such as Alzheimer’s disease
(Middlemiss et al., 1986). One explanation for the age-related
decline in 5-HT 4 receptor affinity following EEDQ treatment
may be that age-dependent changes in the conformation of
these receptors account for difficult interactions among recep-
tor proteins, G-protein-coupled effectors, and EEDQ. For
example, it has been shown that sulfhydryl groups are needed
to assure efficient coupling between the receptor and its G-pro-
tein (Kitamura and Nomura, 1987). These nucleophilic groups
may also be crucial for the alkylation process induced by
EEDQ at the target receptor. An age-related decrease in the
number or accessibility of sulfhydryl groups (Reader et al.,
1995) or EEDQ-sensitive carboxylic groups at the receptor
site, perhaps coupled with an increase in the number of recep-
tors that are dissociated from the G-protein, could affect the
affinity of this agent for the 5-HT, 5 receptor. These mechan-
isms may also contribute to the limited effect of EEDQ treat-
ment on 5-HT,;, receptor binding observed in the frontal
cortex and amygdala of old rats.

Multiple signal transduction processes are also coupled to
the expression and function of other 5-HT receptor subtypes
as well as a plethora of dopaminergic, adrenergic, and choli-
nergic receptors. In addition to the classical role of coupling
to G-proteins commonly found with metabotropic receptors,
it is important to acknowledge that age-dependent changes in
other signal transduction components, ranging from expression
of adenylate cyclase to calcium-mediated sequestering pro-
cesses, will also impact the ability of the aged receptor to
effectively and efficiently transduce signaling information.

V. Neuromodulatory Regulation of Receptors

Age-related changes in the hormonal regulation of receptor
number and function are vital forces in the changing respon-
siveness of CNS tissues to neurotransmitter effects. For exam-
ple, the loss of estrogen in the aged female has been
recognized to alter the effects of the neurotransmitter 5-HT
in a variety of ways. Estrogen replacement therapy increases
the efficacy of fluoxetine (a selective serotonin reuptake inhi-
bitor) in the treatment of depression in geriatric females
(Schneider et al., 1997; McCusker et al., 1998; Rubinow et
al., 1998). This gonadal hormone has been shown to produce
increases in tryptophan hydroxylase mRNA expression
(Pecins-Thompson et al., 1996), 5-HT levels in the plasma,
blood and platelets (Malyszko et al., 1995; Blum et al.,
1996), and excretion of the serotonin metabolite 5-hydroxyin-
dole acetic acid (5-HIAA; Lippert et al., 1996; Mueck et al.,
1997). These data support a general role for estrogen in the
enhancement of serotonergic activity.

The contribution of estrogen to 5-HT 5 receptor expression
has also been investigated by several research groups. For
instance, the hyperphagic response elicited by the selective
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5-HT 5 receptor agonist 8-OH-DPAT was less prominent in the
presence of estrogen (Salamanca and Uphouse, 1992; Uphouse
et al., 1994; Maswood and Uphouse, 1997). In another study,
Maswood et al. (1995) suggested that 8-OH-DPAT was less
effective in reducing tissue concentrations of the serotonin
metabolite 5-HIAA due to the presence of estrogen. Further-
more, Lakoski (1988, 1989) reported that the ability of 8-
OH-DPAT to reduce the firing of dorsal raphe neurons was
reduced by estrogen. All of these studies suggest an inhibitory
role of estrogen on the function of 5-HT;, receptors. Still
others have reported an enhanced activity of the 5-HT 5 recep-
tor following estrogen. Chronic estradiol increased the func-
tional response to 8-OH-DPAT by enhancing the ability of
the agonist to increase serum corticosterone levels in vivo
(Matsuda et al., 1991). Also, estradiol treatment has been
shown to selectively potentiate the ability of centrally adminis-
tered 8-OH-DPAT to decrease heart rate (Alper and Schmitz,
1996), enhance the inhibition of adenylyl cyclase activity by
5-HT (Clarke and Maayani, 1990), and increase the hypother-
mic response to 8-OH-DPAT in ovariectomized rats (Young
et al., 1993). While the density of 5-HT receptor-binding sites
varies with estrous cycle (Biegon et al., 1980; Al-Dahan et al.,
1994), data describing changes in 5-HT 5 receptor binding or
mRNA concentration following treatment with estrogen
remain inconsistent (Biegon et al., 1982, 1983; Biegon and
McEwen, 1982; Clarke and Maayani, 1990; Sumner and
Fink, 1993; Frankfurt et al., 1994). Although the effects of
estrogen on 5-HT receptor density and/or function is uncer-
tain (i.e., increased versus decreased), an interaction among
this ovarian hormone and 5-HT, 5 receptors is well documen-
ted (Maswood et al., 1995; Cologer-Clifford et al., 1996;
McKittrick and McEwen, 1996).

Evidence shows that estrogen is capable of producing neu-
rotrophic effects on neurons and receptors. Estrogen treatment
increases the growth and arborization of neuronal processes
(neurites) on dendrites and axons of developing neurons (Nichi-
zuka and Arai, 1981; Hammer and Jacobson, 1984; Stanley et
al., 1986). Moreover, while estrogen promotes the expansion
of neurites primarily during development, following injury to
adult brain regions (e.g., deafferentation or axotomy), the
growth-promoting attributes of estrogen are expressed anew
and estrogen is again capable of influencing dendritic differen-
tiation and synapse development (Matsumoto and Arai, 1981).
Similarly, treating cultured neurons damaged by glutamate
with estrogen protects against cell death and free-radical build-
up (Behl et al., 1997). Ultimately, estrogen-induced enhance-
ment of receptor function will be beneficial in treating
disorders of the CNS involving receptor dysfunction.

The findings just described lead to the intriguing hypothesis
that estrogen supplementation may prevent or improve degen-
erative symptoms associated with a loss of serotonergic cells,
receptors, or function observed in disorders such as Alzhei-
mer’s disease (Aletrino et al., 1992; Palmer and DeKosky,
1993; Storga et al., 1996; Baldereschi et al., 1998). Indeed,
estrogen therapy has been shown to augment cognitive func-
tioning in the postmenopausal woman (Jacobs et al., 1998),
protect against the development of dementia in Parkinson’s
disease (Marder et al., 1998), improve attention, orientation,
mood, and social interaction in females with senile dementia
of the Alzheimer’s type (Fillit ez al., 1986), and enhance verbal
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memory in women with Alzheimer’s disease (Asthana et al.,
1996). In the future, consistent data illustrating a change in
the degree of 5-HT;, receptor mRNA expression following
estrogen administration would be useful in the development
of new treatments for aging female populations undergoing
degenerative processes (e.g., Alzheimer’s disease). In essence,
estrogen and other growth factors, such as nerve growth factor,
may work together to decrease the vulnerability of adult sero-
tonergic neurons to disease processes or aging and may incre-
ase their compensatory responses following neurodegenerative
injury.

VI. Future Directions

Future studies that examine age-induced changes in neuro-
transmitters and the corresponding onset of neurodegenerative
diseases will provide information about the relationship be-
tween aging receptors and age-related declines in cognition,
anxiety, depression, and Alzheimer’s disease. A practical goal
of current researchers should be to investigate the age-depen-
dent role of molecular changes in the expression of neurotrans-
mitter receptors and their subtypes in the etiology of these
behavioral processes. Indeed, there is a great need for addi-
tional information regarding the molecular substrates of neuro-
transmitter-related behaviors in the aging animal. As the
involvement of multiple neurotransmitter systems in aging
processes becomes more fully understood, particularly at the
level of gene regulation, new approaches for the treatment of
cognitive and mood disorders in aged populations will ensue.

Tremendous advances have been made in our understanding
of the fundamental biological processes that govern the
dynamics of receptor expression and function. However, the
future will be even brighter as image analysis techniques
are developed to visualize receptor dynamics across the life
span. The enhancements in image resolution that can be
obtained in vivo are providing the first steps toward monitoring
receptors in an organism on a continual basis throughout the
health span. Thus, the temporal limitation of our current
approaches, which often make it cuambersome and difficult to
correlate the neurochemical profile of a given receptor subtype
with a behavioral and/or genetic trait, holds great promise for
resolution in the coming years.

Acknowledgments

Supported by grant 1 POl AG14731 from the National Institute on Aging
(JML) and an Independent Investigator Award from the National
Association for Research on Schizophrenia and Depression (JML). We
thank Lynn M. Peters for her editorial help.

References

Adler, C. H., Meller, E., and Goldstein, M. (1985). Recovery of «,-
adrenoceptor binding and function after irreversible inactivation by N-
ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ). Eur. J. Phar-
macol. 116, 175-178.

Al-Dahan, M. 1., Jalilian Tehrani, M. H., and Thalmann, R. H. (1994).
Regulation of gamma-aminobutyric acidg (GABAg) receptors in
cerebral cortex during the estrous cycle. Brain Res. 640, 33-39.



26

Aletrino, M. A., Vogels, O. J. M., Van Domburg, P. H. M. F, and Ten
Donkelaar, H. J. (1992). Cell loss in the nucleus raphes dorsalis in
Alzheimer’s disease. Neurobiol. Aging 13, 461-468.

Alper, R. H., and Schmitz, T. M. (1996). Estrogen increases the
bradycardia elicited by central administration of the serotonin;, agonist
8-OH-DPAT in conscious rats. Brain Res. 716, 224-228.

Altman, H. J., Normile, H. J., Galloway, M. P., Ramirez, A., and Azmitia,
E. C. (1990). Enhanced spatial discrimination learning in rats following
5,7-DHT-induced serotonergic deafferentation of the hippocampus.
Brain Res. 518, 61-66.

Araki, T., Kato, H., Shuto, K., Fujiwara, T., and Itoyama, Y. (1997).
Effect of aging on dopaminergic receptors and uptake sites in the rat
brain studied by receptor autoradiography. J. Neurol. Sci. 148, 131-137.

Asthana, S., Craft, S., Baker, L. D., Raskind, M. A., Avery, E., Lofgreen,
C., Wilkinson, C. W., Falzgraf, S., Veith, R. C., and Plymate, S. R.
(1996). Transdermal estrogen improves memory in women with
Alzheimer’s disease. Soc. Neurosci. Abstr. 22, 200.

Baeken, C., D’haenen, H., Flamen, P., Mertens, J., Terriere, D., Chavatte,
K., Boumon, R., and Bossuyt, A. (1998). 123[.5.1-R91 150, a new single-
photon emission tomography ligand for 5S-HT2A receptors: Influence of
age and gender in healthy subjects. Eur. J. Nucl. Med. 25, 1617-1622.

Baldereschi, M., DiCarlo, A., Lepore, V., Bracco, L., Maggi, S., Grigoletto,
F., Scarlato, G., and Amaducci, L. (1998). Estrogen-replacement
therapy and Alzheimer’s disease in the Italian Longitudinal Study on
Aging. Neurology 50, 996-1002.

Battaglia, G., Norman, A. B., and Creese, 1. (1987). Differential serotonin,
receptor recovery in mature and senescent rat brain after irreversible
receptor modification: Effect of chronic reserpine treatment. J.
Pharmacol. Exp. Ther. 243, 69-75.

Battaglia, G., Norman, A. B., and Creese, I. (1988). Age-related
differential recovery rates of rat striatal D-1 dopamine receptors
following irreversible inactivation. Eur. J. Pharmacol. 145, 281-290.

Beal, M. F,, Walker, L. C., Storey, E., Segar, L., Price, D. L., and Cork, L.
(1991). Neurotransmitters in neocortex of aged rhesus monkeys.
Neurobiol. Aging 12, 407-412.

Behl, C., Skutella, T., Lezoualc’h, F., Post, A., Widmann, M., Newton, C. J.,
and Holsboer, F. (1997). Neuroprotection against oxidative stress by es-
trogens: Structure-activity relationship. Mol. Pharmacol. 51, 535-541.

Belleau, B., DiTullio, V., and Godin, D. (1969). The mechanism of
irreversible adrenergic blockade by N-carbethoxydihydroquinolines—
Model studies with typical serine hydrolases. Biochem. Pharmacol. 18,
1039-1044.

Biegon, A., and McEwen, B. S. (1982). Modulation by estradiol of
serotonin receptors in brain. J. Neurosci. 2, 199-205.

Biegon, A., Bercovitz, H., and Samuel, D. (1980). Serotonin receptor
concentration during the estrous cycle of the rat. Brain Res., 187, 221—
225.

Biegon, A., Fischette, C. T., Rainbow, T. C., and McEwen, B. S. (1982).
Serotonin receptor modulation by estrogen in discrete brain nuclei.
Neuroendocrinology. 35, 287-291.

Biegon, A., Reches, A., Snyder, L., and McEwen, B. S. (1983).
Serotonergic and noradrenergic receptors in the rat brain: Modulation
by chronic exposure to ovarian hormones. Life Sci. 32, 2015-2021.

Biegon, A., Hanau, M., Greenberger, V., and Segal, M. (1989). Aging and
brain cholinergic muscarinic receptor subtypes: An autoradiographic
study in the rat. Neurobiol. Aging 10, 305-310.

Bliss, T. V. P., and Collingridge, G. L. (1993). A synaptic model of
memory: Long-term potentiation in the hippocampus. Nature (London),
361, 31-39.

Blum, I., Vered, Y., Lifshitz, A., Harel, D., Blum, M., Nordenberg, Y.,
Harsat, A., Sulkes, J., Gabbay, U., and Graff, E. (1996). The effect of
estrogen replacement therapy on plasma serotonin and catecholamines
of postmenopausal women. Isr. J. Med. Sci. 32, 1158-1162.

Burnet, P. W. J., Eastwood, S. L., and Harrison, P. J. (1994). Detection
and quantitation of 5-HT;, and 5-HT,, receptor mRNAs in human
hippocampus using a reverse transcriptase-polymerase chain reaction

SECTION I Overview

(RT-PCR) technique and their correlation with binding site densities and
age. Neurosci. Lett. 178, 85-89.

Buyukuysal, R. L., Ulus, I. H., and Kiran, B. K. (1998). Age-related
alterations in pre-synaptic and receptor-mediated cholinergic functions
in rat brain. Neurochem. Res. 23, 719-726.

Charney, D. S., Woods, S. W., Krystal, J. H., and Heninger, G. R. (1990).
Serotonin function and human anxiety disorders. Ann. N.Y. Acad. Sci.
600, 558-573.

Clarke, W. P., and Maayani, S. (1990). Estrogen effects on 5-HT;a
receptors in hippocampal membranes from ovariectomized rats:
Functional and binding studies. Brain Res. 518, 287-291.

Cologer-Clifford, A., Smoluk, S. A., and Simon, N. G. (1996). Effects of
serotonergicl A and 1B agonists in androgenic versus estrogenic
systems for aggression. Ann. N. Y. Acad. Sci. 794, 339-342.

Cowen, P. J. (1993). Serotonin receptor subtypes in depression: Evidence
from studies in neuroendocrine regulation. Clin. Neuropharmacol.
16(Suppl. 3), S6-S18.

Cox, R. F, Meller, E., and Waszczak, B. L. (1993). Electrophysiological
evidence for a large receptor reserve for the inhibition of dorsal raphe
neuronal firing by 5-HT agonists. Synapse 14, 297-304.

Crawford, C. A., Rowlett, J. K., McDougall, S. A., and Bardo, M. T.
(1994). Age-dependent differences in the rate of recovery of striatal
dopamine D; and D, receptors after inactivation with EEDQ. Eur. J.
Pharmacol. 252, 225-231.

Crisp, T. C., and D. J. Smith, (1989). A local serotonergic component
involved in the spinal antinociceptive action of morphine. Neurophar-
macology 28, 1047-1053.

Cross, A., and Rossor, M. (1983). Dopamine D-1 and D-2 receptors in
Huntington’s disease. Eur. J. Pharmacol. 88, 223-229.

de Castro, R. M., Bolafios-Jiménez, F., Seguin L., Sarhan, H., Drieu, K.,
and Fillion, G. (1996). Sub-chronic cold stress reduces 5-HT 5 receptor
responsiveness in the old but not the young rat. Neurosci. Lett. 203,
21-24.

Delgado, P. L., Charney, D. S., Price, L. H., Aghajanian, G. K., Landis, H.,
and Heninger, G. R. (1990). Serotonin function and the mechanism of
antidepressant action. Arch. Gen. Psychiatry 47, 411-418.

Della Vedova, F., Fumagalli, F., Sacchetti, G., Rcagni, G., and Brunello, N.
(1992). Age-related variations in relative abundance of alternative
spliced D2 receptor mRNAs in brain areas of two rat strains. Mol. Brain
Res. 12, 357-359.

Dillon, K. A., Gross-Isseroff, R., Israeli, M., and Biegon, A. (1991). Auto-
radiographic analysis of serotonin 5-HT} 4 receptor binding in the human
brain postmortem: Effects of age and alcohol. Brain Res. 554, 56—64.

Druse, M. J.,, Tajuddin, N. F.,, and Ricken, J. D. (1997). Effects of chronic
ethanol consumption and aging on 5-HT2A receptors and 5-HT
reuptake sites. Alcohol.: Clin. Exp. Res. 21, 1157-1164.

Duncan, G. E., Knapp, D. J., Breese, G. R., Crews, F. T., and Little, K. Y.
(1998). Species differences in regional patterns of *H-8-OH-DPAT and
3H-Zolpidem binding in the rat and human brain. Pharmacol. Biochem.
Behav. 60, 439-448.

Eichenbaum, H., Otto, T., and Cohen, N. J. (1992). The hippocampus—
What does it do? Behav. Neural Biol. 57, 2-36.

Fernandez-Guasti, A., and Lopez-Rubalcava, C. (1990). Evidence for the
involvement of the 5-HT;, receptor in the anxiolytic action of
indorenate and ipsapirone. Psychopharmacology 101, 354-358.

Fillit, H., Weinreb, H., Cholst, 1., Luine, V., McWean, B., Amador, R., and
Zabriskie, J. (1986). Observations in a preliminary open trial of
estradiol therapy for senile dementia, Alzheimer’s type. Psychoneuro-
endocrinology 11, 337-345.

Frankfurt, M., McKittrick, C. R., Mendelson, S. D., and McEwen, B. S.
(1994). Effect of 5,7-dihydroxytryptamine, ovariectomy and gonadal
steroids on serotonin receptor binding in rat brain. Neuroendocrinology
59, 245-250.

Gould, T. J., and Bickford, P. C. (1997). Age-related deficits in the
cerebellar beta adrenergic signal transduction cascade in Fischer 344
rats. J. Pharmacol. Exp. Ther. 281, 965-971.



3. Receptor Dynamics in Aging Brain

Gozlan, H., El Mestikawy, S., Pichat, L., Glowinski, J., and Hamon, M.
(1983). Identification of presynaptic serotonin autoreceptors using a
new ligand: SH-PAT. Nature (London) 305, 140-142.

Gozlan, H., Laporte, A. -M., Thibault S., Schechter, L. E., Bolafios, F., and
Hamon, M. (1994). Differential effects of n-ethoxycarbonyl-2-ethoxy-
1,2-dihydroquinoline (EEDQ) on various 5-HT receptor binding sites in
the rat brain. Neuropharmacology. 33, 423-431.

Greenberg, L. H., and Wiess, B. (1979). Ability of aged rats to alter beta
adrenergic receptors of brain in response to repeated administration of
reserpine and desmethylimipramine. J. Pharmacol. Exp. Ther. 211,
309-316.

Greenwood, C. E., Tatton, W. G., Seniuk, N. A., and Biddle, F. G. (1991).
Increased dopamine synthesis in aging substantia nigra neurons.
Neurobiol. Aging 12, 557-565.

Hammer, R. P., and Jacobson, C. D. (1984). Sex differences in dendritic
development of the sexually dimorphic nucleus of the preoptic area in
the rat. Int. J. Dev. Neurosci. 2, 77-86.

Han, Z., Kuyatt, B. L., Kochman, K. A., DeSouza, E. B., and Roth, G. S.
(1989). Effect of aging on concentrations of D2-receptor-containing
neurons in the rat striatum. Brain Res. 498, 299-307.

Henry, J. M., and Roth, G. S. (1984). Effect of aging on recovery of striatal
dopamine receptors following N-ethoxycarbonyl-2-ethoxy-1,2-dihydro-
quinoline (EEDQ) blockade. Life Sci. 35, 899-904.

Henry, J. M., Joseph, J. A., Kochman, K., and Roth, G. S. (1987). Effect of
aging on striatal dopamine receptor subtype recovery following N-
ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline blockade and relation to
motor function in Wistar rats. Brain Res. 418, 334-342

Jacobs, D. M., Tang, M. X., Stern, Y., Sano, M., Marder, K., Bell, K. L.,
Schofield, P., Dooneief, G., Gurland, B., and Mayeux, R. (1998).
Cognitive function in nondemented older women who took estrogen
after menopause. Neurology 50, 368-373.

Johnson, H., Ulfhake, B., Dagerlind, f\., Bennett, G. W., Fone, K. C. E,
and Hokfelt, T. (1993). The serotonergic bulbospinal system and
brainstem-spinal cord content of serotonin-, TRH-, and substance P-like
immunoreactivity in the aged rat with special reference to the spinal
cord motor nucleus. Synapse 15, 63-89.

Jolas, T., Schreiber, R., Laporte, A. M., Chastanet, M., De Vry, J., Glaser,
T., Adrien J., and Hamon, M. (1995). Are postsynaptic 5-HT;A
receptors involved in the anxiolytic effects of 5-HT A receptor agonists
and in their inhibitory effects on the firing of serotonergic neurons in the
rat? J. Pharmacol. Exp. Ther. 272, 920-929.

Joseph, J. A., Bartus, R. T., Clody, D., Morgan, D., Finch, C., Beer, B., and
Sesack, S. (1983). Psychomotor performance in the sensecent rodent:
Reduction of deficits via striatal dopamine receptor up-regulation.
Neurobiol. Aging 4, 313-319.

Keck, B. J., and Lakoski, J. M. (1996a). Age-related assessment of central
5-HT, 5 receptors following irreversible inactivation by N-ethoxycarbo-
nyl-2-ethoxy-1,2-dihydroquinoline (EEDQ). Brain Res. 728, 130-134.

Keck, B. J., and Lakoski, J. M. (1996b). Region-specific serotonin;,
receptor turnover following irreversible blockade with EEDQ. Neuro.
Report. 7, 2717-2721.

Keck, B. J., and Lakoski, J. M. (1997). N-ethoxycarbonyl-2-ethoxy-1,2-
dihydroquinoline (EEDQ) administration for studies of 5-HT 5 receptor
binding site inactivation and turnover. Brain Res. Prot. 1, 364-367.

Keck, B. J., and Lakoski, J. M. (2000). Regional heterogeneity of
serotonin; 5 receptor inactivation and turnover in the aging rat brain
following EEDQ. Neuropharmacology. (in press).

Kettle, C. J., Cheetham, S. C., Martin, K. F., Prow, M. R., and Heal, D. J.
(1999). The effects of the peptide-coupling agent, EEDQ, on 5-HT2A
receptor binding and function in rat frontal cortex. Pharmacology 38,
1421-1430.

Kitamura, Y., and Nomura, Y. (1987). Uncoupling of rat cerebral
corticala,-adrenoceptors from GTP-binding proteins by N-ethylmalei-
mide. J. Neurochem. 49, 1894-1901.

Ko, M. L., King, M. A., Gordon, T. L., and Crisp, T. (1997). The effects of
aging on spinal neurochemistry in the rat. Brain Res. Bull. 42, 95-98.

27

Kula, N. S., George, T., and Baldessarini, R. J. (1992). Rate of recovery of
D; and D, dopaminergic receptors in young vs. adult rat striatal tissue
following alkylation with ethoxycarbonyl-ethoxy-dihydroquinoline
(EEDQ). Dev. Brain Res. 66, 286-289.

Kung, H. F,, Stevenson, D. A., Zhuang, Z.-P., Kung, M.-P., Frederick, D.,
and Hurt, S. D. (1996). New 5-HT| 5 receptor antagonist: [°H]p-MPPF.
Synapse 23, 344-346.

Lakoski, J. M. (1988). Estrogen-induced modulation of serotonin 5-HT;
mediated responses in the dorsal raphe nucleus (DRN). Pharmacologist
30, A126-A128.

Lakoski, J. M. (1989). Cellular electrophysiological approaches to the
central regulation of female reproductive aging. In “Neurology and
Neurobiology: Neural Control of Reproductive Function™ J. M.
Lakoski, J. R. Perez-Polo, and D. K. Rassin, (eds.), pp. 209-220. Alan
R. Liss, New York.

Leff, S. E., Gariano, R., and Creese, 1. (1984). Dopamine receptor turnover
rates in rat striatum are age-dependent. Proc. Natl. Acad. Sci. U.S.A. 81,
3910-3914.

Lippert, T. H., Filshie, M., Miick, A. O., Seeger, H., and Zwirner, M.
(1996). Serotonin metabolite excretion after postmenopausal estradiol
therapy. Maturitas 24, 37-41.

Maines, L. W., Keck, B. J., Dugar, A., and Lakoski, J. M. (1998). Age-
dependent loss of corticosterone modulation of central serotonin 5-
HT, 4 receptor binding sites. J. Neurosci. Res. 53, 86-98.

Maines, L. W., Keck, B. J., Smith, J. E., and Lakoski, J. M. (1999).
Corticosterone regulation of serotonin transporter and 5-HT 5 receptor
expression in the aging brain. Synapse 32, 58—66.

Malyszko, J. S., Malyszko, J., Azzadin, A., Buczko, W., and Mylsliwiec,
M. (1995). Conjugated estrogens shorten bleeding time in uraemia: A
possible role of serotonin? Thromb. Haemostasis 73, 164-165.

Marder, K., Tang, M. X., Alfaro, B., Mejia, H., Cote, L., Jacobs, D., Stern,
Y., Sano, M., and Mayeux, R. (1998). Postmenopausal estrogen use and
Parkinson’s disease with and without dementia. Neurology 50, 1141—
1143.

Martin, P, Beninger, R. J., Hamon, M., and Puech, A. J. (1990).
Antidepressant-like action of 8-OH-DPAT, a 5-HT;, agonist, in the
learned helplessness paradigm: Evidence for a postsynaptic mechanism.
Behav. Brain Res. 38, 135-144.

Marutle, A., Warpman, U., Bogdanovic, N., and Nordberg, A. (1998).
Regional distribution of subtypes of nicotinic receptors in human brain
and effect of aging studied by (+/—)-[*H]epibatidine. Brain Res. 801,
143-149.

Maswood, N., and Uphouse, L. (1997). Modulation of the behavioral
effects of 8-OH-DPAT by estrogen and DOI. Pharmacol. Biochem.
Behav. 58, 859-866.

Maswood, S., Stewart, G., and Uphouse, L. (1995). Gender and estrous
cycle effects of the 5-HT;, agonist, 8-OH-DPAT, on hypothalamic
serotonin. Pharmacol. Biochem. Behay. 51, 807-813.

Matsuda, T., Nakano, Y., Kanda, T., Iwata, H., and Baba, A. (1991).
Gonadectomy changes the pituitary-adrenocortical response in mice to
5-HT) 4 receptor agonists. Eur. J. Pharmacol. 200, 299-304.

McCusker, J., Cole, M., Keller, E., Bellavance, F., and Berard, A. (1998).
Effectiveness of treatments of depression in older ambulatory patients.
Arch. Intern. Med. 158, 705-712.

McKittrick, C. R., and McEwen, B. S. (1996). Regulation of serotonergic
function in the CNS by steroid hormones and stress. In “CNS
Neurotransmitters and Neuromodulators: Neuroactive Steroids” T. W.
Stone, (ed.), pp. 37-76. CRC Press, Boca Raton, FL.

Meltzer, C. C., Smith, G., Price, J. C., Reynolds, C. F,, 3rd, Mathis, C. A.,
Greer, P., Lopresti, B., Mintun, M. A., Pollock, B. G., Ben-Eliezer, D.,
Cantwell, M. N., Kaye, W., and DeKosky, K. T. (1998). Reduced
binding of ['®Flaltanserin to serotonin type 2A receptors in aging:
Persistence of effect after partial volume correction. Brain Res. 813,
167-171.

Meltzer, H. Y. (1990). Role of serotonin in depression. Ann. N.Y. Acad. Sci.
600, 486-499.



28

Mesco, E. R., Joseph, J. A., Blake, M. J., and Roth, G. S. (1991). Loss of
D2 receptors during aging is partially due to decreased levels of mRNA.
Brain Res. 545, 355-357.

Mesco, E. R., Carlson, S. G., Joseph, J. A., and Roth, G. S. (1993).
Decreased striatal D2 dopamine receptor mRNA synthesis during aging.
Mol. Brain Res. 17, 160-162.

Middlemiss, D. N., Palmer, A. M., Edel, N., and Bowen, D. M. (1986).
Binding of the novel serotonin agonist 8-hydroxy-2-(di-n-propyl-
amino)tetralin in normal and Alzheimer brain. J. Neurochem. 46,
993-996.

Miller, J. A., and Zahniser, N. R. (1988). Quantitative autoradiographic
analysis of '2°I-Pindolol binding in Fischer 344 rat brain: Changes in -
adrenergic receptor density with aging. Neurobiol. Aging 9, 267-
272.

Mongeau, R., Welner, S. A., Quirion, R., and Suranyi-Cadotte. B. E.
(1992). Further evidence for differential affinity states of the
serotoning o receptor in rat hippocampus. Brain Res. 590, 229-238.

Mueck, A. O., Seeger, H., Kasspohl-Bulz, S., Teichmann, A. T., and
Lippert, T. H. (1997). Influence of norethisterone acetate and estradiol
on the serotonin metabolism of postmenopausal women. Horm. Metab.
Res. 29, 80-83.

Nénonéné, E. K., Radja, F., Carli, M., Grondin, L., and Reader, T. A.
(1994). Heterogeneity of cortical and hippocampal 5-HT o receptors: A
reappraisal of homogenate binding with 8-[° H]hydroxydipropylamino-
tetralin. J. Neurochem. 62, 1822—1834.

Neve, K. A., and Molinoff, P. B. (1986). Turnover of (1- and [2-
adrenergic receptors after down-regulation or irreversible blockade.
Mol. Pharmacol. 40, 104-111.

Ni, Y. G., Camacho, N., and Miledi, R. (1997). Irreversible antagonism of
SHT2c receptors by N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline
(EEDQ). Proc. Natl. Acad. Sci. U.S.A. 94, 2715-2718.

Nichizuka, N., and Arai, Y. (1981). Sexual dimorphism in synaptic
organization in the amygdala and its dependence on neonatal hormone
environment. Brain Res. 212, 31-38.

Norman, A. B., and Creese, 1. (1986). Effects of in vivo and in vitro
treatments with N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline on
putative muscarinic receptor subtypes in rat brain. Mol. Pharmacol. 30,
96-103.

Norman, A. B., Battaglia, G., and Creese, 1. (1987). Differential recovery
rates of D, dopamine receptors as a function of aging and chronic
reserpine treatment following irreversible modification: A key to
receptor regulatory mechanisms. J. Neurosci. 7, 1484-1491.

O’Boyle, K. M., and Waddington, J. L. (1984). Loss of rat striatal
dopamine receptors with ageing is selective for D-2 but not D-1 sites:
Association with increased non-specific binding of the D-1 ligand
[PH]piflutixol. Eur. J. Pharmacol. 105, 171-174.

Palmer, A. M., and DeKosky, S. T. (1993). Monoamine neurons in aging
and Alzheimer’s disease. J. Neural Transm. 91, 135-159.

Pecins-Thompson, M., Brown, N. A., Kohama, S. G., and Bethea, C. L.
(1996). Ovarian steroid regulation of tryptophan hydroxylase mRNA
expression in rhesus macaques. J. Neurosci. 16, 7021-7029.

Penev, P. D., Zee, P. C., Wallen, E. P., and Turek, F. W. (1995). Aging alters
the phase-resetting properties of a serotonin agonist on hamster
circadian rhythmicity. Am. J. Physiol. 268, R293-R298.

Petkov, V. D., Stancheva, S. L., Benignus, V. V., and Alova, L. G. (1987).
Age-related changes in brain biogenic monoamines and monoamine
oxidase. Gen. Pharmacol. 18, 397-401.

Pinto, W., and Battaglia, G. (1993). In vivo EEDQ dose-dependently
inactivates rat brain 5-HT receptors but not 5-HT uptake sites.
NeuroReport 5, 61-64.

Pinto, W., and Battaglia, G. (1994). Comparative recovery kinetics of 5-
hydroxytryptamine 1A, 1B, and 2A receptor subtypes in rat cortex after
receptor inactivation: Evidence for differences in receptor production
and degradation. Mol. Pharmacol. 46, 1111-1119.

Pitha, J., Hughes, B. A., Kusiak, J. W., Dax, E. M., and Baker, S. P. (1982).
Regeneration of 3-adrenergic receptors in senescent rats: A study using

SECTION I Overview

an irreversible binding antagonist. Proc. Natl. Acad. Sci. U.S.A. 79,
4424-4427.

Raghupathi, R. K., Brousseau, D. A., and McGonigle, P. (1996). Time-
course of recovery of 5-HT 5 receptors and changes in 5-HT 5 receptor
mRNA after irreversible inactivation with EEDQ. Mol. Brain Res. 38,
233-242.

Reader, T. A., Radja, F., Nénonéné, E. K., Afkhami-Dastjerdian, S., and
Carli, M. (1995). Alkylation of central 5-HT;, receptors: Further
evidences for [*H]8-OH-DPAT binding heterogeneity. J. Neurochem.
64(Suppl.), S106.

Riekkinen, P., Jr., Riekkinen, M., Valjakka, A., Riekkinen, P., and Sirvid, J.
(1992). DSP-4, a noradrenergic neurotoxin, produces more sever
biochemical and functional deficits in aged than young rats. Brain
Res. 570, 293-299.

Rinne, J. O., Laihinen, A., Lonnberg, P., Marjamaki, P., and Rinne, U.K.
(1991). A post-mortem study on striatal dopamine receptors in
Parkinson’s disease. Brain Res. 556, 117-122.

Robson, L., Gower, A. J., Kendall, D. A., and Marsden, C. A. (1993). Age-
related behavioural, neurochemical and radioligand binding changes in
the central 5-HT system of Sprague-Dawley rats. Psychopharmacology
113, 274-281.

Roth, G. S., and Joseph, J. A. (1994). Cellular and molecular mechanisms
of impaired dopminergic function during aging. Ann. N. Y. Acad. Sci.
719, 129-135.

Rubinow, D. R., Schmidt, P. J., and Roca, C. A. (1998). Estrogen-serotonin
interactions: Implications for affective regulation. Biol. Psychiatry 44,
839-850.

Salamanca, S., and Uphouse, L. (1992). Estradiol modulation of the
hyperphagia induced by the 5-HT; o agonist, 8-OH-DPAT. Pharmacol.,
Biochem. Behav. 43, 953-955.

Schlicker, E., Betz, R., and Gothert, M. (1989). Investigation into the age-
dependence of release of serotonin and noradrenaline in the rat brain
cortex and of autoreceptor-mediated modulation of release. Neuro-
pharmacology. 28, 811-815.

Schneider, L. S., Small, G. W., Hamilton, S. H., Bystritsky, A., Nemeroff,
C. B., Meyers, B. S., and the Fluoxetine Collaborative Study Group.
(1997). Estrogen replacement and response to fluoxetine in a multi-
center geriatric depression trial. Am. J. Gen. Psychiatry 5, 97-106.

Stanley, H. F., Borthwick, N. M., and Fink, G. (1986). Brain protein
changes during development and sexual differentiation in the rat. Brain
Res. 370, 215-222.

Steinbusch, H. W. M., Van Luijtelaar, M. G. P. A., Dijkstra, H., Nijssen, A.,
and Tonnaer, J. A. D. M. (1990). Aging and regenerative capacity of the
rat serotonergic system. Ann. N. Y. Acad. Sci. 600, 385-403.

Stockmeier, C. A., Shapiro, L. A., Dilley, G. E., Kolli, T. N., Friedman, L.,
and Rajkowska, G., (1998). Increase in serotonin-1A autoreceptors in
the midbrain of suicide victims with major depression — postmortem
evidence for decreased serotonin activity. J. Neurosci. 18, 7394-7401.

Storga, D., Vrecko, K., Birkmayer, J. G. D., and Reibnegger, G. (1996).
Monoaminergic neurotransmitters, their precursors and metabolites in
brains of Alzheimer patients. Neurosci. Lett. 203, 29-32.

Sumner, B. E. H., and Fink, G. (1993). Effects of acute estradiol on 5-
hydroxytryptamine and dopamine receptor subtype mRNA expression
in female rat brain. Mol. Cell. Neurosci. 4, 83-92.

Tajuddin, N. F., and Druse, M. J. (1996). Effects of chronic alcohol
consumption and aging on dopamine D2 receptors in Fischer 344 rats.
Alcohol.: Clin. Exp. Res. 20, 144-151.

Tanila, H., Taira, T., Piepponen, T. P., and Honkanen, A. (1994). Effect of
sex and age on brain monoamines and spatial learning in rats.
Neurobiol. Aging 15, 733-741.

Timiras, P. S. (1994). Aging of the nervous system: functional changes. In
“Physiological Basis of Aging and Geriatrics” (P. S. Timiras, ed.), pp.
103-114. CRC Press, Boca Raton, FL.

Tohgi, H., Utsugisawa, K., Yoshimura, M., Nagane, Y., and Mihara,
M. (1998). Age-related changes in nicotinic acetylcholine receptor
subunits alpha4 and beta2 messenger RNA expression in post-



3. Receptor Dynamics in Aging Brain

mortem human frontal cortex and hippocampus. Neurosci. Lett. 245,
139-142.

Turjanski, N., Weeks, R., Dolan, R., Harding, A. E., and Brooks, D. J.
(1995). Striatal D1 and D2 receptor binding in patients with
Huntington’s disease and other choreas. Brain 118, 689-696.

Uphouse, L., Caldarola-Pastuszka, M., Maswood, S., Andrade, M., and
Moore, N. (1994). Estrogen-progesterone and 8-OH-DPAT attenuate the
lordosis-inhibiting effects of the 5-HT;, agonist in the VMN. Brain
Res. 637, 173-180.

Vannuchi, M. G., Scali, C., Kopf, S. R., Pepeu, G., and Casamenti, F.
(1997). Selective muscarinic antagonists differentially affect in vivo
acetylcholine release and memory performances of young and aged rats.
Neuroscience 79, 837-846.

Wong, D. F., Wagner, H. N., Jr., Dannals, R. F,, Links, J. M., Frost, J. J.,
Ravert, H. T., Wilson, A. A., Rosenbaum, A. E., Gjedde, A., Douglass,
K. H., Petronis, J. D., Folstein, M. E., Toung, J. K. T., Burns, H. D., and
Kuhar, M. J. (1984). Effect of age on dopamine and serotonin receptors
measured by positron tomography in the living human brain. Science
226, 1393-1396.

Wong, D. F, Young, D., Wilson, P. D., Meltzer, C. C., and Gjedde, A.
(1997). Quantification of neuroreceptors in the living human brain: III.
D2-like dopamine receptors: theory, validation, and changes during
normal aging. J. Cereb. Blood Flow Metab. 17, 316-330.

Wong, W. E, Pearlson, G. D., Tune, L. E., Young, L. T., Meltzer, C. C.,
Dannals, R. F., Ravert, H. T., Reith, J., Kuhar, M. J., and Gjedde, A.

29

(1997). Quantification of neuroreceptors in the libing human brain: IV.
Effect of aging and elevations of D2-like receptors in schizophrenia and
bipolar illness. J. Cereb. Blood Flow Metab. 17, 331-342.

Yaksh, T. L., and Wilson, P. R. (1979). Spinal serotonin terminal
system mediates antinociception. J. Pharmacol. Exp. Ther. 208, 446—
453.

Yamaguchi, T., and Yamagata, A. (1991). Serotonergic ligand binding
in aging brain of experimental animals. Neurochem. Res. 16, 469—
473.

Young, A. H., Dow, R. C., Goodwin, G. M., and Fink, G. (1993). The
effects of adrenalectomy and ovariectomy on the behavioral and
hypothermic responses of rats to 8-hydroxy-2(di-n-propylamino)
tetralin (8-OH-DPAT). Neuropharmacology 32, 653—-657.

Zawia, N., Arendash, G. W., and Wecker, L. (1992). Basal forebrain
cholinergic neurons in aged rat brain are more susceptible to ibotenate-
induced degeneration than neurons in young adult brain. Brain Res. 589,
333-337.

Zgombick, J. M., Beck, S. G., Mahle, C. D., Craddock-Royal, B., and
Maayani, S. (1989). Pertussis toxin-sensitive guanine nucleotide-
binding protein(s) couple adenosine A; and 5-hydroxytryptamine;
receptors to the same effector systems in rat hippocampus: Biochemical
and electrophysiological studies. Mol. Pharmacol. 35, 484-494.

Zhou, L.-W., Weiss, B., Freilich, J. S., and Greenberg, L. H. (1984).
Impaired recovery of alpha;- and alpha,-adrenergic receptors in brain
tissue of aged rats. J. Gerontol. 39, 538-546.



This Page Intentionally Left Blank



Christine K. Cassel and Kirsten Ek

Demography and Epidemiology of
Age-Associated Neuronal Impairment

With the increasing longevity of the United States population, the clinical challenge is shifting from preventing
premature death to improving function and quality of life. Some of the major neurological impairments—stroke,
Alzheimer’s disease, and Parkinson’s disease, to name a few—are strongly associated with age. Thus, increasing
longevity means many elderly persons must cope with cognitive, sensory, or motor impairments, some of which may
result in fundamental and often permanent declines in quality of life. Although the elderly belong to the fastest
growing segment of the population and the numbers of people afflicted with these impairments will likely keep pace,
many of the diseases remain poorly defined in epidemiological terms. This chapter reviews what is known of the
demography and epidemiological risk factors of the major age-related neurological impairments. © 2001 Academic Press.

I. Introduction

The average 65-year-old person in the United States today
can expect another 18 years of life, due to mortality declines
over the last 100 years. Some 13 out of every 100 Americans
are 65 years old or older, and the numbers of elderly are
projected to grow. By 2030, according to Census Bureau esti-
mates, the group will make up 20% of the nation’s population.
Of the 34 million people 65 years or over today, 4 million of
them are in the “oldest old” category, 85 years and older. The
oldest old comprise the fastest-growing segment of the United
States population, and their numbers are expected to more than
double in the next few decades, as Fig. 4.1 shows [U.S. Depart-
ment of Health and Human Services (USDHHS), 1999].

Explanations for the gains in life expectancy are a source of
controversy among demographers. In the first half of the 20th
century, approximately 20 years were added to the average life
expectancy (USDHHS, 1999). Gains made over this time per-
iod and prior to it were mainly attributed to public health mea-
sures, among them control of infectious diseases through
water, food, and sanitation improvements, workplace and
motor-vehicle safety improvements, and greater access to
family planning (Ten Great Public Health Achievements—
United States, 1900-1999). Since 1950, another 8 years have
been added to the average life expectancy, which as of 1997
stood at 79.4 years for women and 73.6 years for men. Expla-
nations offered for the increasing longevity of the population
have shifted since the 1960s away from public health advances
toward a debate over whether improvements in lifestyle or
advances in medicine should receive the most credit. On the
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lifestyle side of the debate, better education, better nutrition,
diet, and less tobacco use are factors commonly cited for
declines in mortality. However, advances in medicine have
turned what were once inevitably fatal diseases—diseases of
the heart, malignant neoplasms, and cerebrovascular dis-
ease—into survivable ones, by either delaying their onset or
transforming them into chronic diseases. Thus the clinical
challenge has shifted from preventing premature death to
improving function and quality of life.

Better survival of these diseases also means the opportunity
for other chronic, nonfatal ailments to cause disability in the
population as it ages. Many of the major neurological impair-
ments, such as stroke, Alzheimer’s disease, and Parkinson’s
disease, are age associated. The age of onset of many of these
impairments has unfortunately not changed and will therefore
affect a larger number of people for a longer amount of time as
life expectancy increases. In addition, a distinction should be
made wherever possible between neuronal changes that are
normal with aging and age associated degenerative neuronal
diseases.

A. Epidemiological Caveats

Estimates of the incidence of neurological impairments, i.e.,
the rate of new cases occurring in a given population over a
specific time period, are given to uncertainty by the very nature
of the diseases themselves. Because these diseases typically
begin and progress slowly, the age of onset may be difficult
to pinpoint. For a variety of cultural or socioeconomic reasons,
patients may not seek out medical care even when symptoms

Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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FIG. 4.1. Population 65 years of age and older: United States, 1950~
2030. The population 65 years and older is expected to swell in the next
few decades, particularly the segment 85 years and older. From U.S.
Department of Health and Human Services (1999) (available online: http://
www.cdc.gov/nchs/products/pubs/pubd/hus/charts/hus99f01.pdf).

do become apparent or may mistake symptoms for changes
due to normal aging. Data derived from door-to-door surveys
may therefore differ from results of clinic-based studies. When
diagnostic criteria also differ between studies, comparisons of
incidence data yield little more than a range of estimates.

Estimates of prevalence—the number of cases present in a
population at one particular time—are also hampered by these
difficulties, as prevalence is a function of incidence as well as
of survival. Underreporting of conditions on death certificates
adds to the uncertainty of prevalence figures for neurological
impairments associated with aging. As few as a quarter of
dementia cases may actually be reported on death certifi-
cates—typically, pneumonia, or cerebrovascular disease is
listed and mention of dementia is neglected as an underlying
cause (Ganguli and Rodriguez, 1999). In 1979 the Centers
for Disease Control added a classification for Alzheimer’s
disease in its record keeping. Between 1994 and 1995, Al-
zheimer’s disease was the only one of the 15 leading causes
of death the center tracks to show statistically significant
increases in age-adjusted death rate, increasing by 8%
(Monthly Vital Statistics Report, 1997). Better reporting is
probably responsible for this trend rather than true increases
in prevalence, and this may be the case for other age-asso-
ciated neurological impairments as well.

Several other general caveats should be considered when
assessing the national scope of a particular type of neurological
impairment. Dementia statistics, for example, are often lumped
together under the general category of dementia rather than
separating out cases by Alzheimer’s disease, vascular demen-
tia, Lewy body disease, dementia in Parkinson’s disease, or
other types. Mixed-type cases of neurological disorders further
complicate attempts at classification. Studies also differ on the
degree of disease included in data. Some look only at cases of
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dementia diagnosed as moderate to severe, for example,
whereas others also include mild and even questionable cases
in their data.

Differential use of medical services among sectors of the
population affects the overall quality of data collected in
clinic-based studies, whereas changing lifestyles and diets
may cause temporal variation in data. Exposure to risk factors
is similarly difficult to determine, particularly in retrospec-
tively collected data such as case-controlled studies.

II. Stroke

Stroke is defined as “‘rapidly developing clinical signs of
focal (or global) disturbances of cerebral function, with symp-
toms lasting 24 hours or longer or leading to death, with no
apparent cause other than of vascular origin” (World Health
Organization, 1989). The term cerebral vascular accident
(CVA) also refers to stroke, but has fallen out of favor in recent
years as various public health organizations began a push for
increased awareness of the more preventable causes of stroke.
The phrase “brain attack™ was introduced in the mid-1990s to
make health professionals and the public more aware of the
need to recognize stroke symptoms and begin therapeutic
intervention immediately. A 1996 NSA/Gallup poll on stroke
revealed that the majority of persons surveyed could not recog-
nize even basic symptoms of stroke. Even as recently as the
late 1980s, only 37% of victims presented for treatment within
the first 24 hr after a stroke, and emergency rooms often gave
possible stroke patients low triage priority, believing that post-
stroke rehabilitation was the most that could be offered (Heros
et al., 1997). Introduction of the term ‘“‘brain attack” reflects
changing attitudes toward strokes with the recognition that
the window of opportunity for treatment is extremely short
and that prompt intervention must begin within that time in
order to lessen the burden of the disease in terms of both mor-
tality and disability.

A. Mortality

Approximately 20% of all first-time strokes result in death
within a month (Warlow, 1998). Stroke is the third leading
cause of death in the United States after coronary heart disease
and cancer, and has been since 1938. Although age-adjusted
death rates from stroke have declined 70% over the past 50
years in the United States, about 160,000 deaths per year are
still directly attributable to strokes (Morbidity and Mortality,
1999). Decreases in stroke death rates are considered a major
public health achievement and parallel the decrease in death
rates from cardiovascular disease over the last half-century.
The early 1990s saw a slight trend toward increasing death
rates from stroke, but this trend appears to have reversed: in
1997 the age-adjusted death rate per 100,000 was 25.9, down
1.9% from 1996 (Hoyert et al., 1999).

B. Stroke-Related Disability

As the most common source of neurological impairment as
well as a primary source of severe long-term disability, the
consequences of stroke in the United States are enormous.
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Because one of the two main risk factors for stroke is age, the
elderly bear most of the burden of resulting disability. Of peo-
ple who survive 6 months after a first-time stroke, one-third are
dependent on others for care. Some four million people are
stroke survivors in the United States, according to the National
Stroke Association. Of those, one-third are left with moderate
poststroke disability, whereas another third live with severe
disability after stroke (American Heart Association, 1999).
Stroke-related disabilities disproportionately affect the elderly,
however. Three quarters of older stroke victims are left with
permanent impairments, whereas only one-third of younger
stroke victims are (Malmagren et al., 1989). Medicare re-
imbursement costs for inpatient rehabilitation are higher for
stroke than for any other condition (Steiner and Neu, 1993).

Cognitive, language, and emotional deficits are common
after stroke. Motor impairments, including paralysis, muscle
weakness, and difficulties eating and swallowing, may also
result. Risk of dementia rises markedly after stroke. Case-con-
trol and retrospective studies have found dementia risk at least
nine times higher in stroke survivors than in the stroke-free
population (Prencipe et al., 1997). Chances for a repeat stroke
are high, particularly in the days immediately following the
first stroke. Cumulative risk of a second stroke rises from
10-18% 1 year after the initial stroke to 20-34% 3 years after
(Viitanen et al., 1988). In addition, stroke survivors are more
prone to other vascular events outside of the cerebrum, includ-
ing a 3% per annum rate of serious coronary events (Warlow,
1998).

C. Types of Stroke

Most available epidemiological data lump the different types
of brain events together under the umbrella term stroke, with-
out differentiating between even the two broadest subtypes:
ischemic stroke and hemorrhagic stroke. Some 80% of all
strokes are of the ischemic or cerebral infarct type, within
which there are four subcategories: lacunes of small arteries,
artherostenosis of larger intracranial and extracranial arteries,
hypoperfusion, and cerebroembolism of cardiac origin. The
elderly are disproportionately affected by strokes of the cere-
broembolitic and lacunar type when compared to younger
populations (Caplan, 1997). Approximately 70% of people
who suffer a severe stroke of the cerebral infarct type require
nursing home care, and more than half remain in nursing
homes 1 year after the stroke (Brown et al., 1999).

The majority of the remaining 20% of strokes are of the
hemorrhagic type, of which the two main subcategories are
intracerebral hemorrhage and subarachnoid hemorrhage type
(Thompson and Furlan, 1997). Subarachnoid hemorrhage
accounts for 8 to 10% of all strokes. Intracerebral hemorrhage
accounts for 8% of strokes but has been declining in frequency
(Caplan, 1997).

D. Incidence

Although there are important regional and temporal varia-
tions, the incidence of stroke in the United States is compar-
able to that in other Western countries. From the early 1950s
to the latter half of the 1970s, the average annual age- and sex-
adjusted stroke incidence rate for the residents of Rochester,
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Minnesota declined from 213 per 100,000 people to 115, a
46% decline (Broderick et al., 1989). By the early 1980s, how-
ever, annual incidence rates rose back up to 145 per 100,000,
with increases seen for both sexes and all age groups (Brown
et al., 1996). Imaging techniques and better diagnosis may
play a role in the trend toward increases through better detec-
tion of even mild cases of stroke. Because strokes are closely
linked to aging, incidence rates for older populations are high-
er: ischemic strokes resulting in hospitalization among people
over 40 in Manhattan occurred at an annual rate of 327 per
100,000 (Sacco et al., 1991). This figure is in line with results
of a large-scale comparison of incidence rates in Western
countries for populations 45 and older, where age-standardized
incidence rates ranged from 300 to 500 per 100,000 (Sudlow
and Warlow, 1997).

E. Prevalence

The National Stroke Association estimates that four out of
five families will be affected by stroke. The most recent esti-
mates for the United States are 730,000 strokes per year, up
from previous estimates of half a million strokes per year (Bro-
derick et al., 1998). Three-quarters of all strokes occurring are
first-time strokes. Second-time strokes make up about 20% of
all strokes (Thompson and Furlan, 1997). A number of popu-
lation-based studies have shown overall prevalence rates for
those over the age of 55 to be between 1 and 8% (Prencipe
et al., 1997).

F. Age

Two-thirds of all strokes occur past the age of 65 (National
Institutes of Health, 1998). Stroke mortality rates nearly dou-
ble with each 5-year age increment (Sacco, 1994). Both inci-
dence and prevalence rates also rise exponentially with age.
The Framingham study showed incidence doubling with each
decade of life, whereas the Rochester study saw 10% increases
in incidence rates per year of life (Sacco, 1994). The Rotter-
dam study, based on self-reported cases of stroke, found preva-
lence to be 2.5% for men and 1.6% for women in the 55- to
64-year-old age group. This rose to 5.0 and 3.3% for men
and women in the 65-74 group and to 8.9 and 6.7% in the
75-84 age group. For men and women 85 and older, rates
were even higher: 11.6 and 10.5%, respectively (Bots et al.,
1996).

G. Gender

Men are at greater risk for stroke incidence than women.
The International Stroke Incidence Collaboration, which ana-
lyzed 11 incidence studies from Western countries, found con-
sistently higher incidence rates in men for all age groups
(Sudlow and Warlow, 1997). A male:female ratio of 1.3:1 is
typical for incidence studies of most types of stroke, although
women appear to be at greater risk than men for subarachnoid
hemorrhage-type strokes (Sacco, 1994). Despite the fact that
women have a lower overall incidence of stroke than men,
they account for over 60% of deaths from strokes, most likely
due to women’s longer life expectancies and higher age at time
of stroke (Hoyert et al., 1999). The Cardiovascular Health
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study noted that stroke prevalence rates, while higher overall
for men, are actually higher for women than for men in the
very oldest age ranges, above 85 years of age (Mittelmark
et al., 1993). Other studies, however, including the Rotterdam
study, have found that men have higher prevalence rates than
women in all age ranges (Bots et al., 1996).

H. Race

Major studies on stroke in the United States, such as the Fra-
mingham and Rochester studies, are not representative of the
racial diversity of the nation. Only 1% of the population in
Rochester is black, and most of the population is relatively
affluent. A more recent large-scale population-based study,
the Greater Cincinnati/Northern Kentucky Stroke Study, cov-
ered a diverse community and revealed significantly higher
incidence rates for blacks than for whites. The overall inci-
dence of first-time strokes among blacks during the first 6
months of 1993 was 288 per 100,000, far exceeding the first-
time stroke rate among the white population of the Rochester
study (Broderick et al., 1998).

Stroke mortality for blacks is nearly twice that for whites
(Gillum, 1999). In 1997, age-adjusted death rates per
100,000 were 48.6 for black men and 37.9 for black women
vs 25.7 for white men and 22.5 for white women (Hoyert
et al., 1999). However, the excess stroke mortality in blacks
appears to occur mainly in younger persons; at ages greater
than 75 years, whites are more likely than blacks to have
strokes (Howard et al., 1994). Blacks are more likely to suffer
cerebrovascular events of greater severity, have a greater level
of disability following a stroke, and require longer stays hos-
pital stays following acute stroke than are members of other
racial groups. Blacks are also more likely than whites to die
during hospitalization for acute stroke (Horner, 1991; Kuhle-
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meier and Stiens, 1994). A number of risk factors for stroke,
including hypertension, diabetes, obesity, and smoking, are
present in undue proportion among the black population and
may account at least partially for these trends (National Insti-
tutes of Health, 1999).

A multiracial comparison in Manhattan of annual stroke
incidence resulting in hospitalization also yielded wide rate
discrepancies between race, as Fig. 4.2 shows. For people 85
and over, for example, the average annual age-specific stroke
incidence rate per 100,000 was 651 for whites, 1461 for
blacks, and 1778 for Hispanics. Stroke rates among Asian
Americans are generally similar to those of whites in the Uni-
ted States, although stroke rates among Asians living in the Far
East are much higher, suggesting a role for environmental fac-
tors (National Institutes of Health, 1999; Sacco et al., 1999).

I. Geography

Within the United States, there are marked regional varia-
tions in stroke rates. For the past 6 decades the southeastern
area of the country has had a higher incidence rate of stroke
and a stroke mortality rate 10% higher than the rest of the
country. The area has been dubbed the “stroke belt,” with
the population born in these states, especially South Carolina,
North Carolina, and Georgia, at much higher risk of stroke
(Lackland et al., 1999; National Institutes of Health, 1999).
Blacks living in the stroke belt are at greater risk for stroke
than whites. In addition to race, suggested factors for the great-
er stroke risk in the southeast are diet and a proportionally
greater number of elderly people living in the region.

The International Stroke Incidence Collaboration revealed
wide variation in age-standardized annual incidence rates in
Western countries for the age group 45-84. The high was
627 per 100,000 in Novosibirsk, Russia; the low was 238 per
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Stroke population at risk: Average annual age-specific incidence rates of stroke (per 100,000 Population) among whites,

blacks, and Hispanics aged > 20 years in northern Manhattan (1993 to 1996). Risk of stroke increases sharply with age, but also varies

widely by race. From Sacco et al. (1998).
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100,000 in Dijon, France (Sudlow and Warlow, 1997). Preva-
lence rates also vary widely between countries: prevalence
ranges from 500 to 600 per 100,000 in most Western countries
to 900 in Eastern countries (Sacco, 1994). Data from less
developed nations often suffer from underreporting on death
certificates, whereas methodologies and diagnostic criteria
for incidence and prevalence studies are not consistent in these
nations.

J. Risk Factors: Hypertension

The single greatest modifiable risk factor for stroke is hyper-
tension. Along with age, it is the biggest predictor of stroke. In
the Framingham study, even borderline hypertension increased
relative risk by as much as 1.5; for definite hypertensives, the
relative risk of stroke was 3.1 for men and 2.9 for women com-
pared to those with normal blood pressure. The Rochester
study found a 4.0 relative risk for definite hypertensives (Sac-
co, 1994). Forty to 90% of all stroke victims have hypertension
prior to the stroke (National Institutes of Health, 1999). For
every 7.5 mm Hg increase in diastolic pressure, the incidence
of stroke increases by 46%, according to one meta-analysis of
hypertensive drug treatments (Wolf, 1998). The likelihood of
hypertension increases with age. Isolated systolic hypertension
affects 18% of men and 30% of women over the age of 75,
dramatically increasing the risk of stroke in this population
[Systolic Hypertension on the Elderly Program (SHEP), Coop-
erative Research Group, 1991].

K. Other Risk Factors

Atrial fibrillation is present in as many as 15% of all stroke
victims, and in those over the age of 80, one in four strokes is
directly caused by the condition (National Institutes of Health,
1999). Other forms of cardiac disease, including coronary
artery disease, congestive heart failure, and left ventricular
hypertrophy, are linked to higher stroke rates, as are vascular
malformations. Diabetes mellitus is often accompanied by
atherosclerosis and other vascular complications. Estimates
of the relative risk for stroke in diabetics range from 1.5 to
3.0 (Sacco, 1994). High plasma cholesterol, fibrinogen, and
homocysteine are other suspected risk factors (Warlow, 1998;
Bostom et al., 1999).

Roughly 15% of strokes are preceded by transient ischemic
attacks (TIAs) (Poungvarin, 1998). TIAs are often the first
warning of subsequent major stroke. Some 50,000 people per
year in the United States have a TIA; of these victims, one-
third have an acute stroke at a later time (National Institutes
of Health, 1999). The subsequent stroke typically strikes in
the same vascular area (Sacco, 1994).

Lifestyle choices strongly influence stroke risk. The major
offender is cigarette smoking. A meta-analysis of 32 studies
found that tobacco use increased risk by 50% (Wolf, 1998).
According to the Framingham study, the relationship was
also dose dependent: those who smoked 40 or more cigarettes
per day had double the risk of those who smoked 10 cigarettes
a day or fewer (Wolf et al., 1988). Heavy alcohol consumption
and physical inactivity also appear to be offenders. Eating fruit
and vegetables—other than legumes and potatoes—may be
protective for ischemic stroke risk (Joshipura et al., 1999).

35

IIIl. Dementias: Age-Associated
Cognitive Impairment

A. Alzheimer’s Disease

1. Prevalence

Prevalence estimates and projections on Alzheimer’s disease
vary according to study. The General Accounting Office com-
pleted a recent report on prevalence to the Secretary of Health
and Human Services based on a meta-analysis of 18 studies
both in the United States and abroad (U.S. General Accounting
Office, 1998). According to the report, at least 1.9 million
Americans 65 years and older in 1995 had Alzheimer’s disease
when all levels of severity of the disease were included, and
1.1 million were afflicted when only moderate and severe
forms were included. Overall numbers are probably underesti-
mated, with figures closer to 2.1 million due to the likelihood
of missed cases and cases of mixed-type dementia excluded
from the count. By 1997, there were an estimated 2.32 million
people with Alzheimer’s disease, although this figure ranges
from 1.09 million at the low end to 4.58 million at the high
end (Brookmeyer et al., 1998). The Centers for Disease Con-
trol National Center for Health Statistics reported 22,475
deaths from Alzheimer’s listed on death certificates that year,
and an age-adjusted mortality rate of 2.7 (Hoyert et al., 1999).

If U.S. Census Bureau projections for the aging of the nation
are taken into account, the General Accounting Office report
predicts that between 2.9 million and 3.2 million Americans
will have some degree of Alzheimer’s disease by 2015 (U.S.
General Accounting Office, 1998). Other similarly derived
projections suggest that 1 in 45 older Americans can expect
to have the disease by 2050, a near quadrupling in prevalence
from today’s figures. A high-end projection shows 14 million
patients with the disease by 2040 (Evans, 1990).

2. Incidence

Four studies in the United States establish current incidence
rates for Alzheimer’s disease, each using standard criteria for
diagnosis (Shock et al., 1984; Kokmen et al., 1988; Bachman
et al., 1993; Hebert et al., 1995). From these studies (Framing-
ham, East Boston, Rochester, MN, and Baltimore) the age-spe-
cific incidence rate was found to increase exponentially after
the age of 65, doubling every 5 years at least through the
age of 90 (Brookmeyer et al., 1998). Fig. 4.3 shows age-speci-
fic incidence rates derived from these studies on a log scale.

The number of new Alzheimer’s cases likely to be diag-
nosed over the first five decades of the 21st century is deter-
mined by multiplying U.S. Census Bureau projections of the
U.S. elderly population for that time period by known age-spe-
cific incidence rates of the disease. One such estimate predicts
a growth in new cases from 360,000 in 1997 to 1.14 million in
2047, even in the absence of new diagnostic tools (Brookmeyer
et al., 1998). These projections also assume no new treatments
or preventions.

3. Age

The largest risk factor for Alzheimer’s disease is age. Table
4.1 shows estimates of prevalence derived from 18 major
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FIG. 4.3. Age-specific incidence rates of Alzheimer’s disease on a log scale from 4 U.S. studies: Framingham, East Boston,
Rochester, and Baltimore. Incidence of Alzheimer’s disease rises exponentially after age 65, doubling every 5 years. From Brookmeyer

et al. (1998).

studies. When the U.S. elderly population is broken down into
5-year incremental age groups beginning at age 65, the major-
ity of Alzheimer’s cases occur within the three groups encom-
passing ages 75 to 89. These combined age groups claim 1.1
million out of the 1.9 million total Alzheimer’s patients among
the elderly and create a crucible for the elderly: out of the 13.5
million people alive between the ages of 75 and 89 in 1995,
Alzheimer’s disease afflicted 8.4% of them (U.S. General
Accounting Office, 1998; U.S. Census Bureau). Taking the
number of cases among a particular age group as a percentage
of the total population alive of that same age, the age group
with the smallest percentage of cases—1.1%—is the youngest

TABLE 4.1 Estimates of Alzheimer's Disease (AD) Prevalence by Age’
Any AD Moderate or severe AD
Age Number Percent Number Percent
65-69 104,785 1.1 61,815 0.6
70-74 194,716 22 111,111 1.3
75-79 304,399 4.6 169,549 2.5
80-84 411,363 9.2 227,757 5.1
85-89 412,764 17.8 232,726 10.0
90-94 312,509 315 185,516 18.7
95+ 166,287 52.5 110,595 349
Total 1,906,822 5.7 1,099,069 33

“The integration of 18 major studies shows Alzheimer’s disease
prevalence also increases by age, with at least 1.1 million people between
the ages of 75 to 89 years old afflicted. Alzheimer’s disease: estimates of
prevalence in the United States. Report to the Secretary of Health and
Human Services. United States General Accounting Office, January 1998.
GAO/HEHS-98-16 (available online: http://frwebgate.access.gpo.gov/cgi-
bin/useftp.cgi? IP address=162.140.64.88; filename: he98016.pdf; direc-
tory: /diskb/wais/data/gao).

group beginning at age 65. Unsurprisingly for a disease whose
major risk factor is age, the percentages increase steadily by
higher age group until a full 50% of the population aged 95
and over are afflicted.

Unfortunately, both prevalence and incidence estimates for
this oldest population are sketchier than for other age ranges
due to small sample size in all of the studies analyzed. Some
literature suggests that the incidence rate may level off or
decline past the age of 95, but recent studies have found the
opposite trend. A very high rate of incidence for this group
is shown from extrapolations of the four main U.S. studies
and a Swedish study (Fratiglioni et al., 1997). In a recent study
of nonagenarians, the prevalence of general dementia appeared
to increase from 13% among 77 to 84 year olds to 48% in
those 95 years old and over, and to as high as 61% when ques-
tionable cases of dementia were included (von Strauss et al.,
1999). The Canadian Study of Health and Aging found similar
results (Ebly et al., 1994). The prevalence of general dementia
rose from 23% in the 85- to 89-year old population to 40% in
the 90- to 94-year old group. For those 95 years and over, the
prevalence of dementia reached 58%, with three-quarters of
the cases of dementia thought to be due to Alzheimer’s disease.

Even less data exist on the prevalence and incidence of Alz-
heimer’s disease among centenarians. A 1991 study of all Fin-
nish centenarians revealed that 26.8% of the 179 subjects had
clinically diagnosed Alzheimer’s (Sobel et al., 1995). Of a
smaller Japanese study of 49 centenarians, 70.2% had some
form of dementia, with three-quarters of the dementia attribu-
ted to Alzheimer’s disease (Asada et al., 1996). Ebly et al.
(1994) of the Canadian Study on Health and Aging suggested
that dementia is nearly unavoidable in those living past 100,
finding that 84.6% of those people 100 years or older are
affected, the majority by Alzheimer’s disease. In contrast,
early findings of the New England Centenarian Study show
fewer than expected cases of Alzheimer’s disease at that age,
with at least one-third of the subjects free of all types of
dementia (Perls er al., 1999).
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4. Family History

Another confirmed risk factor for Alzheimer’s disease is
family history. Specific genetic risk factors will be discussed
in a subsequent chapter; however, a general association exists
between positive family history of Alzheimer’s disease and
incidence risk in first-degree relatives. The association is statis-
tically significant for a family history of early-onset Alzhei-
mer’s disease. The association for late-onset disease, while
still positive, is thought to be nonsignificant (Thal et al., 1988).

A family history of Down syndrome may be a risk factor for
Alzheimer’s disease, although the low incidence of Down syn-
drome in the general population affects the reliability of data
(Jorm, 1990). One study showed an increased risk of dementia
in mothers, not fathers, of Down patients (Schupf et al., 1994).
Alzheimer’s neuropathology is known to be nearly ubiquitous
in elderly Down syndrome patients at autopsy; however, actual
symptoms of Alzheimer’s disease are expressed in only a min-
ority of them (Wisniewski et al., 1985).

Less clear-cut than age and family history risks are risks
with gender, ethnicity or cultural differences, and education
level. For these topics, what data do exist are often conflicting,
and sample sizes are often less than adequate.

5. Gender

There is mounting evidence that Alzheimer’s disease preva-
lence rates are higher in women than in men (U.S. General
Accounting Office, 1998). Neuropathological studies consis-
tently confirm this (Nishihara and Ishii, 1986; Ojeda et al.,
1986; Wade et al., 1987). Among nonagenerians in particular,
women are at significantly greater risk of having Alzheimer’s
disease than men (von Strauss et al., 1999). Higher prevalence
rates among women may in part reflect better survival with the
disease, as one study showed significantly worse survival for
males than females (Beard et al., 1994).

Women also appear to be at greater incidence risk for Alz-
heimer’s disease than men, although the evidence is not con-
clusive. A meta-analysis by Gao et al. (1998) of eight studies
revealed a higher incidence rate in women than in men without
respect to age, but at least five other studies did not (Nilsson,
1984; Copeland et al., 1992; Bachman et al., 1993; Kokmen
et al., 1993; Letenneur et al., 1994). A greater incidence risk
for women may be seen only in those over the age of 80; below
that age incidence risk may actually be greater in men (Leten-
neur et al., 1999).

6. Race/Ethnicity

A major criticism leveled at national prevalence and inci-
dence data on Alzheimer’s disease is the largely Caucasian
populations the data are derived from, calling into question
the relevance of the results to the diverse population of the
United States. The 18 studies from the United States and Eur-
ope that were integrated for the General Accounting Office
analysis include very few nonwhite elderly subjects. The racial
and ethnic composition of the United States elderly is expected
to change dramatically in the next 50 years, and lack of data on
Alzheimer’s disease among minority groups renders national
projections of the disease for this time period less reliable.
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Although a 3-year comparison of general dementia preva-
lence rates and incidence in elderly blacks and whites showed
no statistically significant differences in risk for race (Fillen-
baum et al., 1998), other evidence shows a higher prevalence
of dementia among certain ethnic groups, particularly among
blacks (Schoenberg ef al., 1985; Heyman et al., 1991). How-
ever, studies specifically comparing Alzheimer’s disease preva-
lence among various racial groups, rather than that of general
dementia, are scarce. Tang et al. (1998) suggested that blacks
and Hispanics of a certain genotype may be at higher risk of
developing Alzheimer’s disease than whites. When members
of all three groups who lacked the susceptibility allele APOE
€4 were compared, blacks had a four times higher cumulative
risk for developing late-onset Alzheimer’s disease than whites,
and Caribbean Hispanics had a risk two times as great as
whites. For those subjects who do possess the APOE ¢4 allele,
risk appears elevated for Caucasians but not other ethnic
groups.

There is also some evidence that Alzheimer’s disease
patients of different racial backgrounds may experience differ-
ences in disease progression. One study shows a racial differ-
ence in neuropsychiatric symptoms without separating by type
of dementing illness: blacks have a significantly greater likeli-
hood of psychotic symptoms with dementia whereas whites
have a greater likelihood of depression with the disease (Cohen
and Magai, 1999).

Cultural or environmental factors may influence risk. Japa-
nese males who emmigrate to the island of Hawaii are more
likely to have Alzheimer’s disease than Japanese men of the
same age living in Japan, suggesting influences other than race.
The prevalence rate of Alzheimer’s disease among Hawaiian
Japanese-American men approaches that seen for North Amer-
icans in general, while far exceeding rates typically seen
in Japan (White et al., 1996). African Americans living in
Indianapolis have a significantly higher age-adjusted preva-
lence rate of Alzheimer’s disease, as well as other types of
dementia, than members of a Nigerian African population liv-
ing in Ibadan, Nigeria, despite similar racial origins (Hendrie
et al., 1995). In a study based on hospital discharge records,
Israeli Jews of American or European origin had double the
Alzheimer’s disease incidence rates of Israeli Jews of Asian
or African origin. This study did not rule out cultural differ-
ences in hospital service use, however (Treves et al., 1986).
One other example of possible environmental or cultural effect
is a study showing higher prevalence rates of Alzheimer’s dis-
ease in New York than in London (Copeland et al., 1987).

7. Other Risk Factors

A positive history of head trauma became a suspected risk
factor in Alzheimer’s disease after the discovery of Alzhei-
mer’s-like neuropathology in boxers afflicted with dementia
pugilistica, as well as in 30% of nonboxers dying after one
severe head injury (Graham et al., 1996). While there is con-
sensus that a history of head injury in subjects with the apo-
lipoprotein E-e4 genotype increases risk for Alzheimer’s
disease, studies looking for a more general relationship with
head injury without respect to genetic factors are not in agree-
ment. Head injury with loss of consciousness has been shown
to be a significant predisposing factor in Alzheimer’s disease in
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several recent case-control studies but not in others (van Dui-
jin, 1996). Recall bias is one possible flaw in case-controlled
studies: retrospectively collected information on head injury
reveals a positive association with Alzheimer’s disease, where-
as prospectively collected information does not support such a
link (Chandra et al., 1989). One longitudinal incidence study
did show an increased risk for Alzheimer’s disease in subjects
with a history of head injuries involving loss of consciousness
greater than 5min and also for subjects whose injuries
occurred within the past 30 years (Schofield et al., 1997).

Lack of education may be a risk factor. Studies showing
lower education as a risk factor of developing Alzheimer’s dis-
ease slightly outweigh in number those studies that fail to find
any link between education and risk (Beard et al., 1992). The
possibility that people with more education or higher premor-
bid intelligence may better mask evidence of decline on cog-
nitive function tests cannot be excluded. Other confounding
factors, such as occupational or early life exposures, are also
difficult to rule out.

The presence of aluminum in neuritic plaques of Alzhei-
mer’s disease patients at autopsy spurred investigation into a
link between exposure to the metal and development of the dis-
ease. Aluminum in drinking water and in mines has been
linked to increased risk for Alzheimer’s disease (Rifat et al.,
1990; Doll, 1993; Jacquim et al., 1994). Risk from other
sources of aluminum, such as medications and antiperspirants,
has not been established conclusively (van Duijin, 1996). Inter-
estingly, no difference has been found in serum and bone alu-
minum levels between control patients and Alzheimer’s
disease patients (O’Mahony et al., 1995; Zapatero et al.,
1995). Other possible risk factors for Alzheimer’s disease,
such as depression, smoking, and exposure to glues, fertilizers,
and pesticides, have been investigated. Here again, conclusive
results are lacking.

8. Possible Protective Factors

Estrogen replacement therapy is a possible but not conclu-
sively proven protective factor against developing Alzheimer’s
disease. Women in one study who took estrogen for longer
than 1 year after menopause had an 80% lower incidence
risk for Alzheimer’s disease when compared to women who
did not take the therapy, whereas the Baltimore Longitudinal
Study on Aging found Alzheimer’s risk reduced by half in
women who had a postmenopausal history of estrogen replace-
ment therapy (National Institute on Aging, 1998). A review of
10 randomized studies and 9 observational studies on estrogen
use and Alzheimer’s disease found some support for use of the
therapy, but not enough to conclusively endorse it for the pre-
vention of Alzheimer’s disease (Haskell et al., 1997).

Arthritis sufferers appear to be at lower risk of Alzheimer’s
disease. This has been linked to regular use of nonsteroidal
inflammatory drugs other than aspirin (Breitner et al., 1994).
Regular use of nonsteroidal inflammatory such as ibuprofen,
naproxen sodium, and indomethacin for 2 years led to a 60%
reduction in the risk of developing Alzheimer’s disease among
subjects in the Baltimore Longitudinal Study on Aging
(National Institute on Aging, 1998). Use of aspirin lowered
risk only slightly, whereas acetominophen use was not asso-
ciated with any risk reduction.
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B. Vascular Dementia

Vascular dementia is thought to be the second leading cause
of dementia after Alzheimer’s disease in the United States and
Europe (Jorm, 1990). Whereas Alzheimer’s disease accounts
for two-thirds or more of all cases of dementia, vascular
dementia is believed to cause between 10 and 20% of the cases
(Small et al., 1997; Nyenhuis and Gorelick, 1998). There is
debate as to whether the category vascular dementia is a clini-
cally useful one at all, however. The term encompasses several
subtypes of pathology, including multi-infarct dementia, Bins-
wanger-type dementia, and dementia of the hemodynamic
type. Prevalence and incidence data on vascular dementia typi-
cally do not discriminate between subtype.

Estimates on the prevalence and incidence of the disease
may be influenced by bias in diagnostic criteria. Diagnosis
requires the presence of both cerebrovascular disease and
dementia, even though a direct causal relationship remains to
be found; thus areas with a high prevalence of cerebrovascular
disease may be prone to overestimation of vascular dementia
rates at the expense of other diagnoses (van Duijin, 1996;
Brust, 1988). Nolan et al. (1998) found at autopsy that cerebro-
vascular disease alone was the cause of none of 87 cases of
dementia, although cerebrovascular disease was seen to coexist
with Alzheimer’s disease pathology.

In Japan, China, and Russia, where stroke rates are high,
estimates of vascular dementia rates range from moderately
high to very high. Some studies show it to be as common or
more common than Alzheimer’s disease (Jorm, 1991; Li
et al., 1991; Udea et al., 1992; Yoshitake et al., 1995). At least
three studies suggest that vascular dementia is overdiagnosed
in these regions and that rates are in fact much more similar
to those seen in the United States, i.e., trailing Alzheimer’s dis-
ease as the underlying cause of most dementia (Lin et al.,
1998; Nolan et al., 1998; Yamada et al., 1999).

Age, gender, and race are risk factors for vascular dementia.
Like Alzheimer’s disease, rates increase exponentially with
age, although the rise appears to be steeper for vascular
dementia than for Alzheimer’s disease (Jorm et al., 1987).
The balance of both prevalence and incidence evidence shows
males more likely to have vascular dementia (Jorm, 1990; van
Duijin, 1996). Blacks appear to suffer from the disease in
greater proportion than members of other races (Gorelick,
1997; Lindsay et al., 1997). Stroke risk factors are closely
linked to, but not necessarily identical to, vascular dementia
risk factors (Leys et al., 1998). Age, gender, and race are
also risk factors for stroke. Other factors include arterial hyper-
tension, diabetes mellitus, and low HDL cholesterol levels.

C. Dementia with Lewy Body Disease

Pathological studies suggest that Lewy body disease may vie
with vascular dementia—or even exceed it—as the second
leading cause of dementia. Seventeen to 36% of all cases of
dementia appear to be caused by the disease (Gomez-Tortosa
et al., 1998). An autopsy series found that the disease ac-
counted for 25% of dementia cases (McKeith et al., 1996).

When mixed-type dementia cases are included, Lewy body
disease may be far more widespread than was first believed. As
many as 30% of elderly patients diagnosed clinically and
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pathologically with Alzheimer’s disease also showed signifi-
cant Lewy body pathology at autopsy. In addition, at least
some Lewy body pathology is nearly ubiquitous at autopsy
of Parkinson’s disease patients (Hughes, 1997). Because clin-
ical and pathological aspects of the disease overlap with both
Alzheimer’s disease and Parkinson’s disease, prevalence and
incidence rates of dementia with Lewy body disease are not
yet established (Holmes et al., 1999).

As with Alzheimer’s disease and vascular dementia, the lar-
gest risk factor for incidence of the disease is age in that above
the age of 50, incidence rates rise steadily. Family history is
also implicated. Alzheimer’s disease in a first-degree relative
increases the risk of developing dementia with Lewy body dis-
ease greatly. Presence of the apolipoprotein E €4 allele is a risk
factor, but somewhat less so for Lewy body disease than for
Alzheimer’s disease. Gender appears to be a risk factor as
well: men are twice as likely as women to have dementia
with Lewy body disease (Papka et al., 1998). Data on other
demographic and epidemiological aspects of the disease are
lacking.

IV. Age-Associated Sensory-
Motor Impairments

A. Visual Impairment

Visual function changes and ocular disease often accompany
the aging process. Decreases in acuity, accommodation, and
dark adaptation are common among the elderly. Among Amer-
icans 65 and older, 7 million people (or 21%) have some
degree of visual impairment. Of those, 3.5 million people
report severe vision loss. Based on these estimates, visual
impairments will affect 15 million elderly people, 7.6 million
of them severely, by the year 2030 (Lighthouse, Inc., 1995).
Figure 4.4 shows U.S. Department of Health estimates of
visual impairment among the noninstitutionalized elderly.
Age-related macular degeneration, primary glaucoma, and dia-
betic retinopathy are the main neurological impairments affect-
ing vision in the elderly.
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1. Age-Related Macular Degeneration

Retinal degeneration affects the elderly in two forms, one of
which, peripheral retinal degeneration, occurs in as much as
half of the elderly population but results in little change in
vision and is not treated (Ernest, 1997). The other form, age-
related macular degeneration (AMD), is far more serious. Also
referred to as age-related maculopathy, it is the leading cause
of new cases of legal blindness in the United States as well as
the leading cause of visual impairment among those 70 years
and older.

AMD itself has two types, the “dry”” or nonexudative type,
also called the atrophic form, and the “wet” or neovascular/
exudative type. The latter form results in more severe vision
loss. The dry type affects more people, however, accounting
for 80% of all AMD patients, some of whose condition may
then deteriorate into the wet form (Ferris et al., 1984).

An estimated 4.5 million people had AMD in the United
States in 1992 (Hyman, 1992). When longer life expectancies
and current prevalence data are taken into account, as many as
7.5 million people are likely to have AMD by the year 2020.
Incidence data on the disease are lacking, however. This affects
the accuracy of projections, particularly since several studies
have reported an increase in the rate of AMD-related blindness
registrations in the past few decades. It is not known if the
increases are genuine or an artifact of better diagnosis and
reporting (Hyman, 1992).

Prevalence rate estimates for AMD vary from study to study,
particularly since no uniform diagnostic criteria have been
established for the disease. In the United States, two major
population-based prevalence studies, one national in scope
and one in Framingham, Massachusetts, showed overall preva-
lence rates of 5.8 and 8.8%, respectively (Kahn et al., 1977a;
Klein and Klein, 1982). A more recent study suggests that
15% of Caucasians 40 years and older (13.2 million people)
show some signs of the disease (Prevent Blindness America,
1994).

The disease is strongly age related. Prevalence rates among
people under the age of 55 approach zero (O’Shea, 1998). The
Framingham study found that prevalence more than doubled
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Prevalence of vision impairment by age, sex, and race in 1995. Visual impairment becomes more common with age,

although there are underlying gender and racial differences in prevalence. From U.S. Department of Health and Human Services (1999)
(available online: http://www.cdc.gov/nchs/products/pubs/pubd/hus/charts/hus99f12.pdf).
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between the age groups 65-74 and 75-85, rising from 11 to
28% (Kahn et al., 1977a,b; Klein and Klein, 1982). Other
research indicates that more than one-third of the population
75 and over in the United States is affected by AMD, 3% of
them severely so (Prevent Blindness America, 1994).

Whether there is an association between gender and AMD
remains under debate. Some studies show a slight female pre-
ponderance among AMD sufferers. In one Scandinavian study
on the incidence of blindness caused by AMD, female cases
outnumbered male cases by as much as 2.8:1 (Rosenberg
and Klie, 1996). In that study, the age-specific incidence of
AMD blindness was 140:100,000 for females and 66:100,000
for males in the age group 60 and over. A national study in the
United States, however, found no clear-cut gender differences
in prevalence rates, but did not assess incidence rates (Klein
and Klein, 1982).

Race may be a risk factor in AMD, although this also has
not been determined conclusively. It should be noted first
that African Americans have a greater proportion of visual
impairments overall than do whites, which may be due to
diminished access to eye care (Schmeidler and Halfmann,
1998). For AMD, however, blacks are thought to have a lower
risk of the disease than whites. Theories on this topic focus on
the possible protective effects of darker pigmentation. Signs of
the disease are common in both groups, but more severe, late-
stage forms of the disease appear more commonly in elderly
whites than blacks in the United States (Friedman er al.,
1999). At least four studies have shown higher overall rates
of AMD among whites than blacks (Hyman, 1992), and
another study has shown whites to have a higher frequency
of early stage, age-related macular degeneration than blacks
(Schachat et al., 1995). Rates among whites may exceed those
found among Asians as well. The National Health and Nutri-
tion Examination Survey, however, showed no significant dif-
ferences by race in prevalence of AMD (Goldberg et al.,
1988).

Other factors that have been examined for positive risk asso-
ciation with AMD include high blood pressure, cardiovascular
disease, exposure to sunlight, altitude, light-colored iris pig-
mentation, smoking, heredity, and lack of dietary antioxidants.
Some evidence suggesting elevated risk for these factors has
been demonstrated but all remain under debate. Income and
education are not risk factors for AMD (Klein et al., 1994).

2. Primary Glaucoma

Of existing, not incident, cases of legal blindness in the Uni-
ted States, glaucoma is the leading cause (National Society to
Prevent Blindness, 1980). There are several forms of glauco-
ma, all involving optic nerve atrophy and defects of the visual
field (Ernest, 1997). Two of the forms, open angle and angle
closure, are together known as primary glaucoma. They are
most closely associated with aging and cause visual impair-
ment in as many as 6% of Americans over the age of 65 (Glau-
coma Foundation, Inc., 1997). Worldwide, an estimated 67
million people live with glaucoma (Flanagan, 1998).

Angle closure glaucoma is the rarer of the two forms. It is an
acute disease, with onset late in life. Open angle glaucoma
occurs five times as commonly and is a chronic, slow-progres-
sing form of the disease (Ernest, 1997). Unlike acute angle clo-

SECTION I Overview

sure glaucoma, which typically causes pain at onset and causes
patients to seek medical care, open angle glaucoma may go
undetected for years. Incidence and prevalence estimates
may thus be too low. Researchers in Sweden themselves
uncovered nearly half of the cases of open angle glaucoma
in one population-based survey (Ekstrom, 1996). Among an
Australian population 49 and older, 3.0% were affected, and
half of the cases had remained undetected until the study
(Mitchell et al., 1996).

Estimates for 1997 showed four million Americans overall
with open angle glaucoma, more than half of whom are mid-
dle-aged or older (Glaucoma Foundation, Inc., 1997). The
Beaver Dam Eye Study found an overall prevalence of open
angle glaucoma of 2.1%. It also found a strong association
with age: prevalence was 0.9% among 43 to 54 year olds,
but increased to 4.7% among those 75 years and older (Klein
et al., 1992). Among those aged 80 to 89 years, the disease
affects as many as 9.7% of the population (Wensor et al.,
1998). Incidence of this form is thought to rise from 0.2%
among 50 year olds to 2% among 70 year olds (Ernest, 1997).

Older African Americans are at as much as three times high-
er risk of having primary glaucoma than whites. Approxi-
mately half a million, or 6%, of older African Americans
have the disease compared to 2%, or nearly 1.5 million, of old-
er Caucasians (Prevent Blindness America, 1994). The likeli-
hood of visual impairment due to the disease is even greater
among older African Americans. Risk of impairment may be
as much as 6% greater among blacks than whites (Tielsch
et al., 1990). The major accepted risk factor for the disease
is abnormally high intraocular pressure (Flanagan, 1998).
Sleep apnea may also increase risk (Mojon et al., 1999).

3. Diabetic Retinopathy

The risk of diabetic retinopathy increases as the length of
time living with diabetes increases. Risk, therefore, is also
strongly linked to aging, as the majority of diabetes cases
are diagnosed after the age of 40. The incidence of diabetic
retinopathy is greatest during the years 45 to 75. Nearly 2%
of people living 15 years with diabetes are blind, and 10%
have some form of visual impairment from the disease. In a
Rochester, Minnesota study, a cumulative blindness incidence
of 8.2% was demonstrated in patients living 20 years with dia-
betes (Sanchez-Thorin, 1998). Diabetic retinopathy caused
14.4% of legal blindness among 65 to 74 year olds in the Uni-
ted States in 1978, the only data inclusive of all races and types
of blindness (National Society to Prevent Blindness, 1980).

Race is a risk factor. African Americans and Hispanic Amer-
icans are more likely to have diabetes and diabetic retinopathy
than Caucasian Americans (Prevent Blindness America, 1994).
Black women have the greatest risk of blindness with the dis-
ease, although a study has shown slower disease progression in
African Americans than in whites (Kahn and Hiller, 1974;
Arkfen et al., 1994). Native Americans also have a greater
risk of diabetic retinopathy compared to whites (Lee et al.,
1992a,b). White men appear to have the lowest overall inci-
dence of the disease (Kahn and Hiller, 1974).

Risk for diabetic retinopathy is also elevated with hypergly-
cemia. High blood pressure and gross proteinuria are other
predisposing factors for diabetic retinopathy among type I
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diabetics. Type I diabetics have a greater risk for blindness
with the disease than type II diabetics.

B. Hearing Impairment

Hearing loss associated with aging has numerous causes and
is regarded as the most common medical problem affecting the
elderly (Mhoon, 1997). Figure 4.5 shows the prevalence of
hearing impairment among the noninstitutionalized elderly.
Most studies on hearing loss show prevalence rates ranging
from 27 and 47% among the elderly (Moscicki et al., 1985;
Ries, 1985; Adams and Benson, 1990). A recent popula-
tion-based study of 4541 people aged 48 to 92 found preva-
lence of all degrees of hearing loss to be 45.9% among those
65 and older, with moderate and severe hearing loss account-
ing for 41.9% of the cases (Cruickshanks et al., 1998). In an
audiologic survey of people 70 years and older living at
home, 60% were affected by significant losses in the speech
frequency range (Herbst and Humphrey, 1980). Even after ad-
justing for noise exposure, occupation, and education, a statis-
tically significant preponderance of hearing loss was seen in
males (Cruickshanks et al., 1998). Among nursing home resi-
dents, hearing losses affect as much as 80 to 90% of the popu-
lation (Hull, 1995).

Otologic changes may occur with aging in all parts of the
ear, but those involving sensorineural impairment are the
most common. Sensorineural loss can be divided into sensory
loss, involving the cochlea or organ of Corti, and neural loss,
involving peripheral nerves, ganglion cells, the auditory nerve,
or central auditory pathways.

Forms of sensorineural impairment, in addition to traumas
and hereditary or congenital defects, include ototoxicity,
Méniere’s disease, and hearing loss due to metabolic, autoim-
mune, and demyelinating disorders. Infection, neoplasms, and
brain stem ischemias also cause sensorineural hearing deficits.
These disorders are not necessarily age related, but they do
commonly affect the elderly. Noise, smoking, cardiovascular
disease, hyperlipoproteinemia, and low dietary antioxidant
intake are all thought to be factors contributing to sensory
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impairment in hearing. Exposure to these factors increases
with age. Tinnitus is an example of this—increases in preva-
lence rates are associated with both age and level of noise
exposure (Coles, et al., 1987).

1. Presbycusis

By far, however, the hearing loss associated most commonly
with aging is a progressive, bilaterally symmetric hearing
impairment of unknown cause, affecting primarily the ability
to hear high tones. Onset rarely occurs before middle age.
The general term presbycusis is used to describe this disease.

Four types of presbycusis have been described: sensory,
neural, strial, and cochlear conductive types (Kennedy and
Clemis, 1990). The four types are discriminated by area of sen-
sorineural degeneration and atrophy in the inner ear. The
elderly are often affected by more than one type. However,
one-quarter of the cases of presbycusis fit into none of the
four categories (Mhoon, 1997).

Because presbycusis is used as an umbrella term for a vari-
ety of underlying pathologies, demographic and epidemiologi-
cal studies on it are not readily available. However, prevalence
and incidence data are available for general hearing losses
among the elderly and, as mentioned earlier, presbycusis
accounts for the vast majority of all hearing loss in this popu-
lation. Although the disease is accepted to be strongly age
related, conflicting evidence exists on whether presbycusis
incidence and prevalence rates continue to rise steadily among
the oldest old segment of the population. A recent longitudinal
study of presbycusis in a Swedish population suggests that
annual declines in hearing threshold level off in the ninth dec-
ade of life (Jonsson and Rosenhall, 1998).

2. Ototoxicity

Medication effects can also cause sensorineural impairment
in the inner ear. Known as ototoxicity, this form of hearing loss
affects the elderly in greater proportion than other segments of
the population because of the greater likelihood of polyphar-
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macy among the elderly and the greater sensitivity of the
elderly to side effects. Temporary ototoxicity can be caused
by ibuprofen and aspirin, drugs commonly used by older
patients with arthritis. Other drugs with ototoxic effects are
aminoglycoside antibiotics, quinine, ethacrynic acid, and furo-
semide (Mhoon, 1997).

C. Gait Impairment and Postural Instability

Postural stability and gait depend on the integration of a host
of sensory, neural, and musculoskeletal factors, all of which
are susceptible to changes with aging. Nutt (1997) classifies
balance and gait disorders by a broad area of dysfunction:
afferent or sensory disturbances, central or integrative distur-
bances, and efferent or motor disturbances.

Afferent dysfunctions, such as age-related vestibular and
proprioceptive changes and the aforementioned age-related
vision losses, contribute to spatial disorientation and distortion
of environmental signals. Because these senses normally pro-
vide redundant and overlapping information, loss of one is not
in itself enough to cause significant instability. In the elderly,
however, more than one of the senses are often compromised
or provide conflicting information, affecting balance and gait.
Central nervous system disorders affect stability in the elderly,
especially through diseases that affect the frontal lobes, basal
ganglia, and brain stem. Cognition-related judgement decline
is a common cause of gait impairment and falls. Efferent
declines with age typically include changes in muscle strength
and tone, but may also involve motor neuropathies, corticosp-
inal pathways, and diseases of the cerebellum. These declines
are accompanied by an inability to coordinate motor function
and also result in gait disturbances.

Gait disorders affect as many as 57% of women and 42% of
men over the age of 75 (Waite et al., 1997). Spastic gait and
ataxic gait are examples commonly afflicting the elderly.
These disorders are caused by a specific area of decline (affer-
ent, central, or efferent) discussed in detail later. However, the
most common gait disturbance in the elderly, ‘“‘cautious” gait,
is not described by a particular area of decline. Cautious gait,
also known as senile gait, is a general term for unsteadiness
with aging. One theory as to cause is normal-pressure hydro-
cephalus; another is the cumulative effects of many minor neu-
rologic defects and progressive losses that can accompany
neuronal aging in the elderly (Jenkyn and Reeves, 1981;
Fisher, 1982; Horak et al., 1989).

1. Afferent Impairment

Dysfunction of the peripheral vestibular system most com-
monly causes a weaving or ‘“‘drunken” gait, whereas central
disorders of the vestibular system may produce an ataxic gait
or weaving. Prioprioceptive declines, either of the peripheral
system or of spinal pathways, cause ataxic gait disorders and
loss of position sense.

a. Vestibular Changes. Disorders of the vestibular system,
manifest chiefly as complaints of dizziness and/or vertigo,
are extremely common in the elderly. At least half of home-
dwelling subjects over the age of 62 had some form of vertigo,
and the numbers are thought to be significantly higher among
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nursing home and hospital residents (Babin and Harker 1982).
Sloane et al. (1989) found that dizziness or loss of balance
affected 65% of community-dwelling individuals over the age
of 60, many of them on a daily basis. As many as 69% of
elderly individuals demonstrate impairment on vestibular
function tests (Lord et al., 1991).

Age-related changes in vestibular function can be due to per-
ipheral, central, or systemic disorders. Neural involvement is
limited to the former two, although causes other than neural
degeneration, such as motion sickness, tumors, and vascular
anomalies, can also account for peripheral and central vestib-
ular dysfunction. Peripheral vestibular disorders typically
cause severe symptoms of vertigo (the sensation of individual
or environment rotating), whereas central disorders more often
result in milder symptoms of dizziness (general sensations of
dysequilibrium and spatial disorientation including light-head-
edness, swaying, and unsteadiness) (Nutt, 1997).

Disorders of the peripheral vestibular system are not well
classified. Degenerative losses with aging may be seen in the
sensory epithelium, otoconia of the saccule, hair cells, or per-
ipheral nerve. Belal and Glorig (1986) used the general term
presbyastasis to describe disequilibrium due to peripheral ves-
tibular changes with aging and found the condition prevalent in
79% of elderly patients presenting with dizziness. Histopatho-
logic evidence in the vestibular labyrinth necessary to consider
presbyastasis a distinct disease entity is not well established,
however.

Another general term for peripheral vestibular dysfunction,
this one associated with vertigo when the head is placed in
certain positions, is benign paroxysmal positional vertigo.
Whereas symptoms of this condition are well established,
etiology is not. General degenerative processes in the labyrinth
are thought to cause the majority of cases, but vestibular neu-
ronitis, surgical trauma, head injury, and medication effects
can also be predisposing factors. Benign paroxysmal positional
vertigo was the most prevalent diagnosis of 1194 patients in a
Montreal dizziness clinic, affecting nearly 40% of patients
(Katsarkas, 1994).

b. Proprioceptive Changes. Proprioceptive changes with
aging can result from losses in the sensory nerve terminals
of muscles, tendons, and joints or in the multiple central ner-
vous system connections. Peripheral sensation is vital to postural
stability, walking on uneven ground, and spatial orientation
during position changes, particularly when other senses are
compromised. It accounts for roughly 56% of the maintenance
of static posture, whereas vestibular and visual senses are
secondary, accounting for roughly 22 and 21%, respectively
(Lord et al., 1991).

Loss of sensory input from lower limbs is particularly pre-
valent among the elderly. Among nursing home residents in
Australia, nearly 36% of elderly subjects received abnormal
ratings on static balance tests, whereas on dynamic balance
tests, over 73% of subjects demonstrated impairment (Lord
et al., 1991). Poor scores on both types of tests were signifi-
cantly associated with reduced tactile sense as well as reduced
joint and vibration sense.

Proprioceptive losses are nearly unavoidable with age. In a
comparison of healthy 80 year olds with healthy 20 year olds,
ankle vibration sense declined 86% with age. One-leg standing
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with eyes open declined 32%, whereas with eyes closed it
declined 100% (Potvin et al., 1980). Bohannon et al. (1984)
found that no subjects in their eighth decade of life were
able to balance on one leg with eyes closed for 30 sec, whereas
three-quarters of subjects in their third decade of life were able
to do so.

2. Central Nervous System Impairment

Impairments of higher-level central integrative functions in
the elderly affect postural stability and gait in a number of
ways. Input from sensory systems can be compromised by neu-
rological losses in central pathways. In the vestibular system,
for example, central vestibular nuclei and pathways are vulner-
able to atherosclerosis and chronic hypertension (Belal and
Glorig, 1986). Ischemias and infarcts, neuromas, and demyeli-
nating diseases in the brain stem, basal ganglia, cerebellum,
and thalamus compromise central pathways of all types of sen-
sory functions. Walking may become impossible due to the
resulting severity of disequilibrium (Nutt, 1997).

The elderly are at greater risk for a number of diseases
affecting cerebral blood flow, such as postural hypotension,
stroke, cardiac dysrhythmias, and systemic diseases such as
diabetes. These may cause central neurologic deficits in deep
white or gray matter as well as in the frontal lobes. These types
of dysfunction are associated with loss of balance, freezing,
or shortened steps, although central gait disorders are still
somewhat controversial and not generally well classified.

Loss of cognitive function due to dementing illnesses affects
stability through impaired judgement and gait. Medications
commonly taken by the elderly, particularly certain psychotro-
pic, cardiac, and analgesic drugs, are known to compromise
central functioning and thus stability through a variety of
mechanisms.

3. Efferent Impairment

Diminished effector component function of the motor sys-
tem affects the ability of the elderly to maintain postural stabi-
lity, producing a wide variety of gait disturbances. Distal and
proximal nerve declines such as motor neuropathy result in a
waddling or slapping gait. Corticospinal pathway dysfunction
commonly causes ‘“spastic’’ gait. Parkinsonism or dysfunction
in the basal ganglia results in tremor, rigidity, and brady-
kinesia, whereas choreic diseases produce distinctly irregular
movements. Cerebellar changes cause ataxic gait and balance
incoordination (Nutt, 1997).

4. Falls

Postural instability is of primary importance in day-to-day
function in the elderly in that its presence is the major predic-
tor of falls. Among those over the age of 65, the sixth leading
cause of death is unintentional injury, mainly from complica-
tions of falls (Sattin, 1992). Falls affect at least a third of com-
munity dwellers over the age of 65 (Tinetti et al., 1988). Risk
of not being able to get up after a fall is as high as 50% in the
elderly. Falling increases the likelihood of nursing home place-
ment; unfortunately, however, falls in nursing homes are even
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more prevalent, affecting half of all residents annually and
directly accounting for 1800 fatalities each year (Tinetti,
1997). The incidence rate of falls among residents of nursing
homes is as high as 1.5 falls per bed per year (Rubenstein ef al.,
1994).

The model that best describes falls is a multifactorial one,
taking into account environmental, activity, and host factors.
Because postural stability in the host requires sensory, central
integrative, and effector contributions, impairments in any of
these systems can compromise balance and equilibrium. The
age-related visual, vestibular, proprioceptive, and central ner-
vous system losses described earlier therefore strongly predis-
pose the elderly to falling. Nonneuronal host factors such as
arthritis, joint and muscle weakness, systemic diseases such
as electrolyte and sugar imbalances, postural hypotension,
and acute illnesses also contribute to the high rate of falls
among the elderly. The heightened sensitivity to the effects
of medications among the elderly is another very common fac-
tor in falls.

D. Parkinson’s Disease and Parkinsonism

Parkinson’s disease in the most common disease of the clus-
ter of chronic, progressive, and age-related motor system dis-
orders. Also known as idiopathic Parkinson’s disease or
primary parkinsonism, it predominates this group of movement
disorders by as much as 68% and is of still unknown etiology
(de Rijk et al., 1997). The term parkinsonism is a general one,
covering related disorders with most, but not necessarily all, of
the same symptoms as Parkinson’s disease, and may also
include symptoms distinct from those of Parkinson’s disease.
In some literature the term includes idiopathic Parkinson’s
disease.

Non-Parkinson’s disease forms of parkinsonism are rela-
tively uncommon and are of both known and unknown cause.
The second most common form of parkinsonism after Parkin-
son’s disease is progressive supranuclear palsy (Litvan and
Hutton, 1998). Mayeux et al. (1995) found the disease to
be 12 times less frequent than Parkinson’s disease in terms
of crude annual incidence. Progressive supranuclear palsy
increases in incidence rate with age, rising from 1.7 for 50-
to 59-year olds to 14.7 for 80- to 99-year olds (Bower et al.,
1997). Other non-Parkinson’s forms of parkinsonism include
postencephalitic parkinsonism, drug-induced parkinsonism,
striatonigral parkinsonism, arteriosclerotic parkinsonism, tox-
in-induced parkinsonism, the parkinsonism—dementia complex
of Guam, and parkinsonism accompanying distinct neurologi-
cal disorders (National Institutes of Health, 1994). The Euro-
parkinson collaborative study separated the various forms of
parkinsonism by frequency of occurrence and found that after
Parkinson’s disease, unspecified parkinsonism accounted for
14% of all types in Europe (de Rijk ef al., 1997).

1. Prevalence

Prevalence estimates range widely by study and are subject
to the usual caveats: differing diagnostic criteria and methodol-
ogy by study, underestimates caused by delays in diagnosis due
to the progressive nature of the disease, and overestimates
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caused by symptom overlap with other neurological diseases.
In five community studies in Europe, the survey investigators
themselves uncovered 24% of the total cases of Parkinson’s
disease in the population, suggesting that many patients do
not seek medical attention for symptoms and thus go undiag-
nosed (de Rijk er al., 1997). However, as many as 25% of
expertly diagnosed cases of Parkinson’s disease were found
at postmortem to be otherwise, according to data from the Par-
kinson’s Disease Society Brain Bank of the United Kingdom
(Hughes et al., 1992). Up to 40% of false-positive diagnoses
may be due to essential tremor (Tanner and Goldman, 1996).

Parkinson’s disease affects some 500,000 Americans at this
time (National Institutes of Health, 1994.). It accounted for
4.6% of all visits to neurologists in the United States in
1991-1992, but among those 65 and older, it accounted for
16.9% of visits to neurologists (Schappert, 1995). The preva-
lence in North America is thought to be 150 per 100,000 peo-
ple (Checkoway and Nelson, 1999). For a disease with possible
environmental causes, however, regional variations in preva-
lence are important and are masked by large-scale national
estimates.

Within America there are notable geographic variations in
Parkinson’s disease mortality, suggesting the possibility of an
accompanying uneven distribution by region and perhaps also
by race in prevalence. Lanska (1997) found a decreasing gra-
dient from north to south for underlying cause and all-cause
mortality rates among whites, but a weaker gradient and lower
overall mortality rates for blacks. A twofold increased risk of
death is associated with parkinsonism (Bennett et al., 1996).

Variations in prevalence estimates have been found at the
international level. In an analysis of age-adjusted prevalence
rates from 27 regions of the world, there was a 13-fold differ-
ence between the highest and the lowest end rates (234 per
100,000 in Uruguay and 18 per 100,000 in China, respectively)
(Zhang and Roman, 1993). If data from Chinese provinces are
excluded, however, only a fourfold difference is detected
worldwide (Wang, 1990). Low prevalence rates in China have
been reported consistently. Other data from door-to-door sur-
veys conducted by WHO investigators found the lowest world-
wide age-adjusted prevalence rates among blacks in Nigeria,
followed by China (Zhang and Roman, 1993). High-end esti-
mates include a crude prevalence of 244.4 per 100,000 in a
door-to-door survey in Alberta, Canada (Svenson et al., 1993).

2. Incidence

The latency period between the beginning of dopaminergic
neurodegeneration and the actual onset of symptoms has yet to
be determined, nor are there definitive antemortem diagnostic
tests. Approximately 50,000 new cases of Parkinson’s disease
are diagnosed each year in the United States (National Insti-
tutes of Health, 1994). A population-based longitudinal study
in Olmsted County, Minnesota revealed an increase in annual
incidence rates over the period from 1935 to 1984 of 9.2 per
100,000 to 16.3 per 100,000 (Tanner et al., 1992). Other stu-
dies have shown no changes in incidence in the past half cen-
tury, suggesting little temporal variation (Tanner and Goldman,
1996).

Internationally, annual incidence figures as low as 4.5 per
100,000 were determined in Libya and as high as 16.1 per
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100,000 in Iceland (Tanner and Goldman, 1996). Incidence
rates by region and nation vary widely and include discrepan-
cies as to what forms of parkinsonism are included in data.
Overall rates for the United States typically fall at the high
end of international incidence comparisons.

3. Age

As with dementia, Parkinson’s disease is strongly related to
aging. Young-onset forms (defined as below the age of 40) are
known and thought to be increasing in prevalence, but the typi-
cal age of onset is 60 years of age. Both incidence and pre-
valence of the disease rise steeply above the age of 50
worldwide, regardless of overall prevalence variations by geo-
graphic region. Older literature reported that prevalence and
incidence rates drop among the oldest-old. More recent data
suggest this trend is most likely due to missed diagnoses and
predict a continued exponential rise with age (Ben-Shlomo,
1996).

Advancing age brings with it an increase in prevalence of
nearly all types of parkinsonian clinical signs. The exception
appears to be resting tremor, which shows a decrease in preva-
lence with age (see Table 4.2). Bennett ef al (1996) assessed
the prevalence of parkinsonian signs: bradykinesia, gait distur-
bance, rigidity, and tremor. With Parkinson’s disease patients
included, 52.4% of those 85 and older had at least two signs.
For elderly aged 65-74 and 75-84, 14.9 and 29.5% had at least
two parkinsonian signs, respectively.

4. Gender

Men outnumber women in Parkinson’s disease. Most of
the evidence collected shows age-adjusted prevalence rates
slightly higher in men than in women, and male cases appear
to outnumber female cases by 20 to 30% (Checkoway and
Nelson, 1999). Mayeux et al. (1995) found a lower cumulative
incidence rate among women regardless of racial background.

5. Race/Ethnicity

The wide discrepancies in prevalence and incidence rates
between different regions of the world may reflect underlying
differences in racial susceptibility to the disease, or may be due
to other factors entirely. Zhang and Roman (1993) found that
regardless of region, door-to-door surveys yielded consistently
higher rates than other methods and suggested that regional
variations may be due to case-ascertainment differences rather
than true variation in Parkinson’s disease between populations.
Several studies report reduced rates of Parkinson’s disease
among black Africans and also among blacks in other regions
of the world in clinic-based studies (Richards and Chaudhuri,
1996). In Copiah County, Mississippi, lower age-adjusted rates
were determined among blacks than whites in door-to-door
surveys; identical survey methods in Nigeria, however,
revealed a fivefold lower prevalence among Nigerian blacks
than American blacks (Osuntokum et al., 1987; Schoenberg
et al., 1998).

Mayeux et al. (1995) found lower age-adjusted prevalence
rates of Parkinson’s disease among blacks than other racial
groups in a Manhattan community registry study, but impor-
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TABLE 4.2 Age-Specific Estimates of the Prevalence of Parkinsonian Signs*
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Prevalence according to age %

No. in P value for

Parkinsonian sign sample 65-74 years 75-84 years > 85 years trend (age)
Bradykinesia

Paucity of movements of the extremities 98 9.3+£2.0 16.6+2.0 30.1+3.8 <0.001

Paucity of movements of the face 116 12.6+2.4 21.2£22 35.5+4.0 <0.001

Slow finger taps 197 22.8+3.3 40.0£2.7 62.5+3.9 <0.001
Gait disturbance

Reduced arm swing 210 244433 41.84+2.7 64.8+3.9 <0.001

Shufling gait 83 6.4+1.6 13.8+1.8 29.7+3.8 <0.001

Prolonged turning 153 15.7£2.7 29.6+2.5 50.8+4.1 <0.001
Rigidity

Right leg 141 16.7+2.8 27.6+24 433+4.1 <0.001

Left leg 154 16.9+2.8 28.6+24 46.3+4.1 <0.001

Right arm 62 8.7+2.1 120£1.7 17.2£3.1 0.046

Left arm 69 9.8+23 144£1.9 20.7+34 0.009
Tremor

Postural 99 16.5+£2.9 20.7+2.2 25.6+£3.5 0.02

Resting 24 6.1£2.0 5.6£13 50+1.8 0.681

“Parkinsonian signs are increasingly prevalent with age. From Bennett et al. (1996).

tantly, highest incidence rates and mortality rates from the dis-
ease among black men. Richards and Chaudhuri (1996) pro-
posed the explanation that blacks, with higher stroke and
cardiovascular disease risk, may be more susceptible to vascu-
lar parkinsonism, poorer survival, and therefore appear to have
lower prevalence rates of Parkinson’s disease than whites.

6. Risk Factors

Symptoms of Parkinson’s disease have been described as
long ago as 1000 B.c. but the disorder continues to be an etio-
logical enigma. Theories as to cause shifted dramatically over
the course of the 20th century. In the first half of the century
the major risk factor was thought to be exposure to infectious
agents, after a form of parkinsonism was linked to pandemic
encephalitis lethargica in the early decades of the 20th century.
The disease caused by this agent is now recognized as posten-
cephalitic parkinsonism and is considered distinct from Parkin-
son’s disease. Research for other infectious agents led to the
discovery of rare forms of parkinsonism caused by Western
and Eastern equine encephalomyelitis and Japanese B ence-
phalitis (National Institutes of Health, 1994).

Toward the latter part of the 20th century research shifted
from viral agents toward environmental toxins after the identi-
fication of drug-induced and other chemical injury forms of
parkinsonism. Research intensified following the discovery in
the mid-1980s of parkinsonism among heroin users who had
been exposed to the street drug contaminant 1-methyl-4-phe-
nyl-1,2,5,6-tetrahydropyridine (MPTP). Although onset of
this form of parkinsonism was sudden rather than progressive,
it otherwise closely mimicked pathologically and clinically

Parkinson’s disease, whereas other known chemical toxins
caused more general neurological injury with some parkinso-
nian signs. The finding that the common herbicide paraquat is
structurally similar to MPTP led to speculation on exposure to
agricultural chemicals as major risk factors for Parkinson’s
disease.

Results from numerous studies on pesticide and herbicide
exposure have yielded contradictory results as to risk. A high
prevalence of Parkinson’s disease has been found in rural
areas, in areas with vegetable farming, and in areas with steel
and wood pulp mills, according to data extracted from sales
of antiparkinsonian drugs (Aquilonius and Hartvig., 1986;
Barbeau et al., 1987; Rybicki et al., 1993). Studies of varying
population size and methodology have shown rural living, well
water, and farming associated with an increased risk of Parkin-
son’s disease. When these associations were examined by Hub-
ble et al. (1993) using multiple logistic regression, they were
each found to be a function of pesticide exposure. Increasing
years of exposure to organophosphates and certain herbicides
are linked to increasing risk of Parkinson’s disease in two stu-
dies (Seidler et al., 1996; Gorell et al., 1998). However, many
other case-controlled studies have found no significant risk
from exposure to pesticides or rural living, and chemical toxins
remain far from being conclusively established risk factors
(Checkoway and Nelson, 1999). Metals such as mercury and
manganese have also been examined for their role in Parkin-
son’s disease, with similarly inconclusive results.

Family studies in the 1990s have produced evidence for
genetic explanations (Payami and Zareparsi, 1998). A positive
family history of parkinsonian signs is associated with
increased risk of Parkinson’s disease, but it is still unclear
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whether this is due to genetic or environmental influences
(Tanner, 1994; Elbaz et al., 1999). Although nearly one-third
of Parkinson’s disease cases are familial, no clear inheritance
patterns have been found other than in a very small subset
of the population (Payami and Zareparsi, 1998). Autosomal
dominant inheritance of Parkinson’s disease appears to be
rare and is particularly associated with young-onset disease.
Twin studies also have not shown strict Mendelian inheritance.

More recently, theories on risk factors have centered on mul-
tifactorial explanations that include both environmental and
endogenous toxins in concert with genetics. Susceptibility is
thought to be heightened in individuals with impaired mito-
chondrial DNA or damaged antioxidative mechanisms, and
current research focuses on identifying these genetic poly-
morphisms.

7. Possible Protective Factors

Both case-controlled and prospectively collected data con-
sistently reveal an inverse association between risk of Parkin-
son’s disease and smoking. Risk may be reduced by as much as
50% in smokers compared to nonsmokers (Checkoway and
Nelson, 1999). Antioxidant vitamin use and tocopherol intake
have also been examined in case-controlled studies for possi-
ble protective effects against Parkinson’s disease; early results
have shown they may decrease risk, but the studies are small
(Tanner and Goldman, 1996).

V. Conclusion

Degenerative neurological disorders affecting cognition,
sensory function, and motor ability are more common with
advancing age. The resulting functional impairment causes
impaired quality of life in older years and dependence, leading
to the need for help with basic personal care. These disorders
are highly associated with the need for professional long-term
care services, either in the home or in an institutional setting.
In the goal of making increasing life expectancy a story of suc-
cessful aging more than increasing disability, research into the
causes and treatments of age-related neurological disorders is
of paramount importance.
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Memory Changes
with Aging and Dementia

I. The Concept of Different
Memory Functions

Human memory is quite complex, serving many functions
and with component processes that have been separated into
several different, although related, types. Some of the distinc-
tions made about memory refer to the way that information is
initially acquired and others refer to the specific content of the
information (i.e., semantic meanings or autobiographical infor-
mation). Some of the different memory systems that have been
identified interact with each other almost constantly and others
appear to operate relatively independently. This chapter pro-
vides a general overview of the human memory system and
describes how the various aspects of memory change during
the course of human aging. These changes associated with nor-
mal aging are then compared with the much more devastating
changes that occur in patients with dementing illness. Themes
that run through the entire chapter are that different aspects of
human memory are more or less vulnerable to the effects of
aging and disease and that these changes must be understood
in terms of neurobiologic changes that occur over periods of
years.

II. Aging and Cognition

Many aspects of cognitive functioning change with age and,
although many cognitive functions decline with age, the extent
and pattern of the decline vary by both the individual and the
type of function. Some aspects of cognitive functioning are
uniformly performed at lower levels in individuals when they
are older, relative to their own level of performance at younger
ages. Other cognitive functions change very little across the
life span, on average, and some functions even appear to be
enhanced at later periods of life. There are considerable indi-
vidual differences in the extent to which cognition changes
with aging. Some individuals age ‘‘successfully” so that
many cognitive functions remain unimpaired during aging
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and some may even improve (Rowe and Kahn, 1987). Other
individuals may follow a more typical course of aging where
some cognitive functions remain intact, such as memory for
material learned in school or complex motor acts such as
driving a car, while performance in other cognitive domains
declines. Examples of functions that typically show age-related
decline are learning new information with practice and the
speed of performance of motor acts (Botwinick and Storandt,
1974; West and Crook, 1990). Some individuals manifest
general declines in functioning, relative to population-based
expectations, with performance in many different aspects
of cognitive functioning appearing to be deteriorated relative
to their previous levels of functioning. Finally, some indivi-
duals develop age-related conditions that grossly deteriorate
their cognitive functioning, including the progressive dementia
such as Alzheimer’s disease. The pattern of age-related change
described in this chapter is those that occur in most people.

Many characteristics of individuals are thought to predict
cognitive functioning in late life. The potential predictors of
late life cognitive functioning include socioeconomic factors,
lifelong patterns of activities, educational history, current and
previous psychiatric conditions such as depression or sub-
stance abuse, and medical factors. Some factors exert a transi-
ent influence on performance, such as suppression of attention
or memory during episodes of dysphoria, and others, such as
educational background, have more lasting effects on perfor-
mance.

III. Primary and Secondary Memory

Primary memory, also referred to as “immediate memory,”
has several important features that distinguish it from second-
ary (i.e., long-term) memory. Primary memory is a limited
capacity memory system used to hold small amounts of infor-
mation for short periods of time, often while various cognitive
operations are performed on that information. Because infor-
mation in primary memory is available to be manipulated,
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this entire memory system is also referred to as ‘‘working
memory.” A variety of evidence has been collected to demon-
strate that working memory has different characteristics in the
visuospatial and verbal modalities (Baddeley, 1986). Working
memory is utilized to hold information ‘‘on-line” or “in
mind” while it used. A well-known example of working mem-
ory involves remembering a telephone number long enough to
dial it. Furthermore, primary memory involves a component of
adaptive forgetting. For example, if a person were unable to
forget information needed only for a brief period of time,
then the immediate memory buffer would be full to overflow-
ing with old information. Thus, adaptive forgetting, which is
thought to occur because new information displaces old in
this limited capacity system, is a component of working mem-
ory (Baddeley, 1986).

Secondary memory is the system used to hold memory for
long periods of time and is thought to be essentially perma-
nent. Information enters the secondary memory system as a
result of exposure and practice. Storage of information in sec-
ondary memory enables one to retain it over a period of delay
even if attention and cognitive effort are directed elsewhere.
For instance, learning a long list of words presented over sev-
eral exposure trials and then recalling it after a period of delay
is an example of secondary memory. Storage of information
into secondary memory is influenced by a variety of processes,
most notably practice or repetition. Access or retrieval of infor-
mation from secondary memory can be difficult, and success-
ful retrieval often depends on the availability of appropriate
retrieval cues.

Aging is associated with several changes in performance on
tasks involving primary and secondary memory. Generally, pri-
mary memory capacity remains constant with age, as shown
through studies measuring immediate memory span. The capa-
city of immediate memory is measured with a task such as
digit span in which a person is required to listen and then
repeat back a list of digits that increase in number from trial
to trial. Younger subjects usually have a memory span aver-
aging about 6.5 to 6.7 digits, whereas older subjects average
6.0 to 6.5, for a difference of less than 10% (Botwinick and
Storandt, 1974). However, when the task is modified from
the usual laboratory version of verbally repeating the digits
to a more real world task that includes dialing a phone number,
a greater age difference is found (Craik, 1977). The difference
between these two cognitive tasks is the move from auditory
memory that simply requires the subject to repeat back the
number to one involving not only verbal memory but the coor-
dination of memory with a more complicated motor response.
It is possible that the additional attention demanded by the
motor component leads to a loss of digits prior to recall.

Numerous age-related differences are found with both
encoding and retrieval of information in secondary memory.
Significant differences are found between young and old sub-
jects on free recall tasks that require both storage and retrieval
of information. Tasks that minimize the difficulty of correct
retrieval such as recognition and cued-recall tasks show con-
siderably smaller age differences (Botwinick and Storandt,
1974; Hultch, 1975). On tasks that tax the ability to store
and retrieve information in secondary memory (e.g., immedi-
ate and delayed recall of paired associates), there are signifi-
cant decrements associated with increasing age (Kausler and
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Lair, 1966). These decrements indicate that older adults are
less able to learn quickly information that exceeds short-term
memory capacity and even less able to remember this informa-
tion after a delay of 20 min or more. However, if older subjects
were given greater practice time or allowed to pace themselves
during learning rather than following the pace of the experi-
menter, they can perform as well as their younger counterparts
(Canestrari, 1963; Cohen and Faulkner, 1983). The fact that
self-paced learning or learning at a relatively slow rate does
not show much age-related decline suggests that slower pro-
cessing speed is at least partly responsible for much age-
related decline in the learning rate (Cohen and Falkner,
1983). If the degree of initial learning is equated for young
and old subjects, then the rate at which forgetting occurs
over time is nearly equal for young and older persons (Albert
et al., 1987). These latter data confirm that much of the mem-
ory deficit observed in older adults is due to learning failures
(i.e., failures to store information into secondary memory).
With aging the process of storing information in long-term
memory slows down and this results in more memory failures,
particularly for events that occurred recently.

It could be that studies of list learning and paired-associate
acquisition are not the most relevant measures to employ with
normal elderly. With independent living as the primary goal of
most elderly individuals, there have been many studies of prac-
tical or everyday memory designed to assess the relationship of
cognitive functioning and activities of daily living (ADL) skills
(Fillenbaum, 1985). A study of 151 healthy subjects in three
age groups (20-39 years; 40-59 years; older than 60 year)
assessed practical memory (i.e., shopping lists, telephone num-
bers) (Cavanaugh et al., 1983). The main problem for the older
group was remembering names and numbers or what the inves-
tigators referred to as arbitrary facts, but the ability to recall
meaningful information (i.e., gist of conversations, newspaper
articles) remained intact across the age groups. When old and
young subjects were asked to keep daily dairies of their mem-
ory failures and use of memory aids, older subjects reported
more failures (Poon et al., 1979). Most of the memory failures
reported were forgetting of names, faces, objects, appoint-
ments, locations, addresses, and phone numbers. These tasks
for which memory failures increase with age appear to depend
heavily on the ability to learn new and relatively arbitrary
facts, whereas memory tasks that are less subject to age-related
decline involve the learning of meaningful information. The
range of strategies that can be employed in learning meaning-
ful information is somewhat greater and these tasks allow the
learner to utilize information about meaning and relationships
that have previously been stored in memory. Memory failures
reported by older persons also tended to occur primarily when
the older subjects were out of their normal routine or required
to remember information that they had not used recently. By
way of contrast, younger subjects tended to forget more during
times of stress primarily because they experienced more stress
than the older subjects.

As might be expected, the functional capacity of memory is
correlated significantly both with physical health (r=0.54 to
0.55) and with mental health (r=0.54 to 0.60) (Fillenbaum,
1985). These correlations are particularly important in an
elderly population where deficits in both physical and mental
health are more common and hence are more likely to be
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important contributors to individual differences in memory
performance.

IV. Implicit and Explicit Memory

Implicit and explicit refer to the means by which informa-
tion is stored and retrieved from the memory system. In ex-
plicit memory tasks, the individual stores and retrieves
information from memory on a volitional, controlled access
basis. An example of explicit memory is when a subject learns
a set of paired words in a learning format and then is asked
to recall them later. The conscious attempt to recall the infor-
mation is referred to as “‘explicit memory.” In contrast, in
implicit memory, conscious awareness of the attempt to store
and/or recall information is not required, but a change in beha-
vior provides evidence that learning has taken place (Graf and
Schachter, 1985). An example of an implicit memory task
could be that a subject is asked to learn a list of words, includ-
ing the word “three.” Later, they are shown word stems (e.g.,
thr_ _) and asked to tell the experimenter the first word that
comes to mind. Subjects in this situation are more likely to
respond “‘three” than are subjects without prior exposure to
the word three; this change in behavior is evidence of implicit
memory.

As noted earlier, explicit memory functions change with
normal aging, although evidence shows that implicit memory
functions are less likely to deteriorate with age (Lupien et al.,
1997). This finding may suggest that the processes of voluntary
or conscious storage and retrieval from long-term storage are a
major contributor to changes in memory performance with age.

V. Episodic and Semantic Memory

Episodic memory refers to the process of remembering
events. The information stored about these events can be ver-
bal, such as the content of conversations, or visuospatial, such
as the recollections of faces and locations. In addition, episodic
memory content includes activities and current events. Thus,
both information regarding content and context are included
in episodic memory. Storage of new information into episodic
memory does become more difficult with aging, as this infor-
mation is stored in secondary memory. The total fund of infor-
mation stored in episodic memory, however, tends to hold up
quite well and may actually increase with age.

Semantic memory refers to stored information about lan-
guage and the meanings of words. Semantic memory is not
contextually dated and this information is generally shared
with others who have the same cultural background. While
acquisition of new semantic knowledge may become more dif-
ficult with normal aging, the total amount of stored semantic
information appears to decline little or not at all in normally
aged persons (Psychological Corporation, 1997). There are
many different ways to assess the intactness of semantic mem-
ory. As examples, confrontation naming refers to the ability to
name objects presented to the subject, whereas fluency tests
examine the ability of the subject to produce verbal output
when given either a categorical (e.g., animals) or a phonologi-
cal (e.g., words starting with F) rule for generating instances.

55

One of the most common complaints of older adults is that
they cannot remember the names of things, even those that
they know very well. In one study, young (age range 17-23
years) and old (age range 65-85 years) healthy subjects were
measured on a word retrieval task (Bowles and Poon, 1985).
The stimulus was a definition of a word and the subjects
were asked to name the word that had been defined. The
younger subjects were superior to the older subjects on both
word retrieval and response latency. Older individuals, even
those who do not suffer from dementia, are often less able
to name objects as compared to younger individuals. Older
persons generate more circumlocutions and multiword res-
ponses than younger subjects when asked to provide a single
word for a picture presented (i.e., confrontation naming; Albert
et al., 1987; Randolph et al., 1993). Circumlocutions indicate
that the individuals recognize the item but cannot specifically
retrieve its name. These same studies demonstrate that the spe-
cificity of the age-related change to retrieval by the finding that
the ability to correctly choose which of several words is the
correct name for an object is unaffected by aging.

There are also age-related differences in the ability to con-
tinuously access semantic storage. Semantic access is typi-
callymeasured through ‘““verbal fluency” procedures. In these
assessments, subjects are asked to continuously generate words
that either start with the same letter (phonological fluency) or
are from the same conceptual category (category fluency). It is
routinely found that older individuals produce fewer words
than younger individuals in discrete time periods (Rosen,
1980). Older individuals do not make more errors than younger
ones, indicating that they are not having problems in adhering
to the task demands. One possible explanation for the reduced
verbal output of older persons on tasks such as this is that it is
simply a reflection of a reduction in general speed of cognitive
processing. In summary, modest aging-related declines in the
ability to spontaneously access semantic information are routi-
nely found. These declines are apparently not due to an actual
decrease in the total amount of information available in the
semantic storage system at later ages, as recognition proce-
dures and prompting make the performance of older indivi-
duals the same as younger ones.

VI. Declarative versus
Procedural Memory

A variety of studies involving patients with specific types of
brain damage indicate that there are different neurobiologic
systems involved in laying down memory for facts vs laying
down memory for procedures or rules for accomplishing tasks
(Squire and Cohen, 1982). A review of all the evidence sup-
porting this distinction is beyond the scope of this chapter,
but the essence of it is that patients with damage to medial
temporal regions of the brain have severe impairments in the
ability to learn new facts (e.g., a list of words or a person’s
name) but have only minor impairments in the ability to learn
new skills (e.g., how to read words backwards, do tracing of
forms presented in a mirror). Because of the evidence that dif-
ferent neurobiologic systems are involved in these two kinds of
learning and memory, a number of studies have looked at how
these two kinds of memory are affected by aging.
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Memory for facts is referred to as declarative memory.
These facts can be recently learned or they can be acquired
a long time ago. In the case of information learned long ago,
this can be referred to as “remote memory.” As described pre-
viously, the rate at which new facts can be stored in memory
clearly slows down with normal aging. However, the total
amount of information available in remote memory (some-
times referred to as tertiary) can be relatively intact throughout
the life span. Evaluation of remote memory can be conducted
through recognition and/or recall of public events throughout
history. Older subjects often perform better than their younger
counterparts recalling events over a long period and maintain
consistent levels of memory across history (Warrington and
Sanders, 1971).

In contrast, procedural memory is the system used to learn
and retain the ability to perform skills. An example of proce-
dural learning would be learning the skills required to perform
a new motor skill, such as tracing in a mirror. An example of
procedural memory would be recalling how to ride a bicycle or
to swim, if the individual had not performed either of these
acts for a period of time. Other types of procedures stored in
remote memory include skills learned long ago, such as the
ability to read and spell. It is normal for elderly individuals
to perform as well as younger individuals on these tests. A
further finding of importance in this area is that the perfor-
mance of elderly individuals on these tests is generally consis-
tent with or higher than their level of previous academic
achievement, i.e., older persons usually are able to read and
spell at a level that is equal to a younger person with a similar
educational background (Jastak, 1984). This finding indicates
that some memory skills are stable over time within individuals
and may even improve with exposure to new information over
the life span.

VII. Other Age-Related Changes in Cognition

A. Language

A superficial assessment of the language performance of
older individuals would indicate that language is well pre-
served throughout the life span, at least until the late 80s,
because performance on the vocabulary subtest on the Wechs-
ler Adult Intelligence Scale has been found to be consistent
over time (Owen, 1953). However, there are clear findings
suggesting notable age-related declines in the spontaneous pro-
duction of language (Kemper, 1987). There are some addi-
tional changes in verbal skills with aging, most of which
were described previously in the section on semantic memory.
Lexical functioning refers to the structure of meaning and its
representation in words. Intact lexical functions include the
ability to access and recognize words on demand. A study of
subjects in two age groups (17-23 and 65-85 years) measured
performance on a “lexical decision task™ where they were
asked to determine if a briefly presented string of letters cre-
ated a word (Bowles and Poon, 1985). There was no significant
difference across age on either accuracy or response latency.
Older and younger individuals perform equally well on tasks
of word recognition reading (Jastak, 1984).

Phonologic knowledge refers to the sound-based rules of
language. This skill appears to be well preserved across age
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(Bayles and Kazniak, 1987) except in individuals who experi-
ence stroke or other identifiable brain changes. The ability to
meaningfully combine words using grammatical rules is
referred to as the syntactic component of language and it is
also preserved across age (Obler et al., 1985) unless other
factors intervene.

B. Visuospatial Functioning

Visuospatial functioning requires the ability to perceive and
subsequently manipulate visual information. This ability is
often measured through either the production or the recogni-
tion of figures. Some decline occurs as individuals advance
in age. A cross-sectional analysis of 1800 community residents
age 65 and older found a decrease in visuospatial ability and
speed of execution as age increased (Mazaux et al., 1995).
There was also poorer performance among female subjects
and those with lower education. Age-related declines in the
ability to reproduce complex figures have been reported in
other studies as well (Plude ef al., 1986). One potential contri-
butor to the age-related decline in performance on these tasks
is that they require manipulation of items in a novel way and
often with a speeded component.

While there is a decrease in visuospatial performance as an
individual ages, the decline is significantly less than with
demented older adults. Comparisons between healthy elderly
subjects and those with mild cognitive impairment found that
objective psychological measurements, such as those testing
visuospatial ability, exhibited high sensitivity and specificity
in distinguishing between subjects with and without a decline
in cognitive functioning (Flicker et al., 1991).

C. Psychomotor Functions

Psychomotor functions involve the combination of precise
motor responses, attention, and cognitive problem-solving
abilities. Reduced motor speed as age increases has been
demonstrated both in laboratory tasks and in real world envir-
onments. Older commercial drivers were found to have more
accidents than younger drivers because of slower reaction
times (Barrett et al., 1977). Even though the accident rates
of pilots ages 40 to 60 are lower than those of younger pilots,
the accidents older pilots had were attributable to slower
response times (Birren, 1964). Response times can be
improved with training in older individuals, ages 60-80, by
having them play video games 2 hr a week for 7 weeks (Clark
et al., 1987). In general, older typists perform more slowly
than their younger counterparts. When highly skilled older
typists exhibited performance speed that was equal to that of
less skilled younger typists, the older typists made more errors.
Thus, reaction time can be reduced if the skill is sufficiently
practiced, but there is a possible cost of an increase in errors
made due to keystroke errors (Bosman, 1993). Greater distract-
ibility among older typists has been offered as a reason for
the decline in typing skills. For example, when older and
younger typists were compared after removing all distracting
stimuli, there were no age-related differences (Salthouse,
1984). However, attention studies have shown that there are
few age-related differences in distractibility when perceptual
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difficulties such as vision or hearing are controlled (Denney
and Palmer, 1981; Rabbitt, 1985). Even those who age success-
fully exhibit some decline in psychomotor abilities past the
seventh decade of life. Those who age normally have a pro-
gressive decline on psychomotor tasks from their mid-60s.
Like visuospatial abilities, psychomotor abilities decline signi-
ficantly and sharply among older adults with dementia.

D. Executive Functions

Executive functions involve an individual’s capacity to con-
ceptualize, to think independently, and to utilize self-control,
self-direction, and flexibility. Studies of patients with specific
types of brain injury and studies using brain imaging provide
evidence that the prefrontal areas of the neocortex are involved
in cognitive activities of this type (Reitan and Wolfson, 1994).
Describing executive functions has proved to be difficult, but
the essence of these functions appears to be that they involve
a sequence of planning and execution. The first step is that
individuals must determine what they need or want to do
and develop a global plan. The next step is to identify and
organize the steps and elements needed to carry out the inten-
tion. Another element of executive functioning is the transla-
tion of intention or plan into productive activity. During this
stage, there is a continuous process of evaluation of the plan,
with shifts following errors in execution. Because executive
functioning is thought to involve frontal lobe functioning, mea-
sures that have been proven sensitive to dysfunction of the
frontal lobe are often the types of tests that are referred to as
tests of executive functioning. One of the standard measures of
executive functioning has been the Wisconsin Card Sorting
Test (WCST; Heaton et al., 1993). The WCST is a multidimen-
sional problem-solving test, where individuals are required to
identify concepts, respond accordingly, and modify their con-
cepts in response to external feedback. Because the concepts in
the test change, the test also requires cognitive flexibility for
successful completion. One major barrier to effective perfor-
mance in executive functioning tests could be the inability to
adopt a flexible approach to problem solving. Mental inflex-
ibility is difficult to measure and is often assessed through tests
of abstraction that emphasize shifts in concept formulation. A
study comparing healthy subjects in the 50s, 60s, and 70s
found no statistically significant differences among groups
on the WCST and three other frontal lobe measures, suggesting
that there is little decline on executive functioning with age
(Boone et al., 1990). In this same domain, one more specific
type of performance has been examined closely, the tendency
to perseverate when asked to shift concepts. Research in this
area has found that the level of perseveration found in elderly
individuals was quite dependent on the tests employed (Boone
et al., 1993). Age effects were found in 45-65-year-old sub-
jects who had more perseveration than younger subjects (20—
35 years) in planning tasks (Ardila and Rosselli, 1987; Daigen-
ault et al., 1992). There have been indications that normal
aging includes an increase of perseverative behaviors prior to
age 65 (Nelson, 1976), and other research has suggested that
the increase does not occur until after age 70 or 80 (Haaland
et al., 1987). The more meaningful and concrete the presenta-
tion of a conceptual problem, the more older individuals will
succeed (Botwinick, 1978). As a result, it appears as though
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there is more individual variation in executive functioning
and hence more variability in age effects than in simpler
aspects of cognitive functioning. This may not be surprising
because of the fact that executive functioning tests also require
intactness of multiple lower-level skills, including perception,
attention, memory, and motor skills. Based on the variability in
performance across individuals in the area of executive func-
tioning, it is important to make clear distinctions between
healthy elderly individuals and those with any early stages of
brain disease. Normal aging begins to show some decline in
the late 70s to early 80s, and demented individuals have a
very sharp decline on executive abilities (Zec, 1993).

VIII. Cognitive Changes in Dementia

Dementia is a major public health problem, with an esti-
mated 6 million cases in America at this time and more cases
expected as the population ages. Neuropsychological assess-
ment is a crucial component of any dementia evaluation.
Both American (McKhann et al., 1984) and European commu-
nity (CPMP Working Party, 1992) standards require neuro-
psychological assessment as a component of the diagnostic
workup. Virtually all dementing illnesses are progressive, de-
generative conditions and neuropsychological assessment is
also crucial for the evaluation of progression (Katzman, 1986).

A. Definition of Dementia

Dementia is defined similarly in several different diagnostic
systems (e.g., World Health Organization, 1992; American
Psychiatric Association, 1994) as a condition marked by the
loss of memory functions and at least one other aspect of cog-
nitive function that is sufficiently severe to interfere with the
person’s ability to perform ordinary activities of daily living.
To differentiate dementia from preexisting conditions such as
mental retardation, the impairments must represent a decline
from the patients previous level of functioning. Additional cog-
nitive deficits, which may indicate a dementing illness include
aphasia (loss of language function), apraxia (loss of the ability
to perform a previously learned motor activity), agnosia
(inability to recognize familiar objects), and loss of executive
functions (i.e., conceptual skills, planning, and control over
component skill areas). The definition of dementia also differ-
entiates this condition from others where the loss of cognitive
function is limited to a single cognitive function, such as
amnesia or aphasia where loss of memory or loss of language
competence is the principal change in cognitive functioning.
Dementia has multiple etiologies and, whenever possible, the
etiological factor is coded during the diagnostic process. In this
chapter, our discussion of dementia is limited in scope and
describes the key aspects of two different overall categories
of dementia, cortical dementia and subcortical dementia. In
addition, the typical neuropsychological profiles of the most
commonly seen examples of the two types of dementia are
compared to each other.

B. Cortical versus Subcortical Dementia

The constellation of impairments seen in Parkinson’s disease
(PD) and Huntington’s disease (HD), combined with the
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neuropathology of these disorders, which is found primarily in
subcortical regions, has lead to an ongoing distinction between
cortical and subcortical dementia (Cummings, 1986; Cum-
mings and Benson, 1990; Rebok and Folstein, 1993). In this
conception, dementias such as Alzheimer’s disease (AD),
which affect the cortex and, eventually, all of the cognitive
functions dependent on the intact cortex, can be discriminated
from dementing conditions, which impact principally on the
subcortical regions. Studies have suggested that subcortical
(HD) and cortical (AD) dementias can be discriminated even
at the later stages of illness (Paulsen ef al., 1995a). While there
is some controversy about this distinction, in line with findings
of certain types of language and other ““cortical’”” abnormalities
in PD (see Rebok and Folstein, 1993, for a discussion), most
dementias that affect subcortical regions (e.g., HIV, HD, and
PD) have similar features. The question of the validity of
this distinction will continue to be debated, but there are
some clear differences between the group of “‘subcortical
dementias” and AD in the breadth and magnitude of impair-
ments, especially in terms of early impairments in attention
in subcortical dementia, global slowing processes in subcorti-
cal dementias even in their early stages, very salient signs of
depression, and sparing of recognition memory. Accordingly,
we organize our discussion of these conditions in line with
this distinction.

C. Alzheimer’s Disease

This disease, first reported by Alzheimer at the outset of this
century, is the most common of the dementing conditions. At
least half of all patients with dementia who are over the age of
65 will be found to meet criteria for AD at a postmortem
assessment (Arriagada et al., 1992), with the proportion of
cases with AD compared to other dementias increasing as
the age of the patients increase (Rebok and Folstein, 1993).
It has an age of onset ranging from the late 30s (rarely) to
the end of life and a prevalence of as much as 6% of the cur-
rent living population (Terry and Katzman, 1992). These fig-
ures are greatly increased in old age, with as much as 50%
of the population over the age of 85 meeting criteria for AD
(Evans et al., 1989). Most studies note that the course of the
illness is around 10 years from the first identifiable symptom,
unless the patient does not survive this period (Katzman,
1986). Risk factors for the illness are age, family history of
AD, reduced educational attainment, Down syndrome, head
trauma, and female gender (Cummings and Benson, 1983).
The neuropathological signature of the illness includes amy-
loid plaques and neurofibrillary tangles, localized initially in
the medial temporal cortex and hippocampus and found later
in the illness in the more lateral structures of the temporal
lobe, parietal cortex, and perisylvian region (Khachaturian,
1985; Huff et al., 1987). Plaques are irregularly shaped depos-
its of amyloid, whereas tangles are neurofibrillary masses that
are distributed irregularly in the same general regions as pla-
ques. The presence of these neuropathological stigmata is
required for the postmortem diagnosis of AD according to
all current criteria.

The clinical hallmark of AD is its progressive course. When
measured with a global clinical rating scale, such as the Mini-
Mental State Examination (MMSE; Folstein ef al., 1975) or the
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Alzheimer’s Disease Assessment Scale (ADAS; Rosen et al.,
1984), there is an average deterioration of about 10% per
year (Berg et al., 1987; Huff et al., 1987; Salmon et al.,
1990). Thus, the expected decline in the MMSE is about 3
points per year on the average. This decline is not, however,
linear. In the early and later stages of the illness the annual
decline is considerably less than in the middle, leading to a cur-
vilinear course (Morris et al., 1993). As a result, the expected
annual loss of functioning measured globally depends consid-
erably on the severity of illness at the time of first assessment.

There are multiple aspects of cognitive impairment seen in
AD, but the presence and severity of impairment in each cog-
nitive domain depend on the stage of illness. In fact, as the ill-
ness progresses, every cognitive function of the cerebral cortex
becomes impaired eventually. Some of the cognitive impair-
ments are seen very early on in the course of the illness and
others appear later (Welsh et al., 1992). Of these cognitive
impairments, some of them become progressively worse over
time in the illness and others appear to be static after their
appearance (Morris et al., 1993). The first measurable cogni-
tive sign of AD is a profound deficit in secondary memory,
specifically in learning and delayed recall of facts, either
with or without intervening distracting information. This
empirical finding is not surprising because the first subjective
sign of the illness is forgetfulness and problems in learning
new information. This deficit is substantial, in that patients
with mild AD (MMSE >23) have been found to learn as little
as three words over the course of three exposures to a 10-item
serial word list, whereas nondemented persons matched for age
and education to these patients learned eight words. At delayed
recall, the AD patients recalled less than one word on the aver-
age, whereas normals retained seven out of eight words that
they learned (Welsh et al., 1991). Deficits in delayed recall
do not progress with continued overall worsening of the ill-
ness, whereas new learning appears to worsen steadily with
increases in overall severity of impairment (Welsh et al., 1992).

Following the impairments in learning and memory that
appear at the earliest stages of the illness, verbal skills such
as confrontation naming ability and verbal fluency appear to
worsen next and progress with a roughly linear course. The
next aspect of functioning to deteriorate is praxis and spatial-
perceptual operations. These declines appear to be linear as
well (Welsh et al., 1992; Morris et al., 1993). Thus, the curvi-
linear course of AD, as measured by global scales such as the
MMSE, may be determined by the scaling properties of the
assessment instruments as well as by the actual course of
the illness. The ‘‘accelerated” pace of cognitive decline in
the middle of the illness may be a function of the fact that
more of the cognitive functions measured by the instrument
are in decline in the middle of the illness than at the very early
stages (where only delayed recall and verbal learning are im-
paired) and the late stages (where many cognitive tests are now
manifesting floor effects). It must be noted that there is hetero-
geneity in AD across patients and these descriptions are based
on average statements about large samples of patients.

There are many other aspects of cognitive assessment in AD
that merit attention. Executive functioning impairment appears
early in the illness. It is possible that deficits in executive func-
tioning are exacerbated, or possibly even caused, by deficits in
the cognitive components controlled by executive functions.
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For instance, a profound deficit in working memory would
make adequate performance on an executive functioning test
such as the WCST essentially impossible. As in many amnestic
conditions, procedural learning (i.e., learning of motor skills)
appears to be more intact than declarative learning. Similarly,
implicit memory functions (i.e., memory aided by prompts or
cues) appear more intact than explicit memory, although still
impaired (Zec, 1993). Recognition memory (i.e., the ability
to identify previously presented information) is not spared,
in contrast to findings in specific frontal lobe damage (Freed-
man, 1990) or HD (see later). Finally, a number of studies have
suggested that interventions designed to augment memory
functioning, including provision of practice and alteration of
encodability of information, do not benefit patients with AD
to the same extent as age-matched controls, patients with
affective disorders, or patients with other dementing conditions
(Weingartner et al., 1993).

Other significant deficits contribute to the poor performance
of patients with AD on many cognitive tasks. Both motor
speed and visuomotor performance are impaired quite early
in the course of the illness, with some evidence that this is
also a progressive deficit (Nebes and Madden, 1988; Nebes
and Brady, 1992). The issue of attentional impairment in AD
is a complex one. As a general statement, attentional impair-
ment is a less salient feature of AD than deficits in learning
and memory. That said, there is still considerable evidence
that concentration impairment is present in the illness, espe-
cially with continued progression (Kaszniak et al., 1986). In
the area of deficient verbal skills, there is some evidence that
letter fluency is less impaired than category fluency until the
very late stages of the illness, possibly because of the greater
dependence of category fluency on the intactness of the tem-
poral and parietal cortices (Randolph et al., 1993).

As AD progresses, function is lost to the point that by the
time of death, performance on all tests is so poor that all scores
are essentially zero (see Zec, 1993, for a comprehensive review
of this issue). This is in contrast to some other cortical and sub-
cortical dementias where there is preservation of many func-
tions up until the very latest stages.

Behavioral disturbances in AD, including delusions, halluci-
nations, agitation, and depression, can also interfere with the
assessment of cognitive functions in the illness and special
care must be taken in order to ensure that low scores are based
on cognitive impairments and not on behavioral abnormalities
(Teri et al., 1992). AD is one of the dementing conditions
where a low baseline level of intellectual functioning is a
risk factor for the illness. Several different studies have indi-
cated that using an estimate of premorbid functions, such as
a reading level obtained from the Wide-Range Achievement
Test or the National Adult Reading Test, is valid up until the
severe stages of AD (e.g., O’Carroll et al., 1987). Thus, rela-
tive decline can be assessed against a reasonable measure of
premorbid functioning.

D. Cognitive Assessment of Alzheimer’s Disease

Studies of cognitive changes in AD use a variety of different
assessment tools, and the aim of this section is to describe
those tools briefly. Most neuropsychological assessment bat-
teries for AD include a word list learning test with recall after
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a delay to assess storage and retrieval into secondary memory,
measures of language, including fluency and naming, tests of
constructional praxis, assessment of motor speed, and some
estimate of premorbid functioning. Global, all-purpose assess-
ment tools, such as the MMSE or ADAS described later, assess
most of these functions succinctly in order to gauge the general
level of the patient’s cognitive intactness. A neuropsycho-
logical assessment alone is inadequate for the differential diag-
nosis of AD because of the very large overlap between the
cognitive impairments seen in AD and other dementing condi-
tions, such as vascular dementia. Determining the rate of cog-
nitive decline requires reexamination after 6 to 12 months in
order to document a progressive course. For patients with
very mild impairments, a documented decline over 6-12
months provides convincing evidence of the prototypical cog-
nitive impairments and decline required to correctly diagnose
AD. Because delayed recall deficits are not progressive, evi-
dence of progression in this type of memory function is clearly
not to be expected. Furthermore, because praxic deficits are
often absent in mild AD, a finding of no impairment in this
area does not rule out the presence of the illness. Cognitive
assessment is a crucial component of treatment trials in AD
because cognitive enhancing drugs should have a detectable
effect on many different aspects of the illness. A full discus-
sion of this issue is contained in Mohs (1995).

E. Structured Rating Scales for Alzheimer’s Disease

An alternative approach to the use of a neuropsychological
battery to assess the severity of AD is the use of a structured
rating scale. Several of these instruments are available and in
common use, with all demonstrating high reliability. The main
difference between these scales is their level of comprehen-
siveness.

1. Alzheimer's Disease Assessment Scale

The ADAS (Rosen et al., 1984) is a 21 item scale designed
to assess the severity of cognitive and behavioral impairments
in AD. The cognitive component includes both a short neurop-
sychological assessment and items rated by the interviewer on
the basis of interaction with the patient and caregiver. Scores
on the cognitive subscale range from 0 to 70, with scores on
the noncognitive subscale ranging from 0 to 50.

2. Mini-Mental State Examination

The MMSE (Folstein et al., 1975) is a widely used assess-
ment instrument designed to screen the cognitive impairments
seen in a variety of dementing conditions, although the content
areas focus on those associated with AD. There are 21 different
items in 11 different tests, with scores ranging from O to a per-
fect score of 30. Scores of 23 or less are typically seen as
reflecting dementia and meriting more detailed assessment.
In patients with high levels of premorbid functioning, this cut-
off should be raised to any score less than 30. It should be
noted that the MMSE may be insensitive to subcortical demen-
tia, in that one study (Rothlind and Brandt, 1993) found that
patients with confirmed PD and HD were indistinguishable
from normals on the MMSE.
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3. Clinical Dementia Rating (CDR)

The CDR (Berg, 1988) is a global summary measure desi-
gned to identify the overall severity of dementia. Six different
content areas are rated individually (memory, orientation, jud-
gement and problem solving, community affairs, home and
hobbies, and personal care). Ratings are assigned on a 0-5
point scale, (O=absent; 0.5=questionable; 1=present, but
mild; 2=moderate; 3 =severe; 4=profound; 5=terminal). A
global summary score is obtained, leading to the use of the
CDR for grouping patients on severity of dementia.

4. Mattis Dementia Rating Scale (DRS)

The DRS (Mattis, 1976) is more comprehensive and longer
than the MMSE and the CDR, but is also more informative.
Similar to the ADAS, the DRS examines a number of cognitive
functions associated with dementia. Scores range from 0 to
144, with the cutoff for normal performance at 140. The cutoff
for severe dementia is a score of less than 100.

All of these instruments have a role, particularly in research
where large-scale screening is required. For purposes of
research-oriented assessment, the use of the ADAS or the
DRS is likely to be more efficient than a full neuropsychologi-
cal battery.

F. Huntington’s Dementia

Huntington’s disease is a neuropsychiatric disorder marked
by choreoathetosis, atrophy of the caudate nucleus, and an
autosomal dominant inheritance. Equally common in men
and women, HD affects 3 to 10 per 100,000 people (Martin,
1984). The age of onset is typically in the early 40s, although
this is quite variable. The typical course is 13—17 years with
death usually resulting from pneumonia, choking, nutritional
deficiencies, skin ulcers, and suicide or other self-destructive
behavior (Lanska et al., 1988).

An initial diagnosis of HD is usually based on identification
of choreoathetosis, the hallmark movement disorder associated
with the disease. Choreoathetosis is a combination of jerky
movements and slower, twisting movements that often result
in dystonic posturing. These movements, early in the course
of the disease, occur on initiation of action and include “pia-
no-playing” movements of the fingers, ulnar deviation of the
hands, and facial tics. Later in the course, choreoathetosis
includes a virtually constant stream of movement, including
severe grimacing, head bobbing and rolling, and a “‘dancing
gait.” These movements, even when severe, cease during
sleep. With time, choreoathetosis decreases and dystonia, with
akinesis and rigidity, becomes more salient.

HD is now known to result from a gene on the terminal short
arm of chromosome 4 (Mendez, 1994). The HD gene causes
delayed atrophy and gliosis of the caudate nuclei, with dendri-
tic abnormalities in small-to-medium spiny cells. The basal
ganglia have decreased concentrations of the inhibitory neuro-
transmitter GABA and the enzymes required for GABA synth-
esis. Other neurotransmitters are relatively preserved. There is
also early cell loss in the putamen and in the globus pallidus
and the prefrontal cortex later on. Unlike AD, HD does not
involve significant loss of neurons from the nucleus basalis
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of Meynert or loss of choline acetyltransferase activity in the
cortex. As HD progresses, however, neuropathological changes
in the caudate nuclei show up consistently in neuroimaging
studies.

Huntington’s dementia is a prototypical subcortical demen-
tia. Cognitive impairments include slowed motor speed,
decreased selective and sustained attention, decreased beha-
vioral initiation, spontaneity and engagement, decreased per-
formance 1Q with verbal-performance discrepancy, executive
deficits, faulty encoding with poor storage, faulty retrieval stra-
tegies, in the context of unimpaired recognition, deficient
memory requiring effortful processing, decreased motor skill
and procedural learning, decreased verbal fluency and output,
abnormal egocentric spatial orientation, and abnormal visuo-
motor integration (Mendez, 1994). Unlike AD patients, HD
patients have insight into their neuropsychiatric disorder,
despite suffering personality changes.

About 50% of HD patients suffer from psychiatric disorders
unrelated to dementia, with a range of about 35 to 73% (Saug-
stad and Odegard, 1986; Folstein, 1989; Morris, 1991).
Included in these are depression, personality changes, or anxi-
ety disorders that often precede the onset of choreoathetosis by
as much as 10 years or more (Dewhurst et al., 1970). HD
patients complain early in their illness of difficulty with atten-
tion and concentration. They do particularly poorly on the
WALIS-R subtests that tap attentional capacity, as well as on the
visuomotor skills, such as the Trail Making Test. HD patients
have been shown to have greater attentional and concentration
problems than patients with AD, PD, and progressive supra-
nuclear palsy (Pillon et al., 1993; Rothlind et al., 1993).

There are significant executive functioning deficits in HD,
with dysfunction in the areas of maintaining and changing a
cognitive set, abstraction, judgment, and reasoning, as well
as difficulty with planning and organization and impaired men-
tal flexibility (Brandt and Butters, 1986; Folstein, 1989; Roth-
lind et al., 1993; Paulsen et al., 1995a). Patients with HD
usually have verbal and visual memory deficits early in their
disease. Although the deficit is not as severe as that found in
patients with AD (Paulsen et al., 1995b) or amnesia, memory
problems in HD are well documented. HD patients have flawed
encoding strategies that result in poor storage (Lundervold
et al., 1994a,b). There is a diminished ability to benefit from
cuing in recall (Lyle and Gottesman, 1977), a difficulty with
learning of new material (Pillon et al., 1993), and an impaired
ability to learn items in a sequence (Caine et al., 1977; Mass-
man et al., 1990). However, unlike AD patients, HD patients
can benefit from interventions targeting their encoding strate-
gies (Lyle and Gottesman, 1977; Bylsma et al., 1990), as well
as from priming or cues based on prior exposure (Heindel et al.,
1990). The importance of testing focused specifically on discri-
minating the ability of a patient with HD to benefit from the
modification of input strategies, as opposed to simply estab-
lishing that a memory impairment exists, has been noted in
the literature (Paulsen et al., 1995a).

Language in HD is relatively intact insofar as the ability to
complete verbally mediated tasks. Confrontation naming is a
strength, relative to AD patients. Whereas aphasia is not part
of the cognitive picture in HD, early on in the disease there
is some impairment of verbal fluency. Fluency changes include
more single word or short phrase responses, as well as more
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pauses in conversation, with the absolute number of words in
speech sample shown to be less than that of normal controls
(Gordon and Illes, 1987). The ability to understand verbal into-
nation (prosody) is also impaired (Speedie et al., 1990), as is
written expression (Podoll et al., 1988). Impairments in visuo-
spatial functioning have been noted in terms of lowered scores
on constructional tasks, both building and drawing (Fedio et al.,
1979; Mohr et al., 1991), as well as in spatial orientation
(Bylsma et al., 1992).
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Types of Age-Related Brain Lesions
and Relationship to Neuropathologic
Diagnostic Systems of Alzheimer's Disease

Neurofibrillary tangles, senile plaques, and neuronal loss are the three major pathologic hallmarks of Alzheimer’s
disease (AD); however, they are also observed in the course of normal brain aging. In recent years, the classical
neuropathological description of these changes has been tentatively replaced by an integrative view, including
morphological, biochemical, and molecular characteristics. The first part of this chapter focuses on the description of
AD-related lesions and attempts to highlight possible relationships between their structure and hypotheses regarding
their etiopathogenesis. Moreover, the time evolution and codependence of these lesions in the aged brain is discussed.
The second part of this chapter provides a critical review of diagnostic systems for the neuropathological diagnosis of
AD. Comparative analysis of these systems is presented with particular reference to their theoretical framework, validity,

and acceptance. © 2001 Academic Press.

I. Introduction

The two classic lesions described by Alzheimer (1907) in
his first report of an early-onset demented patient, neurofibril-
lary tangles (NFT) and senile plaques (SP), are those currently
used for the routine neuropathological diagnosis of Alzhei-
mer’s disease (AD; Figs. 6.1-6.3). These alterations are also
present in normal brain aging, but they are far less severe
than in AD and occur in restricted regions of the cerebral cor-
tex (Tomlinson et al., 1968; Ball, 1977; Mountjoy et al., 1983;
Ulrich, 1985). Our understanding of these lesions has pro-
gressively changed to encompass complex molecular, bio-
chemical, and structural issues. Moreover, other structural
abnormalities have been described, and recent advances in
neuron counting technology have provided information on
the extent of synaptic and neuronal loss in normal aging and
AD (Terry et al., 1991, 1994; Morrison and Hof, 1997). This
chapter provides an overview of current knowledge of AD-
related lesion structures as well as a critical examination of the
concepts that underlie the neuropathological diagnosis of AD.

II. Histopathological Changes
A. Neurofibrillary Tangles

1. Microscopic and Biochemical Characteristics

Neurofibrillary tangles, described by Alzheimer (1907),
represent the accumulation and abnormal biochemical modifi-

Functional Neurobiology of Aging

cation of components of the neuronal cytoskeleton that form
paired helical filaments. These lesions are composed of intra-
cellular argentophilic fibers that are stained intensely by histo-
chemical stains such as thioflavin-S (Figs. 6.1a and 6.1b).
Ultrastructurally, NFT are formed by an apparent pair of
strands, wound around one another, with crossover repeats
around 75-80nm and widths between 5 and 22nm, called
paired helical filaments (PHF; Fig. 6.2a; Terry et al., 1994).
A great variety of cytoskeletal proteins, such as the microtu-
bule-associated protein tau, ubiquitin, and neurofilament triplet
protein, are associated with PHF (Vickers et al., 1992, 1994,
1996; Trojanowski et al., 1993). The major protein subunit
of PHF is the microtubule-associated protein tau (Igbal,
1998). Six different tau isoforms ranging from 352 to 441 ami-
no acids can be generated from a single tau gene by alternative
splicing. The expression of tau is developmentally regulated so
that all six tau isoforms are found in the adult human brain,
while only the smallest isoform, known as fetal tau, is present
in the fetal human brain (Bramblett et al., 1992; Matsuo et al.,
1994). PHF-tau has a higher molecular weight and a more
acidic isoelectric charge than normal tau (Grundke-Igbal ef al.,
1986). Although PHF-tau are hyperphosphorylated compared
to normal adult brain tau (Bramblett et al., 1992; Matsuo
et al., 1994), it has been demonstrated that biopsy-derived nor-
mal adult human tau is phosphorylated in vivo on sites that are
similar to those found in PHF-tau and that a significant depho-
sphorylation of normal tau takes place during the postmortem

Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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FIG. 6.1. Representative examples of cytoskeletal pathology in a 78-year-old AD case: NFT in high magnification (a), NFT in the
CAL1 field of hippocampus (b), neuropil threads (c; arrow), and intracellular (d; arrowhead) and extracellular (d; arrow) tangles.
Materials were stained with an antibody against the microtubule-associated tau protein (a, ¢, d) and modified thioflavin-S stain (b) and
were counterstained with Nissl stain (c, d). Scale bars: 50 (a, ¢, d) and 200 (b) pum.

period (Matsuo et al., 1994). PHF-tau inhibit the microtubule
assembly-promoting activities of microtubule-associated pro-
teins 1 and 2 and tubulin (for review, see Igbal et al., 1998).
It is thus possible that downregulation of phosphatases in the
AD brain could induce the generation of maximally phos-
phorylated PHF-tau, causing disassembly of microtubules
and consequently a retrograde neuronal degeneration (Matsuo
et al., 1994). Alternatively, the formation of PHF-tau may be
accelerated by key molecules, such as sulfated glycosamino-
glycans (Goedert et al., 1996). Glycation of PHF-tau proteins,
which itself could be the result of oxidative stress, induces an
additional oxidative stress in neurons (Yen et al., 1995). In
addition, NFT show immunoreactivity to a variety of proteins,
such as casein kinase II, protease nexin I, fibroblast growth fac-
tor, microtubule-associated protein 5, amyloid Aj protein,
apolipoprotein E, and ubiquitin. Whether these proteins play
a major role in the formation of NFT is still unclear (for
review, see Terry et al., 1994).

2. Time Evolution of Cytoskeletal Pathology in AD:
From Pretangles to Ghost Tangles

Several morphologically distinct types of cytoskeletal
pathology have been described in AD brains corresponding
to different evolutionary steps. At the beginning of the degen-
erative process, there is an accumulation of phosphorylated tau
proteins in the somatodendritic compartment without PHF for-
mation, refered to as pretangles (Bancher ef al., 1989; Braak
et al., 1994). Neurons displaying pretangles are ALZ-50 im-
munoreactive. At a following stage, neuropil threads may be
identified by immunocytochemistry using both ALZ-50 and
anti-PHF antibodies. Neuropil threads are abnormal neuronal
processes that contain both PHF and straight filaments. They
are mainly located in distal segments of axons and dendrites
and share multiple tau epitopes with NFT (i.e., anti-tau and
anti-ubiquitin reactivity), except those in the two high molec-
ular weight neurofilament proteins (Fig. 6.1c; Perry et al.,
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FIG. 6.2. Ultrastructural appearance of PHF in NFT (a) and amyloid
fibrils (AM) in the core of a SP (b).

1991). The PHF immunoreactivity of neuropil threads progres-
sively displaces the normal microtubule-associated protein 2
immunostaining in dendrites and is associated with a degenera-
tion of the soma in vulnerable cortical areas (Ashford et al.,
1998). In more advanced AD cases, fully developed NFT are
seen as tightly packed bundles filling the cell body and extend-
ing into proximal dendrites (Fig. 6.1a). Following neuronal
death, NFT in the cerebral cortex persist within the neuropil
as extracellular or ghost tangles and are associated with degen-
erating neurites and neuropil threads (Fig. 6.1d; Yamagushi
et al., 1991; Terry et al., 1994; Cras et al., 1995). Extracellular
but not intracellular tangles are immunoreactive for the 40 car-
boxy-terminal sequence of amyloid AS protein (Schwab
et al., 1998).

B. Senile Plaques

The histological description of SP has yet to be standar-
dized, and there are substantial interlaboratory differences in
the vocabulary used. Two main types of SP have been distin-
guished in the human brain (Fig. 6.3, see color insert). Diffuse
plaques are formed by filamentous and nonstructured amyloid
A protein without a neuritic component, stain positively with
silver stains but not with thioflavin-S, do not correlate with the
severity of dementia, and are especially seen in oldest-old indi-
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viduals (Fig. 6.3e; Hauw et al., 1986). In contrast, neuritic pla-
ques contain dense bundles of amyloid fibrils stained by
thioflavin-S and dystrophic neurites (Figs. 6.3a, 6.3b, and
6.3d). Neuritic plaques are further divided into primitive pla-
ques without a dense A protein core and classic plaques,
which are composed of a central amyloid core surrounded by
degenerating axon terminals, dendritic arborizations, and glial
elements (Figs. 6.2a, and 6.2b; Brion, 1990; Dickson, 1997;
Wisniewski and Silverman, 1997). Some of these neurites con-
tain degenerating synaptic elements, laminated bodies, mito-
chondria, and lysosomes, whereas others contain PHF similar
to those observed in NFT and neuropil threads. Neuritic pla-
ques, which are PHF immunoreactive, are predominantly
found in AD and are thought to be associated with clinical
severity (Fig. 6.3b; Barcikowska et al., 1989; Dickson, 1997;
Knowles et al., 1998). Neuritic elements are also immunola-
beled for numerous proteins, such as amyloid precursor protein
(APP), growth-associated protein 43, protein kinase C, tau,
ubiquitin, brain spectrin, synaptophysin, and chromogranin,
as well as a variety of neuropeptides (for review, see Terry
et al., 1994). Although the exact significance of this immunor-
eactivity is unclear, the presence of growth-associated protein
43 indicates that regenerative sprouts occur in the vicinity of
neuritic plaques. At the end of their evolution, SP are often
present as a dense amyloid core with reactive astrocytes and
microglial cells but without a neuritic component (Fig. 6.1c;
i.e., burned-out plaques).

A prominent component of amyloid deposits is a polypep-
tide (AB) of 4042 amino acids derived through proteolytic
cleavage from a set of APP isoforms, which are encoded by
a single gene on chromosome 21 (Fig. 6.2b; Brion, 1990).
Three major isoforms of APP are generated from this gene
by alternative splicing (APP 770, 751, 695). All of these iso-
forms are found in the human brain (Checler, 1995). Struc-
turally, the APP is a protein of 110-135kDa with a large
extracellular N-terminal domain, a cell-surface domain, and
a small intracellular carboxyl-terminal domain. The proteolytic
cleavage of this molecule in the A3 domain is catalyzed by a
group of enzymes, known as «, 3 and +y secretases (Checler,
1995). It is thought that cleavage of the APP outside the A
domain could generate large C-terminal fragments containing
the Af3 sequence, which are possibly amyloidogenic. Two dis-
tinct species of A( protein with different carboxyl terminals,
AP40 and A(342(43), are deposited in the brains of patients
with AD (Iwatsubo et al., 1994; 1996; Mann et al., 1996). In
particular, diffuse plaques, which are commonly seen in nor-
mal brain aging, are immunoreactive for the A342 fragment,
whereas dense and reticular amyloid deposits in AD brains
show an intense A(340 immunoreactivity (Arai et al., 1990;
Gowing et al., 1994; Iwatsubo et al., 1994, 1996). Although
this kind of distinction is not accepted unanimously, a better
understanding of the molecular composition of amyloid depos-
its may make it possible to identify a subset of SP more closely
related to AD than normal brain aging. Besides antibodies to
A protein, the amyloid core, as well as the amyloid fibrils
in SP, is immunostained with antibodies to a;-antichymotryp-
sin, protein kinase C, factors of complement, apolipoprotein E,
and sulfated glycosaminoglycans. Most of these components
are probably adsorbed secondarily to the amyloid in SP
(Robakis, 1994).
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The mechanism of SP formation is controversed. Classic SP
may develop from preexistant diffuse A/ deposits, although no
consistent colocalization of these two forms of SP has been
observed. Alternatively, SP may arise from amyloid in the vici-
nity of the blood vessel wall (see later). A third hypothesis
involves a release of A3 sequence from clusters of dystrophic
neurites with the subsequent formation of diffuse A deposits
and classic SP (for review, see Terry et al., 1994).

C. NFT and SP: Concurrent or Causally
Related Lesions?

Whether the consistent presence of NFT and SP in AD
brains reflects a causal relationship between these lesions is
still a very controversial issue. Several lines of evidence sup-
port an interdependence between these two types of lesions. In
normal brain aging, AD, and Down syndrome, neuritic plaques
coincide with NFT (Mann and Esiri, 1989; Bugiani et al.,
1990); extracellular NFT contain several traits of SP such as
ApB40 protein, microglia, and astroglia (Cras et al., 1995;
Schwab et al., 1998), and a subset of neuritic plaques show
PHF immunoreactivity (see earlier discussion); the APP mole-
cule contains a (-sheet conformation-dependent binding site
for tau protein (Smith et al., 1995), and in vitro interaction
between tau and APP proteins promotes fibrillogenesis (Gia-
conne et al., 1994); injection of PHF in rat brain induces amy-
loid deposits (Shin et al., 1993); and AD kindreds carrying
APP mutations exhibit both amyloid deposition and NFT
(for review, see Hardy, 1994). However, there are also strong
arguments against such interdependence. For instance, amyloid
deposition may occur in the absence of NFT, and the recent
description of tauopathies and tau- and tangle pathology-
related conditions clearly indicates that NFT may cause
dementia in the absence of amyloid deposition (for review,
see Jellinger and Bancher, 1998; Spillantini et al., 1998).
Moreover, in AD brains there is no correlation between the
regional distribution of NFT and SP within the cerebral cortex,
at least at the early stages of the degenerative process (Gianna-
kopoulos et al., 1993; van de Nes et al., 1998). One can con-
clude that although there is a high degree of pathological
synergy between NFT and SP in AD, these lesions develop
independently in the course of brain aging and their simulta-
neous presence is not a necessary condition for the clinical
expression of dementia.

D. Synaptic and Neuronal Loss

Both types of loss are difficult to assess as they represent the
inferred absence of something. Synaptic loss has been reported
in the neocortex of elderly nondemented individuals, suggest-
ing an age-dependent mechanism for the loss of synapses in
the neocortex (Masliah et al., 1993). Terry and collaborators
(1994) have proposed that the structural or functional loss of
synapses may be the physical basis of dementia. In particular,
synaptic loss has been revealed by electron microscopy stu-
dies, by confocal microscopy for synaptophysin immunostain-
ing, and also by spectrophotometric analysis of enzyme-linked
immunoassays (for review, see Terry et al., 1994). All these
methods have demonstrated a close relationship between the
extent of loss of synaptic integrity and AD severity. An average
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of 45% decrease in presynaptic terminal density, and a 27 to
42% synapse loss in the prefrontal cortex has been documented
in AD cases (Brion et al., 1991; Masliah et al., 1991). This
progressive synapse loss is accompanied by the development
of an increased area of aposition between pre- and postsynaptic
elements. While synaptic density is generally diminished in
the cortical neuropil of AD compared to age-matched control
cases, this reduction is not greater within the diffuse plaques
than in the neuropil outside them. In contrast, synapse loss is
more pronounced within neuritic plaques, and abnormal
synapses are concentrated around dendritic neuropil threads.
Numerous studies have analyzed in depth the relationships
between synaptic changes and APP metabolism. APP has
been localized in the presynaptic terminals in most SP dys-
trophic neurites, and it may be transported rapidly in the
axon to the presynaptic site. These findings support a central
role for synaptic alterations in AD pathogenesis. Whether
synaptic changes precede the accumulation of abnormally pro-
cessed APP and amyloid deposition or whether they are caused
by amyloid neurotoxicity is still a matter of debate. More gen-
erally, the pathophysiology of synaptic alterations is poorly
known. Possible explanations include the receptor-mediated
neurotoxic effect of endogenous or exogenous substances, fail-
ure of neuronal plasticity due to altered intracellular signaling,
and abnormal axonal transport (for review, see Terry et al.,
1994).

Until recently, it was widely accepted that neuronal death is
consistently associated with normal brain aging. This convic-
tion was supported by several influential papers, some of
which date back to the 1950s, demonstrating significant neuro-
nal death in aged nondemented individuals as well as in nonhu-
man primates and rodents. All these studies estimated neuron
densities but not the total number of neurons in a given struc-
ture. The field was reviewed extensively by Coleman and
Flood (1987), who concluded that although there was an
aging-related neuronal loss, the validity of data might be ser-
iously compromised by species differences, tissue processing,
and sampling design. This point of view has been further chal-
lenged by the development of stereological techniques to
estimate the number of neurons in identifiable structures of
interest, such as key hippocampal and neocortical areas (for
review, see West and Gundersen, 1990). The main advantages
of these techniques are that they obtain estimates of total neu-
ron number within a given brain structure, which are not con-
founded by changes in the size of neurons, the size of the
structure, and fixation parameters. Using stereological princi-
ples, it has been shown that there is only a 10% decrease in
the total number of neurons in the neocortex across the age
spectrum in normal individuals (Morrison and Hof, 1997; Pak-
kenberg and Gundersen, 1997). Most importantly, there was no
evidence of age-related neuronal loss in the CAl field and
entorhinal cortex, two key areas in AD pathogenesis, in nonde-
mented individuals (West, 1993; West et al., 1994; Gomez-
Isla et al., 1996a). Although a certain decrement in neuron
numbers has been reported in the hilus of the dentate gyrus
and subiculum in the course of normal brain aging, this
remains controversial (West, 1993; Simic et al., 1997). Conver-
sely, even very mild AD cases (i.e., CDR of 0.5) display a 50%
neuronal loss in layer II of the entorhinal cortex, and this per-
centage raises to 90% in severe AD cases (Gomez-Isla et al.,
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1996a). Moreover, neuronal loss in the CA1 field of the hippo-
campus may quantitatively separate normal brain aging from
AD (West et al., 1994) and correlate strongly with the duration
and severity of AD (Bobinski et al., 1998). Decreased densities
of larger neurons are observed not only in the AD cerebral cor-
tex, but also in some subcortical nuclei, such as the basal
nucleus of Meynert, locus coeruleus, and dorsal raphe (for
review, see Terry et al., 1994).

The mechanisms surrounding cell death in AD are not
clearly identified. Among the pyramidal neurons of the hippo-
campal formation, cell death appears closely related to the pre-
sence of NFT, many of which are visualized in the neuropil
when the neuronal nucleus and cytoplasm disappear. In neo-
cortical areas, both NFT-related and NFT-unrelated neuronal
loss may take place, particularly in very old patients (Terry
et al., 1987; Giannakopoulos et al., 1996). Several studies
have indicated that neuronal apoptosis is an important mechan-
ism of cell death in AD (for review, see Cotman and Anderson,
1995; Smale et al., 1995). An expanding family of genes
encoding homologous proteins has been identified as the
Bcl-2 family and appears to determine whether a cell will
undergo apoptosis (Boise et al., 1993; Oltvai et al., 1993).
Among them, the Bcl-2 and Bcl-X;, gene products can block
apoptotic cell death and promote the survival of neurons
(Boise et al., 1993; Zhong et al., 1993), whereas the Bax
gene product (Bcl-2-associated X protein) may act as a promo-
ter of cell death (Oltvai et al., 1993). In AD, Bcl-2 downregu-
lation and Bax upregulation have been reported in neurons
prone to degeneration (Su et al., 1996; MacGibbon et al.,
1997), whereas a loss of Bax immunoreactivity may render
neurons more resistant to programmed cell death (MacGibbon
et al., 1997; Su et al., 1997). Subsequently, it has been pro-
posed that an upregulation of Bax may act by promoting
both NFT-related and NFT-unrelated neuronal loss (Su et al.,
1997). However, Western blot analysis has shown an increase
in the level of Bcl-X; , but not Bax, protein in the temporal cor-
tex in AD compared to nondemented cases (Kitamura et al.,
1998). Moreover, an increase in the expression of Bcl-2 has
been reported in AD brains, yet sparse and equivocal Bcl-2
staining is observed in neurons in this disorder (Satou et al.,
1995; O’Barr et al., 1996). Apoptosis is not the only mechan-
ism involved in cell death in AD (Cotman, 1998). The DNA
fragmentation that occurs in the hippocampus of AD brains
is not necessarily associated with an increased rate of cells dis-
playing the morphological characteristics of apoptosis, and it
has been postulated that necrosis may also play an equally
important role in AD-related cell destruction (Stadelmann
et al., 1998). Further studies, including both estimates of neu-
rons showing DNA damage and expression of apoptosis-
related proteins, are warranted to better understand the mole-
cular mechanisms of neuronal loss in AD.

E. Other AD-Related Lesions

Two additional lesions frequently observed in AD brains are
Hirano bodies and granulovacuolar degenerations. Hirano
bodies are refractile eosinophilic rod-like structures that have
been initially observed in specimens of Guamanian parkinson-
ism—dementia complex. They occur preferentially in neurons
of the CA1 field of the hippocampus, and their number
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increases with age. In addition to their original description,
they are also present in a variety of dementing conditions,
including AD, Pick’s disease, and dementia with Lewy bodies
(Hirano, 1994). Immunocytochemical and electron microscopy
studies have revealed that Hirano bodies are mainly formed by
abnormal actin microfilaments, but also contain epitopes of tau
protein, middle molecular weight neurofilament subunits, C-
terminal fragment of 3-APP, advanced glycation end products,
stress-related proteins, and FAC1, a developmentally regulated
protein (Hirano, 1994; Jordan-Sciutto et al., 1998; Munch
et al., 1998). Although the exact role of Hirano bodies in aging
pathophysiology is unknown, it is considered that they repre-
sent age-related alterations of the microfilamentous system,
which are probably accelerated in various neurodegenerative
diseases.

In classic histologic sections, granulovacuolar degenerations
(GVD) appear as vacuoles in the cytoplasm of pyramidal neu-
rons in the hippocampus, mainly in the CAl field and pro-
subiculum. Each 3- or 4-pm-wide vacuole contains a dense
hematoxylinophilic, argentophilic granule, 1 or 2pum in dia-
meter. Cells with GVD are scarce in normal brain aging, but
their number increases markedly in several dementing condi-
tions, such as AD, Pick’s disease, multi-infarct dementia, and
Fahr’s syndrome (Xu et al., 1992). Electron microscopy shows
a single membrane surrounding the vacuole and a dense gran-
ular mass. The molecular mechanism of GVD formation
remains unknown. Evidence suggests a close relationship
between these lesions and NFT. For instance, they are labeled
by antibodies to tubulin, Alz-50, and neurofilament proteins.
Moreover, they exhibit the same pattern of phosphorylated
tau than NFT, yet are devoid of PHF-like structures. It has
been proposed that GVD is formed through lysosomal autop-
hagy of intraneuronal substances, in particular abnormally
phosphorylated tau protein (Mena et al., 1992; Ikegami et al.,
1996).

F. Vascular Pathology in AD

Pathological deposition of A{ protein within the outer seg-
ments of the muscle layer in large vessels has long been recog-
nized in AD and is referred to as congophilic amyloid
angiopathy (Fig. 6.4a, see color insert; for review, see Kawai
et al., 1993; Vinters et al., 1994). In addition, A3 deposits
occur in the abluminal aspects of the vascular basement mem-
brane in capillaries and are often accompanied by the focal
loss of endothelial cells (Fig 6.4b; for review, see Perlmutter,
1994). Although investigations of the chemical structure of A3
vascular deposits have revealed a predominance of the 42 resi-
due form, which represents almost 75% of the total A3 protein
in nondemented elderly individuals and patients with AD
(Roher et al., 1993; Shinkai et al., 1995), widely varying
amounts of the A340 form are also deposited in AD vessel
walls and may contribute decisively to the development of con-
gophilic amyloid angiopathy. Furthermore, 3-APP has been
colocalized with white matter lesions in the human brain,
and AQ deposits have also been identified in AD white matter
(Gravina et al., 1995). The putative source of vascular, and
parenchymal A/ deposits remains controversial in regard to
whether they are of blood borne, local vascular, or central neu-
ronal origin. The biochemical similarities between A deposits
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in SP and vessels and the well known permeability of the
blood-brain barrier to soluble A3 protein had initially sug-
gested a possible blood origin of brain A3 deposits (Joachim
et al., 1988; Zlokovic et al., 1993). However, no regional cor-
relation has been found between SP and A/ vascular deposits
within the cerebral cortex in AD (Lippa et al., 1993). Micro-
glial-like perivascular cells within the vascular basement mem-
brane express APP and may thus represent a possible source of
vascular amyloid (Banati et al., 1994; Perlmutter, 1994; Wis-
niewski and Wiegel, 1994). In large vessels, A3 protein may be
produced in both APP-containing degenerating vascular mus-
cle cells and microglial-like perivascular cells, and it is thought
to be primarily deposited in periarterial interstitial fluid drai-
nage pathways (Kawai et al., 1993; Wisniewski and Wiegel,
1994; Weller et al., 1998). Alternatively, an increased intra-
neuronal production and reduced clearance by microglia of
the A protein could contribute to a redirection of peptide pro-
cessing to extracellular deposits (Frautschy et al., 1992).

Studies have also shown a substantial decrease in the density
of capillaries in AD compared to nondemented individuals.
This decrease is mainly observed in layers III and VI of the
frontal and temporal cortex and correlates with the laminar
densities of NFT and SP. In addition, twisted, coiled, and string
vessels and glomerular loops have been reported in AD as well
as in other dementing conditions, such as dementia pugilistica
and Guam amyotrophic lateral sclerosis (Figs. 6.4c and 6.4d).
Ultrastructurally, a conspicuous lack of endothelial cells in
microvessels, as well as a significant increase in the number
of normally occurring gaps in endothelial continuity, has
been reported in AD compared to nondemented elderly people.
Vascular endothelial cells show a decreased number of mito-
chondria and an increased number of pinocytotic vesicles, sug-
gesting that a metabolic deficiency leading to an accumulation
of transport carriers may be present in these cells in AD. The
pathogenesis of these vascular alterations remains unclear, but
it has been postulated that denervation angiopathy may be cau-
sally related to the microvascular pathology in AD. These
pathologic changes may be associated with an increased
blood-brain permeability and deposition of A{ protein (for
review, see Gold et al., 1998).

III. Neuropathological Diagnosis of
Alzheimer’s Disease

A. General Considerations

There is considerable subjectivity and disagreement among
neuropathologists in determining the diagnosis of AD. Three
main reasons may explain this phenomenon: the complex
and uncertain relationship between normal brain aging and
AD, the ambiguous role of the clinical history of dementia
in the neuropathological diagnosis of AD, and differences in
staining procedures. This section summarizes the conceptual
problems related to these issues as well as their implication
in the routine neuropathological diagnosis of AD.

Although there is broad agreement on the description of
classical features of the AD brain, a substantial interindividual
variation is seen across AD cases. Most importantly, studies
have shown that the majority of elderly people displayed
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NFT formation in hippocampal formation even in the absence
of cognitive impairment or with very mild memory impairment
(Price et al., 1991; Arriagada et al., 1992a,b; Hof et al., 1992;
West et al., 1994; Bierer et al., 1995). SP may appear early in
the neocortex of intellectually preserved individuals, whereas
the hippocampus is relatively spared by SP formation at the
onset of the degenerative process (Pearson et al., 1985; Lewis
et al., 1987; Hof et al., 1992). In addition, numerous neuro-
pathological analyses of nondemented people have demon-
strated the presence of NFT confined to the temporal
neocortex, implying that the progression in NFT density within
adjacent components of the medial and inferior aspects of the
temporal cortex may take place in cognitively intact indivi-
duals (Hubbard et al., 1990; Arriagada et al., 1992b; Hof
et al., 1992; Bouras et al., 1993, 1994; Bierer et al., 1995).
Whether any observed NFT and SP represent a disease process
or are age-related phenomena is still a matter of debate. It is
well established that both NFT and SP frequencies in cogni-
tively intact individuals are strongly age related (for review,
see Giannakopoulos et al., 1996). This finding has been inter-
preted in very different ways. Similar to atherosclerosis in the
elderly, NFT and SP in the aged brain have been considered as
ubiquitous findings, which represent the same pathophysiolo-
gical process as in AD (Hyman, 1997). This linear relationship
between brain aging and AD is far from being generally
accepted. Based on neuropathological studies of the oldest-
old, which showed substantial differences in the pattern and
densities of lesion distribution between very old and younger
elderly people without dementia, it has been proposed that
AD and brain aging are two separate conditions (for review,
see Giannakopoulos et al., 1996). Despite their differences,
both points of view imply that the diagnosis of AD should
be based on the severity and topography of pathological
changes rather than on the presence of a qualitative marker,
at least as far as NFT and SP are concerned. In contrast, the
presence of qualitative differences between brain aging and
AD has been proposed (West et al., 1994; Goémez-Isla et al.,
1996a; Dickson, 1997; Wisniewski and Silverman, 1997).
These qualitative differences include the presence of A(340
immunoreactive reticular amyloid deposits and PHF-positive
SP in AD, which, however, has been also reported in normal
brain aging (Barcikowska et al., 1989; Dickson, 1997; Wis-
niewski and Silverman, 1997), and mainly the substantial neu-
ronal loss in the CALl field observed in AD but not in control
cases (West et al., 1994; Gémez-Isla et al., 1996a). Both neu-
ronal and synaptic loss in association cortices are good predic-
tors of the severity of dementia. However, they are not specific
for AD and are difficult to study because they are the inferred
absence of a normal tissular structure. Moreover, tissue pre-
paration and counting procedures influence their assessment
(West and Gundersen, 1990; Terry et al., 1994; Gomez-Isla
et al., 1996a).

The evolution of neuropathological criteria for AD is
marked by a hesitation between two theoretical positions:
one which considers that the neuropathological diagnosis of
AD should be made only in the presence of clinically overt
dementia and the other which proposes a clear separation
between the neuropathological definition of the disease and
its clinical expression. The rationale for linking neuropatholo-
gical diagnostic criteria to the presence of dementia is a histor-
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ical one: in Alzheimer’s (1907) original case, the definition of
AD is based on the correlation between the presence of a clin-
ical history of dementia and abundant NFT and SP formation
within the cerebral cortex. Although the inclusion of dementia
as a sine qua non criterion for the neuropathological diagnosis
of AD could eliminate the problem of false-positive neuro-
pathological diagnoses, this practice is largely controversed
in the current literature. In fact, if the neuropathological diag-
nosis of AD changes depending on a clinical impression, it
would be of little value as a “gold standard.” Moreover, the
clinical diagnosis of dementia may not be sensitive or reliable
in the early stages of the disease. Because AD is a slowly pro-
gressive and global encephalopathy, it is probable that for a
long period of time, perhaps years, the accumulation of lesions
below a threshold is clinically silent. In this respect, several
previous reports have indicated that a progression in NFT den-
sity within adjacent cortical components of the medial and
inferior aspects of the temporal cortex may be a neuropatholo-
gical hallmark of incipient dementia in elderly patients pre-
senting with normal cognitive abilities or very mild cognitive
impairment (Hubbard er al., 1990; Hof et al., 1992; Bouras
et al., 1993). If these cases are ‘‘negative” because of the
absence of dementia, crucial information about the very early
stages of AD pathogenesis could go unrecognized (Hyman,
1997; Wisniewski and Silverman, 1997).

The third source of interlaboratory variability in the neuro-
pathological diagnosis of AD is the use of different staining
procedures, particularly in the assessment of SP densities (Val-
let et al., 1992). The routine use of immunocytochemistry
makes it possible to visualize increasing number, of lesions,
including diffuse A( deposits, as well as the different types
of SP. By striving for increased sensitivity, a more comprehen-
sive and detailed description of positive cases has been
achieved. However, although A/ immunocytochemistry shows
more alterations than classic histological methods, these
changes are not as well correlated with the severity of demen-

TABLE 6.1 Comparison of Diagnostic Systems for AD*
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tia (Wisniewski and Silverman, 1997). A possible exception to
this rule is the mean A load in the hippocampus (i.e., the per-
centage of this cortical area occupied by A immunoreactiv-
ity), which may be a good correlate of clinical status in AD
(Cummings et al., 1996; Bartoo et al., 1997). In fact, a method
that reveals the largest number of lesions is not necessarily the
best one, and it should be kept in mind that less sensitive meth-
ods may allow a better distinction between classification cate-
gories. This heterogeneity in staining procedures is a major
handicap when consistent quantitative criteria are used, as it
may cause an unacceptable level of false-positive or -negative
results.

B. Current Diagnostic Systems

The first cited diagnostic criteria for AD were elaborated by
a National Institute on Aging (NIA) workshop (1997) and
described by Khachaturian (1985). These criteria were
intended to aid in the development of uniform procedures by
proposing minimal SP densities as a function of age. Although
this method may appear arbitrary, it was justified by the
assumption that SP formation may be partly a benign age-
related phenomenon. Implicitly, these criteria recognize that
SP formation is not sufficient to cause dementia, as SP densi-
ties associated with AD at younger ages are unrelated to clin-
ical symptoms at older ages. It is thus surprising that the
presence of NFT is not considered for cases over 50 years of
age. Several other criticisms of Khachaturian’s criteria have
been formulated: the type of SP is not specified; precise quan-
tification of SP may be technically difficult and, most impor-
tantly, could change in function of apolipoprotein E genotype;
only neocortical areas were taken into account; and the role of
the clinical history remains vague (Table 6.1; Schmechel et al.,
1993; Gomez-Isla et al., 1996b; Hyman, 1997; Markesbery,
1997). Khachaturian’s recommendations were not broadly
accepted and their validity has been questioned. In a survey

Khachaturian

CERAD

Braak

NIA-Reagan

Areas of interest

Staining

Quantification

Effect of age

Main criterion

Relationship to
clinical data

Frontal cortex
Parietal cortex
Temporal cortex

Silver stains
Congo red
Thioflavin-S
Semiquantitative

Age-related SP
densities

SP formation in the
neocortex

Unspecified

Middle frontal gyrus
Sup temporal gyrus

Mid temporal gyrus

Inf parietal lobule

Silver or thioflavin stains

Semiquantitative

Age-related NP densities

NP formation in the neocortex

Clinical history included in the
diagnostic algorithm

Entorhinal cortex,
hippocampus
Amygdala
Thalamus
Isocortex

Silver stains

Not specified

Not related

NFT progression within the

cerebral cortex

None

Sup temporal gyrus

Inf parietal lobule

Middle frontal gyrus,
occipital cortex

Hippocampus, substantia
nigra, locus coezuleus

Silver or thioflavin stains
Immunostaining
(for research)

Semiquantitative

Not defined

NFT and NP formation in the
cerebral cortex

Applied to demented patients

“SP, senile plaques; NP, neuritic plaques; NFT, neurofibrillary tangles.
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of neuropathological practices performed 2 years after the ori-
ginal publication, only 21% of the responders used these criter-
ia on a routine basis (Wisniewski et al., 1989). Data presented
by Katzman and collaborators (1988) showed that only 89% of
clinically confirmed AD cases and 34% of cases with no his-
tory of dementia met Khachaturian’s criteria for AD. In order
to validate these criteria, Tierney and collaborators (1988)
made the first attempt to integrate both NFT and neuritic pla-
ques in the neuropathological diagnosis of AD. They proposed
three sets of criteria with one or more lesions per 25 X micro-
scopic field in the hippocampus alone, in the neocortex alone,
or both. The accuracy of all three sets of criteria was relatively
high (81 to 88%), yet they have not been widely used.

Subsequent to the 1985 workshop, the Consortium to Estab-
lish a Registry for Alzheimer’s Disease (CERAD) proposed
another set of standardized neuropathological criteria (Mirra
et al., 1991). These semiquantitative criteria were determined
as a function of the development of neuritic plaques in three
age groups (less than 50, 50 to 75, and over 75). The diagnosis
was based on a combination of clinical information and an
“age-related plaque score” that reflected the maximal neo-
cortical involvement, and a level of diagnostic certainty was
assessed (i.e., definite, probable, or possible AD). These criter-
ia are uncomplicated, limit the sensitivity and specificity pro-
blems related to quantitative criteria, and do not require
extensive training. The combined CERAD categories of possi-
ble, probable, and definite AD correspond closely to cases ful-
filling Khachaturian’s criteria for AD (Nagy et al., 1998). As in
these latter criteria, the hippocampal formation is ignored,
despite its involvement in the pathogenesis of AD. However,
the major weakness of CERAD criteria resides in that they
have been inspired somewhat unilaterally by the amyloid cas-
cade hypothesis and do not consider NFT densities in the neo-
cortex, even though these correlate very strongly with the
severity of dementia (Table 6.1). Although neuritic plaques,
which are used for the diagnosis, appear to be superior than
Af deposits in predicting the degree of cognitive impairment,
neither perform nearly as well in this respect as NFT densities
in the neocortex or neuronal or synaptic loss (Gomez-Isla et al.,
1996b; Haroutunian et al., 1998). CERAD criteria are widely
accepted, yet their validity is still poorly documented (Wisnie-
wski and Silverman, 1997).

In 1991, the year of the publication of the CERAD criteria,
Braak and Braak proposed a staging scheme for AD that was
entirely dependent on the progressive development of NFT
within the cerebral cortex. This scheme presupposes a predict-
able temporal pattern in the evolution of NFT that can be
ordered in a particular regional hierarchy. In stages I and II,
the transentorhinal region is preferably affected with only
mild involvement of the hippocampus, the neocortex is essen-
tially spared. Stages III and IV, referred to as “limbic stages,”
include more abundant NFT formation in the transentorhinal
and entorhinal cortex, moderate involvement of the hippocam-
pus, and only mild neocortical pathology. Cases with stages V
and VI display high NFT densities in both the hippocampus
and the neocortex. In their initial report, Braak and Braak sug-
gested that the transentorhinal stages (stages I and II) corre-
spond to a clinically silent initial phase of AD, limbic stages
to early AD, and neocortical stages (stages V and VI) to fully
developed AD (Table 6.1). Although this scheme appears plau-
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sible and correlates well with clinical data (Nagy et al., 1999),
a considerable degree of overlap without a clear-cut threshold
between normal and demented cases has raised the issue of
its diagnostic value (Gertz et al., 1998; Gold et al., 2000).
Furthermore, it has not been demonstrated whether the precise
neuropathological hierarchy proposed by Braak and Braak cor-
responds to stepwise decrements in cognitive function. Despite
these limitations, this NFT-based staging system is a useful
instrument to ameliorate probabilistic estimates of degree of
dementia from neuropathological data.

In 1997, the NIA-Reagan Consensus conference attempted
to integrate the experience of neuropathologists from the Uni-
ted States and Europe in a comprehensive set of neuropatho-
logical criteria for AD (Table 6.1). In contrast to CERAD
criteria, which incorporate clinical data to provide a neuro-
pathological diagnosis, these new criteria aim to define the
likelihood that a clinically overt dementia is due to AD lesions.
In other words, the neuropathologist is asking to ascertain not
the presence of AD but the most likely cause of dementia. This
subtle theoretical change could guarantee the role of the neu-
ropathological diagnosis as a “gold standard.” The procedure
takes into account both the CERAD criteria and the Braak sta-
ging scheme (Table 6.1). The use of CERAD protocols for tis-
sue processing was adopted, but sampling and semiquantitative
assessment of AD lesions must be made in several neocortical
areas, hippocampal formation, substantia nigra, and locus coer-
uleus. In addition, the assessment of Lewy bodies with immu-
nocytochemical methods using antiubiquitin antibodies was
recommended. Conceptually, the merit of these new criteria
is their attempt to conciliate the amyloid cascade hypothesis
with the key role of NFT in clinicopathological correlations.
Furthermore, they are rapid and easy to apply in both AD
and nondemented individuals (Jellinger, 1998). Whether
they are more valid than the previous ones remains to be
assessed.

C. Perspectives

It has been long considered that the neuropathological
assessment of AD pathologic changes provides an easy and
unequivocal way to confirm the clinical diagnosis of AD.
Experience accumulated since the mid-1980s suggests that
the morphological diagnosis of AD depends on theoretical
beliefs with respect to ‘“normal” and “pathological” brain
aging, the role of different lesions in AD pathogenesis, and
the pertinence of clinical informations. What is now crucial
is to decrease interlaboratory variability and ensure that the
neuropathological diagnosis of AD fulfills the criteria of a
“gold standard.” We believe that the diagnostic procedure
should be influenced less by theoretical positions and consider
equally NFT and SP. NFT are a good indicator of clinical pro-
gression, and their formation follows a hierarchical pattern
involving the entorhinal cortex, hippocampus, inferior tempor-
al cortex, and, later, other neocortical areas. SP are distributed
widely and nonspecifically within the neocortex and are corre-
lated poorly with AD clinical severity, yet molecular genetic
data support a central role for amyloid in AD pathogenesis.
We also suggest that an exhaustive description of neuropatho-
logist’s findings independent of clinical data is the only way to
establish unbiased clinicopathological correlations. In the light
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of these statements, the criteria proposed by the NIA-Reagan
Consensus conference merit strong support.
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Alzheimer’s disease (AD) is the most frequent cause of dementia in industrialized countries and has become one of
the most studied age-related neuropsychiatric illnesses. However, the clinical assessment of AD in its early stages is
still awaiting accurate and reliable tools that can be used to assess the progression of the disease and to evaluate
emerging therapeutics interventions, although numerous studies have shown that results obtained from the
neuropathological examination of AD brains are usually well correlated with clinical data. The major histopathologic
hallmarks of AD are extracellular amyloid deposits referred to as senile plaques (SP), intraneuronal fibrillar inclusions
referred to as neurofibrillary tangles (NFT), and neuronal and synaptic loss. The decline of cognitive functions
observed in AD patients is reflected by the regional distribution and density of these lesions and by synapse loss and
neuron death, which results in the disruption of major cortical circuits. However, SP and NFT are also present in brains
from cognitively and intellectually preserved elderly individuals. A consistent neurofibrillary pathology restricted to
the entorhinal cortex and the hippocampus occurs consistently in the brain of unaffected individuals and in patients
with very mild cognitive impairment. Conversely, the distribution pattern of SP is variable among these individuals.
Investigation of the regional and laminar localization of AD-related lesions simultaneously in nondemented subjects
and patients with very mild cognitive impairment is important to understand the difference between normal aging and
dementing process and to elucidate the pathogenetic mechanisms leading to the onset of the disease. © 2001 Academic

Press.

I. Histopathological Changes in Cerebral Cortex
in Alzheimer’s Disease (AD) and Aging

A. Neurofibrillary Tangles (NFT) and Senile
Plaques (SP) Lesions in AD

Neuronal loss, NFT, and SP are the morphological signature
of AD and of several neurodegenerative disorders (Mirra et al.,
1993). NFT and SP have been extensively studied biochemi-
cally, and it is now well established that their major compo-
nents are the modified 